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Preface

On the occasion of the 65th birthday of K Alex Muller (KAM), the IBM Zurich Research
Laboratory in Ruschlikon, with the help of J. Georg Bednorz, offered a compilation of almost
all the publications he had authored or co-authored. Those two volumes encompass the
writings until 1992. They are very useful to access KAM's earlier work, with the more than
300 papers arranged in chronological order. When KAM turned seventy, Prof. KK Phua,
chairman of World Scientific, suggested to collect relevant original work in a volume to be
published by this well-established house. After some reflection, Muller thought this might be
a reasonable undertaking, and selected, from the then more than 400 original publications,
those he considered the relevant ones. The result is this book with its eleven chapters,
arranged in topological rather than chronological order. In each chapter the pertinent
publications in one specific area of investigations are grouped together. Therefore it should
be easy for the reader to find a paper of interest to him or her. To bring this work up to
date, it also includes KAM's articles on the topics in this book published after 1992 and
publications by Tom Kool, the second author, who worked in the field of oxide perovskites
as well and kept helping to realize and edit the present volume.
The above choice reflects the progress achieved in the area addressed, and gives a taste
of the interest therein. Such an approach, as the one undertaken here, is as far as we know
novel. The book concludes with the results on superconductivity obtained until 1987, i.e.,
with granular aluminium superconductors and the discovery of the copper oxides with their
high transition temperature and their early characterization. This marked the beginning of
a field in which KAM is still actively participating and which hopefully will be the content
of a future book. To include this still open-ended research herein would, however, inflate
the size of this volume.
Over the years, Muller has collaborated with many colleagues, a number of whom are
mentioned in the commentary notes preceding each chapter. However, KAM is most grateful
to Walter Berlinger, who from 1959 until his much too early passing in 1989, was responsible
for setting up the experimental Electron Paramagnetic Resonance (EPR) equipment, first
at the Battelle Memorial Institute in Geneva, then at the IBM Zurich Research Laboratory
in Ruschlikon. Without his devotion, accuracy of measuring, and painstakingly complete
notebooks and his compilation of data, which still exists today, some of the ideas reproduced
in this book would never have appeared. Moreover, he has been a real friend and comrade
for KAM in times of success and difficulties.
At IBM, one of the substantial assets of the Ruschlikon laboratory was its publication
department. For over two decades, it was run by Dilys Brullmann in an excellent and
highly professional manner. In addition she accomplished another important task: She
post-educated Muller in the good British manner of being a scientist. More recently, it
was Charlotte Bolliger, who helped to bring the papers, especially the important ones in
Chap. XI and those published thereafter, to a good, readable end. The managerial guid-
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ance and the support of the Physics Department by Karsten E. Drangeid, then laboratory
director, to whom KAM reported for 15 years, were substantial in their own right. Furthermore, under Drangeid's leadership, there was quite some "spare" time to pursue KAM's
much beloved, but not always conventional, research activities, first as regular research staff
member and later as a Fellow of the company, in the once best IBM tradition - a tradition
that was upheld by the former IBM Research Directors Ralph E. Gomory and John A.
Armstrong.
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Introduction

Towards the end of the Second World War, Electron Paramagnetic Resonance (EPR) was
discovered in Kazan in Russia. It was and still is a relatively inexpensive technique, at least
compared with present-day methods, to investigate condensed matter at an atomic level.
It was the tool Muller used in most of his early career to gain insight into the partially
covalent character of transition metals in oxides, especially for the higher valences of 3+
to 5+, starting with his thesis on EPR of Fe3+ in SrTi03. Later investigations of Mn4+,
Co4+, Fe5+, and the special case of V2+, all in the same crystal and with sixfold anion
coordination, followed. They are grouped together in Chap. I.
In Chap. II, the papers are compiled that relate to the discovery of ions with fivefold
coordination in the cubic SrTi0 3, i.e., with a missing oxygen anion, denoted by Me-V o .
The local structure of these defects was deduced. Chapters I and II therefore both describe
the application of EPR to the determination of the binding and local structure of defects
rather than the research pursued until then to understand the fundamentals of the technique.
Another application of EPR to investigate further physical phenomena is shown in Chap. III.
In fact, the different valences of transition metals, say, of Fe 3+ , Fe 4 + and Fe5+, can be
changed from one to the other by illuminating the crystal, leading to different colors that
are characteristic of the valence of the transition metal. These changes can be monitored
and understood by EPR studies as a function of the optical irradiation wavelengths.
A fruitful application of EPR is also the investigation of the Jahn-Teller (JT) effect,
which consists of a spontaneous distortion of ligands if an orbital degeneracy of a central ion
under a specific symmetry exists. Whereas most EPR researchers at the time concentrated
on understanding the ground-state conformation and the dynamics of the JT complex,
relaxation studies by KAM's group enabled the location of the JT excited state and therefore
the determination of the JT stabilization energy (Chap. IV). The knowledge of the latter in
conjunction with the covalence, later became important in the effort leading to the discovery
of the copper-oxide superconductors, to which Chap. XI is devoted.
Most ions investigated by EPR have a half integral spin S of their ground state, which
according to the Kramers theorem is at least doubly degenerate. However, also ions with
integral effective spin have been observed. If their ground state is doubly degenerate and an
effective S = 1/2 Hamiltonian is used, the transformation properties of the latter will differ
from those of the Hamiltonian of a Kramers doublet. Muller then proposed an effective
S = 1 formalism. This now accepted formalism is KAM's only contribution to the "basics"
of EPR. That paper and other studies on doublets can be found in Chap. V.
A special kind of substituted impurities is formed by the so-called off-center ions. They
represent a class of ions that locally lower the symmetry of the crystal owing to their smaller
radii in comparison with those of the intrinsic ions. This leads to interesting systems, such as
Ti3+ substituted for Sr2+ and Cr5+ substituted for Ti4+ in SrTi0 3. Chapter VI is devoted
to such ions. More recent work discusses a special Cr 3+ center observed in SrTi0 3, i.e.,
Cr3+ -O-Ti3+ -Vo-Ti 3+ in VI.B.
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The extreme sensitivity of the EPR line positions to the size and symmetry of the
environment of a particular paramagnetic ion has allowed its application to the study of
structural phase transformations (SPT), i.e., the investigation of cooperative phenomena
by means of the local EPR probe. LaAI0 3 and SrTi03 are model substances in this respect. The early detection of the cubic-to-tetragonal non-ferroelectric SPT of SrTi0 3 near
100 K during the thesis work of Muller led to a very fruitful series of investigations in this
field. Starting with the first space-group determination in LaAI0 3 by purely EPR means
in 1964 and the measurement of the temperature dependence of the order parameter due
to the rotation of AI0 6 and Ti06 octahedra around different crystallographic directions, as
discussed in the Introduction to Chap. VII, the precursor anharmonicity of SPTs helped
reveal the general behavior near displacive transitions.
It had been the accepted view that one could not observe a departure from mean-field
behavior in SPTs, that is, the fluctuations would be small compared to the size of the order
parameter until very close to the transition. Because of the rotational order parameter
in SrTi0 3 and LaAI0 3, the range of forces is short, on the order of a lattice distance;
therefore it was possible to detect these so-called critical phenomena. This was a surprise
to many, and the start of a fruitful avenue of research, also in terms of the interaction with
theoreticians working in renormalization-group theory. Chapter VII presents a review of
representative papers in this field, ranging from the proof of the existence of Ising order
parameter behavior in monodomain SrTi03 and LaAI0 3 near their second-order SPT, to
the investigations of bi- and tetracritical Lifshitz and critical end points, carried out in
part under symmetry-breaking uniaxial stress. Also the first experimental observation of a
three-state Potts transition in physics is reproduced therein. At that time, the EPR results
in part anticipated and in part followed the theoretical results, which was a rewarding
interplay indeed.
The soft-mode concept was conceived in the late 1950s by W. Cochran to explain ferroelectricity. However, the second-order SPTs of SrTi03 and LaAI0 3 have a much more
displacive character than that of the prototype ferroelectric BaTi0 3. Original X-ray and
infrared work carried out in France that pointed to an order-disorder transition was ignored. Using the EPR of transition-metal ions, and especially that of Mn4+ substitutional
for Ti4+, it was shown, up to very recently published work, that the transition in BaTi0 3
exhibits indeed order-disorder character without a freezing-out of the soft mode present.
To reproduce the vast number of EPR papers published in the field of SPT and critical
phenomena observed would have overloaded the present book. Therefore a representative
review by Muller and Fayet was chosen instead. In it, also EPR work on pure order-disorder
transitions is summarized.
Another aspect of materials having a high dielectric constant is their behavior at
low temperatures. If the possible transition temperature to a ferroelectric state is sufficiently low, the ionic displacements required in the crystal to become ferroelectric can be
smaller than the quantum fluctuations present. Then the ferroelectric transition is suppressed, and the crystal reaches a quantum-paraelectric state with a very high dielectric
constant. Chapter VIII reproduces six original papers, starting with dielectric measure-
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ments in KTao.gNbo.l03 and SrTi03 down to the 30 mK range, which proved the intrinsic
nature of the very high dielectric constant of this quantum paraelectric. Then the paper on
the low-temperature phase diagram upon Ca doping, which shows the occurrence of an XY
quantum ferroelectric state, is reproduced.
It had always been taken for granted that the fluctuations in a quantum paraelectric
were incoherent. Then EPR of Fe3+ in SrTi03 indicated a characteristic change at 37 K
that had not been predicted in theory. The question whether this temperature marks the
onset of a coherent state is still open. The model character of SrTiO 3 is true also in terms
of its electronic structure. In Chap. IX, two papers contributing to this knowledge can be
found, one employing optical absorption, the other photo-absorption and -emission.
During the 35 years of Muller's EPR activity, the technical side improved substantially
in terms of better magnetic field stability and sensitivity. In addition, EPR partially had
to be recorded under illumination of the sample or under application of an electric field. In
particular, for the research of critical phenomena an extreme temperature stability of better
than 1 mK had to be attained. All of this could be achieved using a superheterodyne receiver
technique because the microwave cavities employed could be constructed in a modular way.
The publications related to these technical aspects of EPR and of a uniaxial stress apparatus
for applications in neutron-scattering experiments can be found also in the review of Muller
and Fayet, in Chap. VII.
If in an ionic solid the electric potential is stochastic rather than periodic, the conductivity follows the so-called variable range hopping (VRH) behavior. Despite this, the
susceptibility predicted by theory is temperature independent as in a metal. It was termed a
Fermi glass, and first observed in CaV 20 5 doped with protons. At sufficiently high doping,
a motionally narrowed electron spin resonance (ESR) was observed. Integrating the latter
to obtain the paramagnetic susceptibility, it was found that it is temperature-independent,
Pauli-like, in the range where the VRH regime occurred. Very recently, the existence of a
Fermi glass was observed in LaBaNi0 4 over a 300-K temperature range. But here in addition to the susceptibility, the electronic properties were determined from specific heat and
thermal conductivity measurements rather than from ESR. An application of the latter to
determine the status of the doped carriers by integrating over the motionally narrowed ESR
line is given in the extensive study of BF4 -doped poly(3-methylthiophene). It revealed the
presence of a small concentration of localized and a large one of mobile polarons, whereas for
concentrations above 10% doping, the existence of bipolarons was inferred. These published
results are reproduced in Chap. X.
In 1980, Muller's long-time, but remote, interest in superconductivity began to become
experimentally accessible while he was on sabbatical at the IBM Thomas J. Watson Research
Center in Yorktown Heights (New York), namely, by measuring the microwave absorption
and dispersion near the transition temperature of granular aluminum with M. Pomerantz.
They showed the percolative character of this transition. Granular aluminum consists of
grains of Al immersed in amorphous corundum, Ah03. Its Tc can be as much as seven
times as high as that of pure AI, and it convinced KAM that superconducting materials
with higher Tc's could be found in oxides. This property and the knowledge of the large
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electron-nuclear, i.e., vibronic, interaction of the JT effect, as presented in Chap. IV, led to
the discovery of superconductivity at 35 K in the La- Ba-Cu oxide with J . G. Bednorz, first
by resistivity and then by magnetic measurements, as documented in the last two papers
reprinted in Chap. XI.
Since then considerable insight has been gained into the mechanism responsible for
the occurrence of superconductivity in the layered superconductors. In the past 20 years ,
Muller has contributed to this development, and it is his intention to review this very
large effort achieved in a comprehensive way, hopefully, in a future book on copper-oxide
superconductors with Annette Bussmann-Holder.
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I. Electron Paramagnetic Resonance

In EPR, one observes transitions between Zeeman levels of paramagnetic ions in an external magnetic field, which are induced by high-frequency radiation. EPR was discovered
at the end of World War II by E.S. Zavoisky at the Kazan State University.l.1 It was the
first resonance phenomenon observed before nuclear and quadrupole resonance as well as
cyclotron, ferro- and antiferromagnetic resonances were reported.1.2 The availability of microwave components, generators and detectors, thanks to the development of radar in the
West, boosted the paramagnetic resonance techniques. The latter were first employed in
ethylsulphates and similar salts containing crystal water in which nonparamagnetic ions
were substituted by paramagnetic ones. All this work is well described in the monumental
work by A. Abragam and B. Bleaney1.3 and other books.1.4,1.5
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IA. EPR of Transition-Metal Ions in SrTi0 3
In the German-speaking part of Switzerland, the first EPR spectrometer was set up by
Muller during his thesis work under Professor G. Busch at the Eidgenossische Technische
Hochschule (ETH) in Zurich. The magnet used had been designed and constructed by
Professor Pierre Weiss (who became famous, especially because of the Curie-Weiss law)
during his stay in Zurich. A superheterodyne microwave detector with an intermediate frequency amplifier taken from a TV receiver was employed. The spectrometer was described
in KAM's thesis, whose English translation is included in this volume as the first paper
[IAl]' At that time, single crystals of the double oxide SrTi03 with cubic symmetry became available. A center with spin S = 5/2 was detected, which exhibited cubic crystalline
splitting and fitted well with second-order theory. It was assigned to Fe3+ impurity ions
on Ti4+ lattice sites without compensating charge nearby. This work constitutes the first
part of the thesis. Below about 100 K, the cubic EPR spectrum splits for magnetic field
directions along one of the (100) crystallographic directions. This was ascribed to a nonferroelectric structural phase transition as proposed by Dr. H. Granicher, who had made the
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SrTi03 single crystals available to Muller. This was reproduced in the second part of the
thesis.
The three-valent Fe3+ has one charge fewer than the four-valent titanium ion it sub-.
stitutes. Thus one would expect to observe also higher-valent transition-metal ions in this
oxide. This was indeed the case, and the spectrum of Mn 4 + in manganese-doped SrTi03 was
found shortly thereafter. It was the first EPR spectrum of a four-valent ion reported [IA2]'
This paper is followed by the work on Fe5+, isoelectronic with Mn4+, and the Cr3+ observed
earlier, all having the configuration 3d 3 [IA3]. The identification of the Fe5+ resulted from
the g-value sequence and the core-polarization hyperfine interaction of H cp = -200kG,
which is constant for this 3d 3 series [IA 4 ] . A four-valent Co4+ ion was found after many
years of search, and the corresponding paper is still the only one ever published on this
subject [IA5]. In rutile Ti0 2, the EPR of Ru3+ and Ru 5+ was also observed [IA6]. With
paper [IA7], we return to SrTi03: it describes the V2+ impurity on the Ti4+ site, which is
a very shallow acceptor in this oxide.
IA 1 . Paramagnetische Resonanz von Fe3+ in SrTi03-Einkristallen (thesis, originally in German, translated into English), KA. Muller, Helv. Phys. Acta 31, 173-204 (1958).
(p. 3)*
IA 2. Electron paramagnetic resonance of manganese IV in SrTi0 3, K.A . Muller, Phys. Rev.
Lett. 2, 341-343 (1959). (p. 30)
IA 3. Resonance paramagnetique du Cr3+ dans des monocristaux de SrTi03, KA. Muller,
Arch. Sci. (Geneve) 11, 150-152 (1958). (p. 33)
IA 4 . Photo chromic Fe5+ (3d 3 ) in SrTi03, evidence from paramagnetic resonance, KA .
Muller , Th. von Waldkirch, W . Berlinger and B.W. Faughnan, Solid State Commun.
9, 1097- 1101 (1971) . (p. 36)
IA 5. Paramagnetic resonance and optical absorption of Co4+ in SrTi03, K.W. Blazey and
KA. Muller, J. Phys. C: Solid State Phys. 16, 5491-5502 (1983). (p. 41)
IA 6. Paramagnetic Ru5+ and Ru3+ centers in Ti02:Ru, KW. Blazey, KA. Muller,
W. Berlinger, P . Triggs and F . Levy, Solid State Commun. 54, 1039-1041 (1985).
(p . 53)
IA 7. V2+ in SrTi03: An extreme double acceptor, KA. Muller, M. Aguilar, W. Berlinger
and KW. Blazey, J. Phys.: Condens. Matter 2, 2735-2741 (1990). (p. 56)
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Paramagnetic resonance of Fe3+
in single crystals of SrTi03
by K. Alexander Muller
Laboratory of Solid State Physics, ETH ZUrich

(18.II.1958)
Summary. The paramagnetic resonance spectrum of Fe J + has been investigated in single crystals of SrTiO J at 3.2 cm
wavelength. The concentration of the ions was about 10 17 cm- 3. The measurements were made at room temperature
and at 80 OK in function of the orientation of the constant magnetic field to the crystal axes. The variation of the fine
structure cab be explained using the following spin-Hamiltonian

At room temperature, where the SrTi0 3 is cubic the splitting at zero magnetic field
=

0 and g

=

2.004 ± 0.001 . It follows from the magnitude of

13al

13al

is (S .9S±0.30)x 10-4 cm- I , D

that the Fe 3+ is situated at Ti 4+ lattice points. We

ascribe the small deviation of the line positions from the theoretical values to partial covalent bonding of the Fe with
the neighbouring 0 atoms.
At liquid nitrogen temperature, where the SrTi0 3 is tetragonal
10-4

cm- I _

13al

is 1.11 times greater than

IDI

=

(7 .7 ± 0.3) x

At this temperature the lines: ±S/2 ~ ±3/2 and ±3/2 ~ ± Y2 split if the magnetic field is along the [100]

direction and not if it is along the [111] direction. This shows, that the SrTi03 single crystal consists of tetragonal
domains below the phase change which begins at 100 oK. A short description of the resonance spectrometer
employed is given.

I. Introduction
The majority of the paramagnetic resonance investigations of crystals in the solid state
consist of salts containing crystal water [I]. In these crystals, for instance the alums, the positive
paramagnetic ion is generally octahedrally surrounded by water molecules. However, the
symmetry is not exactly cubic. Recently, interest has focussed on crystals in which the
paramagnetic ion is surrounded by oxygen or halogen ions [2,3], for instance Mn2+ in MgO or
Eu2+ in CaF2. In these cases the symmetry of the crystal field at the position of the paramagnetic
ion is exactly cubic. It has been shown by resonance experiments that in the case of octahedra
consisting of oxygen ions, there is a partly covalent bonding for Mn2+ [2,4] and also Cr3+, y2+
[5] and Ni 2+ [6].
Following the discovery of resonances in single crystals of SrTi0 3 that were probably
due to Fe 3+ ions [7], this result could be con finned and it was established that the ions were
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substituted at Ti lattice positions [8]. These ions are octahedrally surrounded by oxygen ions.
The measurements are interesting for two reasons:
Firstly, SrTi03 is cubic at room temperature. Therefore it is possible to compare the
experimental values to the Zeeman splitting of Fe3 in a cubic crystalline field, which KRONIG
and BOUWKAMP [9] had calculated up to third order already in 1939. Also here do the
experimental deviations point to a partially covalent bonding.
Secondly, the measurements provide structural insight into the 100 oK cubic-totetragonal phase transition. Thus it was possible to demonstrate the existence of tetragonal
domains, which is important for the proposed adiabatic depolarization experiments of SrTi0 3
[10].
II. Properties of SrTi03

Strontium titanate crystallizes into the perovskite structure. At room temperature, it is
cubic and has a small unit cell [11,12], which is shown in figure 1.

•

Sr

eli

Fig. 1. Arrangement of the ions in the SrTi03 crystal.

Each titanium ion is octahedrally surrounded by six oxygen ions (not shown in the picture). The
interspaces contain the larger strontium ions with coordination number 12. Would the ions be
rigid and spherical, their radii would have to be such that the ions touch each other. Denoting by
SrO and TiO the distances between lattice positions of the ions, the expression SrO

=

J2.

TiO would have to be valid. For the real crystal the tolerance factor introduced by

GOLDSCHMIDT is t = SrO / J2 .TiO = 0.982, i.e. the radius of the Sr ions is somewhat too
small. According to NARAY-SZABO [11], the ion radius for coordination number 6 is 1.27 A
for Sr, 0.63 A for Ti and 1.32 A for O. Recent measurements of the lattice constants of synthetic
single crystals of SrTi03 at room temperature yielded a value of a = 3.904 A = 2· TiO [13]. The
calculated density of 5.124 obtained from them agrees within experimental error with that
obtained from pycnometry.
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For the first time large single crystals were made by MERKER and LYND [14] at the
National Lead Company, using the Verneuil method (H 2-02 burner) at about 2100 0c. After
growth, these crystals are black because of lack of oxygen. Upon annealing between 7001000 °c in air, they will become colorless if they are sufficiently pure.
Table 1 lists the spectroscopical analyses by the company mentioned for the starting material
they used in weight percentages.

Na<O.1
K <0.1
Mg < 0.001
Ca 0.004

Ba 0.007
Pb < 0.0005
Al < 0.001
Cu 0.0003

Table 1
Si < 0.02
Fe 0.001
Cr < 0.0002
Mn < 0.0001

Nb < 0.02
Sb < 0.002
W < 0.01
V < 0.0005

The refractive index of the single crystals for Na D-light of 5893 A is 2.407. Optical absorption
is observed at a wavelength of 0.4,11, according to a self (band-gap) conduction activation
energy of 3.2 eV at room temperature [15). If the oxidation of SrTi0 3 is not sufficient, a second
absorption is observable at 2,11, which is in agreement with an impurity activation energy of
0.68 eV, as has also been established electrically. This is ascribed to electrons trapped at empty
oxygen sites [16].
SrTi0 3 is paraelectric over a large temperature range. The dielectric constant (DC) very
accurately follows a Curie-Weiss law G = CIT - () with C= 8.3x104o and ()= 38 oK. Below
100 OK, the DC values decrease continuously, as expected from the Curie-Weiss law. Below
this temperature there is also an anisotropic change of the DC, which becomes continually larger
with lower temperatures. According to the above law, SrTi03 should become ferroelectric
below 38 OK. However, the DC measured at small field strength rises monotonously until 2 OK,
and reaches values of up to 20,000 [17,10).
According to GRANICHER [10], these properties can be understood from structural and
dielectrical investigations of (Ba-Sr)Ti0 3 and (Sr-Ca)Ti03 mixed crystals. According to the
(Ba-Sr)Ti0 3 phase diagram for pure SrTi0 3 , a transition to a ferroelectric, tetragonal phase is to
be expected at 40 K. According to the (Sr-Ca)Ti03 diagram obtained from X-ray experiments, a
transition to a tetragonal, nonferroelectric phase sets in at 100 oK. For temperatures below
50 OK, the ferroelectric and nonferroelectric phases seem energetically almost the same, as for
alternating electrical fields of more than 300 Vfcm, hysteresis loops are observed with the usual
circuit.
The occurrence of the energetically-favored tetragonal, nonferroelectric phase deserves
some attention: MEGA W clearly showed that the bonding in the perovskite structure is partly
homopolar [19] I, which increases at lower temperatures. Hereby one or more kinds of atoms in
I Nuclear

quadrupole measurements ofNb 93 in KNb0 3 [20] are also in better agreement with a covalent bond
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the crystal move in such a way that valence angles favor covalent bonds. The movement of only
one kind of atom will result in a change of valence angle for this particular atom. Neighbors of
the same kind will move by the same amount, but in an opposite direction, resulting in a new
unit cell that has at least twice the volume of the original one. If however two kinds of atoms
simultaneously change their bonding system, the required specific distortion of the surrounding
of one kind may relate to the other in such a way that the original unit cell will remain. Then all
the atoms of one kind move in the same direction, and the crystal becomes polar. (See the
corresponding figures of MEGA W [19].)
A typical example of the first possibility is the cubic-to-orthorhombic phase transition of
CaTi03. In this case, the bond angle of the oxygen atoms changes but not that of the titanium
and calcium atoms. The oxygen octahedra surrounding the titanium remain rigid, but rotate
around their center against each other. From the (Sr-Ca)Ti03 phase diagram, we can assume that
this also happens for the cubic-to-tetragonal phase transition of SrTi032. The transition occurs
smoothly as the temperature decreases, and affects the strong paraeiectric properties of the
crystal only very little. The altematingly moving oxygen atoms reduce the remaining space for
the strontium atom. The tendency to achieve as close a packing of the atoms as possible is
characteristic of this phase transition.
A typical example of the second of the two possibilities mentioned above is the cubicto-tetragonal ferroelectric phase transition of BaTi0 3. In this case both oxygen and titanium
atoms move, and their bonding angle differs from 180°. The phase transition occurs suddenly
and close to the temperature e which follows from the Curie-Weiss law of the DC in the cubic
phase. Theoretically a Curie-Weiss law is obtained if BaTi0 3 in the cubic phase is treated as a
pure ionic crystal and the interaction of the dipoles caused by the movement of the ions from
their rest position is taken into account. (SLATER's model of the anharmonic oscillators [21].)
The electrostatic dipole-dipole interaction, which is strong because of the special symmetry of
the perovskite lattice, seems to be characteristic of this phase transition [22]. In the tetragonal
modification, the crystal is again more strongly covalently bonded than in the cubic case.
According to recent measurements this second possibility of a phase transition is energetically
less favorable in SrTi0 3, even at temperatures below 50 oK. However, this is only true if at low
temperatures and high fields the ferroelectric behavior is not faked by surface polarization
effects.
III. Theory
When triply charged iron ions are substituted at lattice positions in a strontium titanate
ofNb with the surrounding 0 than with an ionic bond.
2Firstly, the mixed row (Sr-Ca)Ti03 is continuous, and secondly, the (Sr-Ca)Ti03 diagram shows that upon
cooling mixed crystals with small concentrations of Sr already change into a tetragonal phase [18]. Only at low
temperatures will the crystal become orthorhombic after it has undergone two other phase changes. The
temperatures of the phase transitions increase as the Sr concentrations decrease.
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crystal, the energy levels of these impurities have to be known in order to analyze their
resonance spectrum. These levels depend on the symmetry and size of the electric field at the
position of the iron ions. At room temperature, strontium titanate is cubic and becomes
tetragonal below 100 OK, as discussed in the previous paragraph. Therefore, we will first give
the splitting of the ground state of the Fe3+ ions in a cubic crystal field and at a constant
magnetic field. Then we will describe the influence of the perturbation that results when the
crystal becomes tetragonal.
The triply charged iron ion has five electrons in the 3d shell [configuration (3di], which
is half full. Therefore the resulting orbital angular momentum L becomes zero, and the ion has a
6SSI2 ground state.
In his fundamental group-theoretical work, BETHE [23] (1929) showed that a 6SS/2 state
can be split at most into a quartet and a doublet. The distance 3a between the quartet and the
doublet is taken as positive if the latter lies lower. An externally applied magnetic field will
completely remove the remaining degeneracy.
V AN VLECK and PENNEY [24] (1934) give the eigenvalue secular equation for the
energy levels with the magnetic field directed along the [100] direction of the crystal. To obtain
these values, they first calculate the splitting of the ground state of the free ion in a cubic crystal
field V(x)

= C(x4+/+z4_3/Sr4) with spin-orbit coupling

J..Ls

only. By proceeding with

perturbation calculation to fifth order, they obtain the result given by BETHE. Then one takes
into account the Zeeman energy of the electron spins in an external magnetic field H, in which
the spins are treated as free because of the high order of the interaction.
DEBYE [2S] (1938) solved the eigenvalue equation for a constant magnetic field
parallel to a [100] direction, which according to KRAMERS is degenerate, and depicted the
splitting of the six levels as a function of the magnetic field.
Finally, KRONIG and BOUWKAMP [9] (1939) gave the energy levels for arbitrary
directions of the constant magnetic field H with respect to the crystal axes, when the Zeeman
energy fJH is large compared to the crystal Stark splitting 3a.
With the condition a « b, b = Y2gfJH, they obtain

(1)

p

= 1- SIP;
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where fJ is the Bohr magneton, H is the external applied magnetic field and ai, a2, a3 are the
direction cosines of H with respect to the cubic axes. The g factor according to KITTEL, which
is already used here, will be discussed later. KRONIG and BOUWKAMP set g = 2.
To indicate the levels, the magnetic quantum numbers M are used. For the transitions in
a high-frequency magnetic field, with frequency Vo perpendicular to the constant magnetic field
H, the selection rules are JM = ±1. When the frequency is kept constant and H is swept,
absorption is observed when the conditions
= 1, hvo = WN - WM are satisfied. Defining
a magnetic field Ho = hvr/gfJ with the help of the g-factor and vo, one obtains the following
expressions for the five possible lines from (1):
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In the above equations a' = algfJ denotes that magnetic field in which a magnetic
moment gfJ has energy a, and will henceforth be used without a prime and given in Gauss units.
To obtain wavenumbers in cm- I , the Gauss values have to be multiplied by gfJlhc.
KRONIG and BOUWKAMP obtained the equations (1) by replacing the diagonal
matrix elements of the eigenvalue equation of V AN VLECK and PENNEY for the Zeeman
energy of the free spin in the [100] direction with an arbitrary direction of the magnetic field

with respect to the crystal axes. From this, they then calculated the sixth-degree equation for the
eigenvalues.
Thus, these authors used the approximation of V AN VLECK and PENNEY. Another
approximation is possible by writing the total energy of the ion in a magnetic field H as follows:
W = WF + WKr + WLS + WH with WF » WKr » WLS » WH , where WF is the energy of the free ion,
which only depends on the configuration variables and not on the spin, WKr is the electrostatic
energy of the ion in the field of the neighboring ions, W LS is the spin-orbit interaction energy,
and W H the interaction of the ion with a nuclear spin 1= 0 in an externally applied magnetic
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field. This approximation was used by PRYCE [26] (1950). At first the crystalline, electric field
V (x) is treated as the only perturbation of the free ion. Then the influence

(3)
the spin-orbit coupling and the Zeeman energy have on the lowest level derived from the above
calculation is obtained with the condition that this level is a singlet state, i.e. that the orbital
angular momentum is zero. With this formalism one obtains a spin-Hamiltonian operator that
contains only the spin variable S whose matrix elements provide the eigenvalue equation of the
energy levels of interest. PRYCE carried out the perturbation calculation in second order, and
obtained an operator of the form:
(4)

where

is a symmetric tensor that depends on the higher-lying energy levels of the ion in the crystal. It is
clear that gij as well as Dij depend on the symmetry of the crystal field.
For cubic symmetry, both gij = g and Dij = dbecome scalars. From

'LDijSjSj
ij

= D(S~ + S: + S~)= D(SXS + 1)

it is clear that for this form of oreno splitting occurs without an external magnetic field.
Both tensors have two characteristic values if V( x) has tetragonal symmetry, I.e.,
parallel and perpendicular to the symmetry axis. By taking this axis as Z-axis, one obtains,
according to ABRAGAM and PRYCE [28] (1951),
(5)
However, the situation is different if the free ion has no orbital angular momentum. Then there
is no orbital degeneracy and it is not possible to remove this degeneracy with the axial crystal
field alone. PRYCE's calculation with the perturbation term (3) only yields a term splitting in an
externally applied magnetic field:

Experimentally, however, a splitting of the form (5) with gil

=
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observed; the g-value is almost equal to gfree.
The explanation for this behavior was given by ABRAGAM and PRYCE [28] (1951).
According to them, the axial field u(3i - r2) mixes a (3tt)( 4s) configuration into the (3cf)
configuration, which results in an ellipsoidal spin density distribution. In this case, the dipoledipole energy of the spins

depends on the orientation with respect to the axis of the ellipsoid. Thus also the eigenvalues
depend on the spin orientation. Mathematically Wss and WLS spins both couple with orbitals
because they depend on the position variables; therefore one expects to obtain a Hamilton
operator according to (5) from the calculations. However, because of the weak interaction, D is
small, and g isotropic and has almost the free electron value. (See also PRYCE [27] (1950)).
By working out the eigenvalue of the operator (5) for gfJH»D and by calculating the
resonance magnetic field for the possible transitions at frequency Va = gfJHoIh in the same way
as equations (2), one obtains, according to BLEANY [29] (1951) and BLEANY and INGRAM
[30] (1951):
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(6)

H res =H 0 +D(3cos 2 0-1)+ .. .
H res =H 0 +2D(3cos 2 0-1)+ ...

In these equations, () is the angle between the direction of the axial field and the externally
applied magnetic field.
ABRAGAM and PRYCE introduced a term (S/ +S/ +S/) to obtain the result of VAN
VLECK and PENNEY for the pure cubic field so that the easy expression in variables S could
be retained. As we saw before, the term (S/ +S/ +S/) gives no splitting, and only even
exponents of S need to be considered.
Because according to the theory of STEVENS [31] (1952) it can be shown that matrix
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elements of the potential V(X)
equal to the operator

= C(x4+/+z4_3/5r4) for an ion with angular momentum L are

BLEANEY and STEVENS [32] (1953) introduce the operator

(7)

for the triply charged iron. Here x, y, z denote the directions of the crystal axes.
If there are also an external magnetic field and a small tetragonal distortion of the
crystal, the above expression becomes:

°

The matrix elements of this operator give for D = the eigenvalue equation to sixth degree,
which for g{JH»a possesses the solutions given in equations (1). In addition to the result of V AN
VLECK and PENNEY, the g-factor also contains the higher-order interaction of the spin-orbit
and the spin-spin coupling.
In first order, with D«a, the terms given in (6) can be taken into account and one obtains
the resonance magnetic fields:
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As mentioned, a andD are measured in Gauss. (See also BLEANEYand TERNAM [33] 1954.)
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To identify the individual lines, it is often valuable to know their relative intensities.
Generalizing the results of TORREY, PURCELL and POUND [34] we obtain, with the
condition that hVo<<kT, an integral intensity for an individual line that is proportional to

u~

IfiNMI2

(2S+1)

kT

(10)

IfitM I stands for the matrix element of the magnetic moment operator fie: = gfJJe: and;; is the
direction of the polarized radiation. Because we do not vary Vo in the experiment, the intensity
of the individual lines is proportional to the square of the matrix element. As is well known for
free ions, only those are different from zero and equal to

for which M - N = ± 1 applies. Only the component of the radiation perpendicular to the external
magnetic field is active. For L = 0, S = 5/2, one obtains for the transitions
5/2 H 3/2 H 1/2 H -1/2 H -3/2 H -5/2 the relative intensities 5:8:9:8:5.
In the presence of a crystal field, transitions having 11M = ±2, ±3, ±4 are possible, which
in part are induced by the alternating component in the direction of the external constant
magnetic field. KITTEL and LUTTINGER [35] calculated the intensities of the individual lines
for the triply charged iron ion in a cubic field and with a constant magnetic field parallel to the
[100] direction. From their results it is clear that for H> 1Oa only the transitions possible for the
free ion can be observed with the intensities already mentioned.

IV. The resonance spectrometer
The resonance equipment operates with a reflection cavity at 3.2 cm wavelength and
uses superheterodyne detection. Such equipment has been described by several authors with
special attention on the electronics and sensitivity [36-39]. Therefore we can be short here, and
present instead our own solutions in more detail. In figure 2 the complete diagram is given; the
purpose was to obtain good sensitivity at a relatively low cost.
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discriminator

stabilisation
100 "'"

Fig.2. Schematic of the resonance equipment.

As bridge an 8-dB directional coupler working at a frequency of 9382 MHz is used. Its
standing-wave ratio in the direction of transmitter, cavity and detector is better than 1.02, and its
directionality better than -55 dB. This is accomplished by a slide-screw tuner in the
compensation arm and three 4-screw tuners in the other three arms.
The transmitter consists of a temperature-stabilized 2K25 klystron, a wavemeter
connected via a 23-dB bidirectional coupler to the main microwave lane, a suitable attenuator of
0.5 to 20.5 dB, and the uniline which decouples the transmitter from the bridge. The power
supplies of the klystron are electronically stabilized. Because all parts of the equipment, with the
exception of the uniline, were made in our institute, the wavemeter was calibrated with a
Sperry-Rand model 273 wavemeter. The attenuator, which has a nichromium-metallized
absorption layer on a glass plate of 80 Ohm per centimeter squared, has been calibrated with a
Sperry model 134 attenuator.
The superheterodyne detector is also decoupled from the bridge by a uniline. The 2K25
local-oscillator klystron, fed by a separate, electronically stabilized power supply, provides such
a microwave energy via a I3-dB directional coupler to the tuned IN23B mixer diode that the
crystal current amounts to 0.5 rnA. This working point is optimized with respect to noise
temperature and conversion loss of the diode. The receiver is a Torotor televisionstrip with a
cascade-preamplifier of ten channels operating between 50 and 220 MHz, a mixing amplifier
and a 40-MHz IF amplifier in front of the demodulation amplifier. It was tuned in such a way
that for a width of 2 MHz the amplification is constant. This is necessary to stabilize the
frequency onto the cavity. The signal-to-noise ratio measured for the 50-MHz channel of the
televisionstrip alone amounts to 14 dB. After demodulation, the signal is fed via a 5000-Hz lowpass filter to a cathode-ray oscilloscope to display the lines or to a phase discriminator according
to SCHUSTER [40]. The latter has an adjustable time constant that can be set to 1 or 0.1 sec. A
Sandborn plotter fed by the phase discriminator draws the derivative of the resonance lines. The
reference voltage for the discriminator and the X-deflection of the cathode-ray oscilloscope is
supplied by the 62-Hz Zeeman modulation generator via a Toulon phase shifter. The 20-Watt
generator simultaneously feeds the Zeeman modulation coils of the pole caps, which produce a
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modulation field having a maximum of 20 Gauss.
locking plate

mode-suppression bent-wire

lk:~~--
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---~7"

.?"·r---teflon

Fig.3. The cavity resonator.

The cylindrical cavity can be tuned and works in the TEoII mode (rectangular index).
Figure 3 shows a cross section. The movable bottom, on which the probe and its holder lie, is
set up as JJ4-JJ4 shortcircuit. The mode-suppression bent-wire normally prevents resonance of
the cavity at two neighboring frequencies. A polished cone allows the tuneable part to be
removed for insertion of the probe into the resonator. At 4.2 OK, the locking plate (also shown)
is in general not screwed in, allowing the helium to be in direct contact with the crystal. To
prevent additional noise from helium bubbles, the cavity is filled with styrofoam. Dampening
material in the tuneable part precludes parasitic oscillations in the aperture and thus a pulling of
the resonance frequency of the cavity. Additional screwable diaphragms having diameters of 8
to 13 mm allow the cavity resonator impedance to be matched to the line impedance for probes
with varying absorptions. The quality factor of the empty cavity, coupled to the line, is 3500 at
room temperature. The microwave line between cavity and directional coupler consists of a
round glass tube to prevent loss of heat and has been silver-plated on the inside, with a circular
to rectangular adapter. During the measurements, the inner dewar vessel uses 1 liter helium in 3
to 4 hours.
Normally the cavity is adjusted with the diaphragms to obtain a reflection coefficient of
r = 0.01-0.05, which sometimes requires a reference measurement when cooling to low
temperatures. Depending on the input energy, also a correcting phase signal is sent to the
receiver with the help of the slide screw-tuner in the compensation arm to prevent an
overloading of the IF amplifier. The strength of this compensation signal, however, must never
be such that the demodulator is no longer working in its linear range, the carrier voltage then
being too small. This tuning is done by sending rectangular pulses of 1500 Hz with an
amplitude of 14 Volt, having an overlaid saw-tooth voltage of 0.4 Volt with the same frequency,
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to the repeller of the transmitter klystron. During a pulse, the amplitude remains constant, while
the frequency varies by 2 MHz. In this way the cathode-ray oscilloscope, without the preconnected 5000 Hz filter, shows the resonance curve in part. The quality factor can be
estimated, and the reflection coefficient can be read directly. In order to quickly find the
resonance curve of the cavity at low temperatures if it is pulled away and not to retune the local
oscillator frequency, the mixer diode is connected directly to the cathode-ray oscilloscope, i.e. it
is used as a quadratic rectifier.
Once the equipment has been tuned, a 100 kHz, 0.1 V sinus signal is fed to the reflector
of the transmitter klystron for the actual measurement. The resulting FM signal of the cavity,
which is not completely tuned to the transmitter frequency, is changed into an AM signal of
100 kHz and higher harmonics. After demodulation, the 100 kHz signal arrives via a frequency
splitter at a discriminator, whose output DC voltage is added to the reflector prevoltage and
thereby stabilizes the frequency of the klystron to the cavity.
The magnetic field is produced by a water-cooled Oerlikon magnet of 3.5 Ohm that can
be rotated around its vertical axis. The pole caps have a diameter of 10 cm and a distance of
6 cm, corresponding to the outer size of the nitrogen dewar. With this geometry, the field
homogeneity in the middle of the air gap is 1 Gauss per cm at 3500 Gauss (g = 2). At saturation
of the magnet, the magnetic field reaches a value of about 8000 Gauss (g ::::: 0.9), which requires
a saturation current of 20 A. The magnet current stems from a 5-kW group which has to deliver
at most 113 of its full power. The exciting current is obtained from batteries; it can be
monotonously varied with time via a variable resistor driven by a synchronous motor. This
simple setup allows the magnetic field to be changed almost linearly in the range of about 800
Gauss around g = 2. As at 3500 Gauss the setup operates in almost a zero-load state, the
magnetic field oscillation amounts to only 2-3 Gauss. This stability was just sufficient for the
linewidth we measured, therefore the individual lines were recorded 3-4 times to improve the
accuracy.3
To measure the magnetic field strength, we use the method of two rotating coils
positioned on the same axis, first described by LAMB and RETHERFORD [42]. One of the
rotating coils measures the magnetic field, the other, which is in a field of a permanent magnet,
is used as reference voltage. The axis is driven by a synchronous motor. The two AC voltages
are compared by means of two banks of decade resistors. A cathode-ray oscilloscope is used as
zero indicator; onto its X deflection the reference voltage is fed. The zero voltage to be
equalized is fed to the Y deflection via a low-pass filter, which shifts the phase of the second
harmonic to 1[/2 and does not pass the higher harmonics. (The harmonic frequencies are
produced by the inhomogeneous magnetic field of the small permanent magnet.) When the
base-frequency voltages of the two measuring coils, i.e. the two magnetic fields, are
proportional to both resistances, the well-known Lissajou butterfly image appears on the
3We

from

have now constructed an electronic stabilization, which allows a linear scanning of the magnetic field

a to 8000 Gauss in 2 to 20 min, with an oscillation ofless than Y2 Gauss [41].
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oscilloscope. Its curves intersect at the centre of the scale and allow a reading with an accuracy
of 1 Gauss. By switching forward an additional resistor decade during a resonance
measurement, it is possible to add magnetic field marks on the spectrum of the Sandborn plotter
whenever a zero passage occurs on the cathode-ray oscilloscope. Such marks are visible in the
upper image of figure 9 and are 41.0 Gauss apart.
With an input radiation of 0.1 mWand a discriminator time constant of 0.1 sec, we can
detect 3xl014 spins DPPH at room temperature. With the highest possible power of our
klystron, our equipment has a maximum sensitivity of 5x 10- 11 mole DPPH at 300 oK.
According to FEHER [39], the best achievable sensitivity in a resonance apparatus at this power
is a factor of 103 higher. With our equipment it can be achieved if the noise of the local
oscillator is eliminated by means of a bridge arrangement of two mixer diodes. Moreover the IF
amplifier would have to be replaced by one that has an optimum noise figure and uses batteries
rather than glow tubes to stabilize the klystron voltages so that the remaining frequency noise is
suppressed.
V. Experimental results and their interpretation

The samples

The resonance measurements were carried out on two SrTi0 3 single crystals, kindly
made available to us by the National Lead Company, N.Y. (N.L.) In Section II, we have already
discussed the physical properties of these very pure synthetic crystals. The starting material of
both crystals has the same purity as given in Table 1. From this table it is clear that SrTi0 3
contains 0.01 weight percent iron, i.e. 1.7xl017 atoms·cm- 3 . Such a concentration will already
allow the observation of resonance at room temperature, even for small samples having a
volume of 0.2 cm3 and linewidths of the order of 10 Gauss, and the sensitivity of our equipment.
Both crystals had a diameter of approx. 10 mm and were cut into 1-2 mm thick pieces:
the first (numbered by N.L. MP-IIlO-1) with the planes cut perpendicular to the growth
direction; the second (MP-ll 10-2) was oriented by X-ray measurements and then cut with the
planes parallel to a (001) plane. For the slices obtained from the first crystal, X-ray
measurements gave for the normal E of the planes angles of 70 2/3°, 55° and 38 2/3° with
respect to the [100], [010] and [001] crystal axes. The base plane of the samples used was nearly
rectangular and 5x 10 mm in size. The smallness of the samples was convenient because the
measurements were rendered difficult by the high DC and the high temperature coefficient. For
samples having a thickness of more than 1 mm, at room temperature the resonance frequency of
the cavity only became stable after several hours. Sometimes the observed frequency shift
amounted to as much as 10 MHz compared to that at the starting value. Also, the quality factor
of the resonator changed by 20-30% until the stationary state had been reached.
We think that more oscillation modes are present in the cavity owing to the high DC.
Thermal fluctuations of the DC or static discharge of the crystals can result in the formation of
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other oscillation modes, which change the quality factor as well as the resonance frequency of
the cavity. In any case it was certain that not only the TEO! 1 mode was excited, because upon
rotation of the constant magnetic field with respect to the direction of the mode-suppression
wire, the absorption amplitude did not vary with the cosine of the rotation angle, but remained
nearly constant. In this experiment, no saturation was present.

Measurements at room temperature
We first want to describe and discuss the measurements at room temperature, because
here the iron ions are sited in a pure cubic crystal field.
Figure 4 shows the theoretically expected intensity and position of the lines to first order
as derived from equations (2) and (10) for sufficiently high frequencies and with the external
magnetic field parallel to a [100] direction of the crystal. The changes in quantum number for
the individual resonances are also depicted. The distance between the lines ±3/2 H ±1I2 is 15a I
and that between the lines ±5/2 H ±3/2 14a I ; they are independent of the frequency Vo of the
microwave radiation, i.e. of the frequency-defined magnetic field Ho = hvo/gfJ. For the magnetic
field parallel to a [111] direction, these distances have to be multiplied by a factor -2/3, and for
the magnetic field parallel to a [110] direction by -1/4. In second order there is a small shift in
the same direction of the two lines having intensity 8 according to equations (2). Thus their
distance is determined only by the first-order term. The same is true for the two lines having
intensity 5. The lines of the transition +1/2H-1/2 having intensity 9 also have a nonvanishing,
angle-dependent, second-order term.
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Fig.4. The theoretical position of the fine structure lines in first order and their relative intensity at the Fe 3+ ion in a
cubic field. The magnetic field is parallel to the [100] direction.

Figure 5 shows the experimental resonance curves for the magnetic field parallel to the
[100], [111] and [110] directions. The derivatives ofthe amplitudes of the absorption curves are
shown. The strength of the magnetic field increases to the left. A small sample plate was used
with parallel (001) planes with a marked [100] direction. For the [111] direction the five lines
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originating from the Fe3+ ions are clearly distinguishable. A weak, relatively sharp isotropic line
is present to the left of the +1I2t-t-1I2 line. It stems from a small amount ofCr3+ ions 4 that were
also present in the samples. The comparison with the DPPH resonance yielded a g-factor ofCr3+
of 1.979±0.001. The Fe 3+ resonances at room temperature were determined relative to this line
by means of rotating the magnet. From the difference between every two lines having the same
intensity one obtains a crystal Stark splitting
I of 1002 and 1006 Gauss for the direction
mentioned. The second-order shifts also have the correct size. In contrast to this, the lines with
theoretical intensities 5 and S nearly coincide in the [100] direction, so that these two lines can
no longer be resolved. Thus, the lines having the same intensity are shifted in opposite
directions. For the [100] direction, however, the experiment confirms the expectation that the
distances of the lines are constant against a change of the microwave frequency. For a variation
of the latter of (S.2±0.1)%, the mean fluctuation of the distances amounts to only 0.3%. This
measurement was performed in a very accurate manner. The g-factor obtained from the middle
line is 2.004±0.OOI, in agreement with that calculated from the [Ill] measurement.
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Fig.5. Paramagnetic resonance
in SrTi03 at 300 oK.
Top: H parallel to [100]. Bottom left: H parallel to [111]. Bottom right: H parallel to [110].
ofFe 3+

For the [110] direction only the three stronger lines are clearly observable, which is due
partly to a second-order shift and to the larger linewidth of the weaker lines.
The situation is further clarified by figures 6 and 7. They show the experimentally
4From Table I follows that the Cr concentration in the original material is less than 0.0002 weight percent.
Measurements performed on a single crystal of SrTi03 containing about 0.005 percent Cr show the same isotropic
line, which results from the even-numbered Cr isotopes, as well as the hyperfine lines of the Cr53 isotope with
nuclear spin 312 [44].
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measured zero passages of the derivatives of the absorption curves and the curves calculated
from equations (2) with a parameter value of ISa I == 1032 Gauss and a g-factor of 2.004. The
choice of the parameter ISa I will be discussed later. Figure 6 shows the result for a rotation of
the magnetic field about a [1 To ]-axis. The experimental points of the middle line give the best
fit to the calculated curve. Those belonging to the outer two lines agree better with the
theoretical values than the inner two do. These latter exhibit a considerable deviation in the
[1 I 0] direction; also for a rotation against this direction, their linewidths increase in such a way
that one of the two transitions cannot be measured along that axis.
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Fig.6. Variation of the fine structure lines ofFe 3+ in SrTi0 3 with respect to a rotation of the magnetic field around a
[1 1 0] direction at 300 oK.
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Fig.7. Variation of the M= ±3/2 .... ±1/2 and M = + 112 .... -1/2 fine structure lines ofFe 3+ in SrTi03 with respect to a
rotation of the magnetic field around a [100] direction at 300 OK.

Figure 7 shows the result for a rotation of the magnetic field in a (00 l) plane. The lines
stemming from the transitions ±3/2 H±S/2 are not drawn because they are not sufficiently
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resolved. Here again the measured value of the middle line agrees well with the theoretical one,
while those stemming from the ±3/2 +-+ ±1/2 lines deviate about by 5% in the main directions;
for the [100] and [010] directions they deviate towards the middle line, for the [110] direction
they move away from it. This figure shows very well that at the position of the Fe 3+ ions a field
of cubic symmetry is present.
In all the recordings the +112 +-+ -1/2 resonance is always the sharpest; its linewidth,
which is the difference between the two peaks of the derivative curve, is 10±1 Gauss for the
[100] and [111] directions. In the [11 0] direction the line is 2 Gauss broader. Lines stemming
from the ±3/2 +-+ ±1I2 transitions are not as sharp, but always sharper than those from the
±5/2 +-+ ±3/2 transitions. It was only possible to determine the ratio of the linewidths in the
[111] direction, which is 1.3: 1.4: 1: 1.4: 1.3, because the five lines are only completely separated
in that direction. In the two other main directions the outer lines seem to be broader. As can
easily be understood, it was also possible to obtain estimates for the intensities with the help of
the linewidths in the space-diagonal directions, albeit only rough ones. The distance between the
maximum and minimum of the derivative of the amplitude of the single line is squared and
multiplied with the third power of thelinewidth, yielding an intensity ratio of 6: 1.4:9: 1.4:6.
A sample of crystal MP-1110-1 with orientation E was also measured. The variation of
the position and the linewidth of the five fine structure lines with respect to a 120° rotation of
the magnetic field perpendicular to E confirmed the information obtained from the other crystal.
Determination of the Stark splitting

To estimate the absolute values of the Stark splitting, we have plotted in figure 8 the
parameter 15a I calculated from two independent measurements in each of three directions of
the crystal. We have already discussed the one obtained for the [111] axis; a second value was
obtained from a measurement of the crystal with orientation E. In the plane E (70 2/3°, 55°, 38
2/3°), a direction R exists that forms an angle of only 3° to the [111] axis of the crystal, and has
angles of 56°, 57° and 51 .5° with the [100], [010] and [001] directions, respectively.
For the [100] and [110] directions, 15a I is calculated from the ±3/2 +-+ ±1/2 zero
passages because of a lack of separation of the other two outer lines. One of the two values is
obtained in a measurement with the external magnetic field oriented along a (100) plane, the
other for an orientation along a (110) plane. For both of these rotations, the distance of the two
lines becomes maximal if the magnetic field is in the [100] direction. If the magnetic field is
parallel to a [110] direction, a maximum is found for the first rotation and a minimum for the
second one, see figures 6 and 7 (saddle point).
Because the largest experimental error stems from the orientation of the crystal, we also
included the orientation- dependent error bars in figure 8. Only for the measurement in the Rdirection (close to [111]) of the crystal MP-111 0-1 has a symmetrical error bar been plotted.
The deviation of the crystal axes determined by rotating the magnetic field was at most
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2.7 0 with respect to the X-ray orientation. The largest part of this error is probably due to the
difficult adjustment of the small crystals on the polystyrol holder. These deviations have been
taken into account in the analysis. However, for a certain magnetic field direction a deviation of
equal size is possible for the normal plane with respect to the rotation plane of the magnet. The
errors resulting from the DC-dependent frequency detuning of the cavity during one recording
are estimated to be at most 1%, while the errors discussed above amount to approx. 3%.
Figure 8 shows that, outside the measurement errors, for the [110] direction a larger
value is found than for the [100] and [Ill] directions. The former is 1090 Gauss, the latter have
an average of 1032 Gauss. This latter value has been used to calculate the theoretical curves in

figures 6 and 7. From these figures, one can conclude that 15a I must lie between 1010 and
1110 Gauss. Even if also the ±3/2 .... ±112 and + 5/2 .... +3/2 coinciding lines in the [100]
direction are considered, no larger error is found. In wave numbers, one obtains the following
value and limits for the usually indicated Stark splitting parameter 13a I

13a I = (5.95±0.30)xlO-2 cm- 1
Gauss
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Fig.8. Determination of 15a I. 1000 Gauss = 0.09359 em-I.

Discussion of the room-temperature results

From our measurements it is clear that the resonance is due to triply charged iron ions in
a cubic crystal field. Therefore it follows that these ions are substituted at Ti4+ or Sr2+ lattice
sites. GOLDSCHMID [45] gives 0.67 A for the ion radius of Fe3+, which is near the value of
Ti 4+ (0.63 A), while that of Sr2+ is almost twice as large. From this point of view, it is likely that
the ion is substituted at a Ti lattice site.
In Section IT we showed for SrTi0 3 that the Ti ions are octahedrally surrounded by six
oxygen ions and have, within 2%, such radii that they touch each other. The TiO distance is
l.95 A. If a Fe3+ ion is substituted at a Ti 4+ site, the charge of the six 0 2- will produce a crystal
field whose strength causes a Stark splitting of 3a at the 3d electrons of the iron. LOW has
measured the paramagnetic resonance of Fe3+ in MgO [46]. Here the Fe 3+ are also substituted at
Mg2+ lattice positions and are surrounded octahedrally by six oxygen ions. According to
EWALD and HERMANN the MgO distance is 2.l0 A [47], but LOW proposes that this
distance decrease slightly because Fe3+ and 0 2- attract each other electrostatically until they
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touch. For the Stark splitting he obtains a value of 3a = 6.l5xlO-2 and for g= 2.0037±0.0007.
Within the margin of error these values agree well with our results. Therefore the same will
apply for the crystal field strength at the Fe3+ position and also for the FeO distances in both
crystals. From this we can thus conclude that the resonances we have observed are those ofFe3+
ions substituted at Ti 4+ sites.
From the integrated intensity of the +112 H -112 resonance it was possible to establish
with the help of equation (10) that iron, whose presence in the starting material was established
optically, is predominantly substituted in its trivalent form. We cannot exclude, however, that in
our samples iron could also be present in another valence state, for instance Fe2+, in smaller
amounts. An attempt to reduce Fe3+ by heating the sample at 1000 DC in a hydrogen atmosphere
yielded neither a smaller intensity of the Fe3+ lines nor could new lines be observed. It is of
course possible that a different preparation process of SrTi0 3 could result in Fe2+ being built in
at Sr2+ lattice sites. HORNIG, JAYNES and WEAVER [48] have performed paramagnetic
resonance experiments with polarized single crystals of BaTi0 3, which were doped with iron.
Whether the lines they observed are those of Fe2+ ions substituted at Ba2+ lattice sites is still an
open question.
Our value of the Stark splitting differs notably from that of 3a = -3.8xlO-2 to
-4.0xlO-2 cm- 1 measured by BLEANEY and TERNAM in alums [33]. We believe that this is
due to the different electric crystal fields at the position of the iron ion, and that the difference is
primarily caused by the way these fields are generated, while the different interatomic distances
to the nearest neighbors play only a minor role. In hydrogenated salts, the main part of the
electric crystal fields is generated by the six octahedrally arranged dipole moments. In SrTi0 3
and MgO, on the other hand, it stems in first order from the charge of the six 0 2- ions.
The potential near the position (0,0,0) by the surrounding six ions having charge q and
distance a, i.e. at the sites (±a,0,0); (0,±a,0); (0, 0, ±a), is computed as:

V =
p

qi= C · (4
3 4) + .. C
x +y 4+z 4--r
I6-r"
5
"_
1-1

pql

q

=35
- .qq

4

as

POLDER [49] calculated a value of Cf.I = -1 75/4plb 6 for the coefficient of the crystal field
potential V(x) = C(x4 +/+z4 _3ISr4) by the surrounding six H20 molecules, where ~ is the
dipole moment, the negative ends of the water molecule facing inward, and b the distance
between the water molecules and the paramagnetic ion.
Let us now calculate the ratio CqlCf.I. The water dipole moment is fi = 1.8xlO- 18 ESE,
and for the distance b we use a and half the dipole length d = file. Because q = -2e, we obtain
CqlCf.I = + 1.3 3. For this calculation, we made some simplifying assumptions which neglect the
polarization. We can however conclude from our results that Cq and Cf.I have the same sign and
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are of comparable size. Furthermore, Cq is probably larger than CIl" In another, brief article,
LOW [50] points out that for alums the sign oOa is negative, whereas for MgO:Fe3+ he obtains
..
. s
.
a posItive SIgn. From thIS, one can conclude that the Stark splitting does not depend linearly on
the crystal field. Together with a linear term, a quadratic term almost certainly exists, as we shall
see in the next section. Because for C values varying between _3x10 3o ESE, the sign of 3a is
once positive and once negative, the two terms should be almost equal for the field strengths
discussed.
Till now the quantitative relation between 3a and C has not yet been calculated, because
the exact nature of the mechanism causing the splitting is not clear. Certainly such a splitting
can result from the combined action of the cubic crystal field and spin-orbit coupling, as
proposed by VAN VLECK and PENNEY [24]. However, these authors state that a continued
perturbation calculation to fifth order will yield a splitting, whereas LACROIX [51] has recently
shown that for S-states such a calculation in general gives a splitting only in sixth order.
According to HUTCHISON, JUDD and POPE [52], a linear as well as a quadratic mechanism
in V(i) are possible. For the former the schematic expression could be as follows:

(6 SSI2I AI4PSI2)( 4ps/2 AJXS/2 )(XSI2JVJ YS /2)(Ys/2JAJ XS/2)(XS/2JAI4PSI2)( 4PS /2 1AI6 SSI2)
1

(12)

if the ground state is split through the 4pS/2 state by means of the spin-orbit coupling A. XS/2 and
YS/2 as well as 4pS/2 represent excited states of the (3d/ configuration, for instance X = 4D,
Y = 4F. A calculation according to the above scheme requires knowledge of the excited states,
for which neither experimental nor theoretical data exist. Therefore, the excited states would
have to be determined prior to a quantitative determination of the Stark splitting. Moreover,
such a determination would be of great value to estimate how strongly the lowest levels mix
into the ground state.
The six Zeeman levels calculated by KRONIG and BOUWKAMP [9] are based on the
assumption of a pure 6 SS /2 ground state, which according to group theory is split by the cubic
crystal field. In our case, it is certain that a nonnegligible admixture is present, because we
observe a deviation of the measured points with respect to the theoretical curve. Apart from the
possibility mentioned, also a covalent bonding of the (3d)s electrons could produce such a
deviation.
In a very fine piece of work, OWEN [53] showed that the dy-electrons of the transition
metals in M(H 20)6 complexes, M = 3d', can form a-bonds with the 2Pa and 2s orbitals of the
oxygen atoms. Because of this, the dy orbitals are modified in such a way that the electrons in
these orbitals are in part closer to the atoms of the complex. Such a bonding has the effect that
5The coefficient D of the crystal potential W = -eV(x) given by Low is equal to -eC q (C q is the coefficient of
the electric field potential Vex)).
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the splitting between the dy doublet and the de triplet becomes larger, and in this respect
resembles an increase of the electric crystal field. This splitting is larger for M3+ than for M2+
ions. This points towards a stronger a-bond for the M3+. The larger positive charge possibly
enhances the tendency of the oxygen ions to move in the dy orbitals of the central M ion. For a
sufficiently strong a-bond, the central de orbitals may form 1t-bonds with the 2p" orbitals of the
oxygen atoms in an analogous manner.
This theory has been confirmed for M(H20)6 complexes as well as for MgO. In both
cases it was shown that for Ni 2+ a weak a-bond of 3-4% is present [6,53], while for Cr3+ a abond of intermediate strength and a weak 1t-bond are present [5,55]. Because of its size and
charge, the Fe3+ ion with configuration 3cf = (de)3(dyi may well have the same kind of bonding
with its oxygen neighbors as Cr3+ has. The electrons of the dy shell have the largest probability
density in the -Ti-O-Ti-O- direction, i.e. [100] direction, those of the de shell in the direction of
the bisector of the angle, i.e. the [110] direction. In both of these directions we measure the
largest deviations from the values obtained for a pure 6 SS/2 state. The deviation is smallest in the
[111] direction. Because of this special direction dependence, we are of the opinion that
primarily the admixing to the 6 SS/2 state is more likely to originate from covalent bonding rather
than in the position of the excited states. We said primarily, because the excited levels are
shifted downwards by the presence of homopolar bonding. This occurs because the Coulomb
interaction between the 3d electrons becomes smaller owing to the extension of the charge
cloud.
Also for Mn2+, which has the same configuration as Fe3+, has the paramagnetic
resonance in a cubic field been examined [2,54]. However, for a coordination of oxygen ions
(MgO:Mn) the results cannot be simply compared because Mn2+ has an ion radius of 0.90 A
[45] and therefore causes a sizeable distortion of the crystal. It is nevertheless remarkable that
the Stark splitting is about 11 times smaller than in Fe3+, which according to LOW [46] is due to
a smaller spin-orbit coupling constant. In a mechanism of the form (12), this value enters the
Stark splitting with a high power. A part of the smaller splitting of Mn2+, having only a double
charge, may possibly result from its smaller a-bond than the one in Fe3+.
VAN WIERINGEN [4] has examined the paramagnetic resonance of Mn2+ in various
crystal powders. He was able to show that with increasing covalent bonding to the neighboring
atoms the g-factor increases and the hyperfine splitting constant A decreases. According to his
measurements, the contribution of the homopolar bond is larger for a surrounding of oxygen
atoms than that for a coordination with water molecules. For a hyperfine splitting as such to
occur, originally a very small admixture of configuration 3s, 3cf, 4s [28], and later an exchange
of the 3d with the Is, 2s, and 3s electrons was proposed [55,56]. We can reject the option that
such a mechanism better explains our measurements than a covalent bonding, because it is
difficult to see why an admixture of S-states should result in a shift of the five fine structure
lines in the [110] and [100] directions but not in the [111] direction.
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We shall discuss the origin of the linewidth together with the measurements at 80 K.
The roughly estimated intensity ratio of 6: 1.4:9: 1.4:6 in the [111] direction is in qualitative
agreement with that of MgO:Fe3+, but deviates notably from the theoretical ratio of 8:5:9:5:8.
This may be caused by the covalent bonding. In the presence of strong a-bonding, i.e. when the
dy level lies substantially higher than the de level, only the latter will be occupied. We have to
deal with a (dei configuration [57] which has a resonance line hv =

gf3iis

in cubic field. Our

case, where the outer lines are weaker with respect to the +112 H -112 resonance, agrees with a
mixing of (de)\dd and (dei configurations. A further explanation could be crystal lattice
defects that may be present in the crystal because of the triply charged iron ion for charge
compensation reasons. For instance, a triply charged iron ion replacing Sr2+ can be accompanied
by an 0- ion or an 0 vacancy. If such vacancies are sufficiently close to the Fe3+ ions they give
rise to strong axial fields, which according to equations (9) can shift the outer lines to such an
extent that they no longer contribute to our results.

Results at 80 oK and their explanation
For the magnetic field parallel to the [Ill] direction, the five fine structure lines are as
well resolved as they are at room temperature. With the same g-factor and a 1.114±0.003 times
larger Stark splitting parameter 13a the location of the lines at 80 K was also in agreement
within second order with that of the calculated lines. These measurements were performed on a
platelet of the crystal MP-Il1 0-1 with orientation E, i.e. the magnetic field direction R, which

I,

lies parallel to E, forms an angle of 30 with the

[T T1] axis.

A sample of the crystal MP-111 0-2 was used to study the orientation dependence of the
fine structure lines for the constant magnetic field parallel to a (00 I) plane. Whereas the picture
in the [110] direction is in agreement with that at 300 K, the outer lines split upon rotation of the
magnetic field towards the [100] or [010] directions. The splitting is largest for these two latter
directions. Figure 9 shows the recordings for H parallel to [100] and [110]. Note the doublet
splitting of the only faintly visible ±3/2 H ±5/2 lines (arrows). From our experiment it clearly
follows that in the thin platelet two types of Fe 3+ ions can be distinguished if the magnetic field
is not parallel to [110]. Hence the two ion types are exposed to two different crystal fields that
are symmetrical with respect to the [110] axis. However, the two crystal fields differ very little
because the doublet splitting is small with respect to the cubic fine structure. Both have the
same large cubic crystal field component, to which depending on the symmetry also a tetragonal
component of the crystal field in the [100] direction or a tetragonal component of the same size
in the [010] direction is added. Therefore, the approx. 1-mm-thin crystal sample cut parallel to a
(001) plane consists of individual tetragonal domains with their c axes in the [100] and [010]
directions.
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H parallel to [lOOJ

H parallel to [1 !OJ

Fig.9. Paramagnetic resonance of Fe3+ in SrTi03 at 80 oK.
Top: Hparallel to [100]. Bottom: Hparallel to [110].

For the ±5/2 ..... ±3/2 lines with H parallel to [100], the doublet splitting is according to
equations (9) D i.e., D to one side for the [100] domains and 2\ D! to the other side for
the [010] domains. Experimentally we measure 6\ D = 49±2 Gauss and thus obtain
D = (7.7±O.3)xlO-4cm-I.6 If in our crystal platelet [001] domains were as common as the
[100] and [010] domains, the intensity ratio of the +5/2 .... +3/2 doublets would have to be equal
to 1:2, whereas we obtain a ratio of 1: 1. Moreover in that case the outer lines would be split in
the [110] direction. For a crystal with arbitrary thickness and orientation, for instance E,
domains are possible in all three main directions of the crystal. However, if the resonance is
observed in the [Ill] direction, no further splitting of the cubic fine structure will be obtained,
because the D-terms in equations (9) disappear owing to the term 3coie = 1, which is in
agreement with the measurement discussed first.
Our results directly confirm the assumption GRANICHER made, based on dielectric
[10] and structural [18] measurements, that below 100 OK SrTi03 is tetragonal. According to
him, this tetragonal phase is, in the absence of outer electric fields, not ferroelectric, even at low
temperatures. From our measurements, we are certain that the crystal nevertheless consists of
domains. Therefore, depending on the size of the domains, the cooling effect at low
temperatures that GRANICHER proposes by switching an external electric field off will either
be stnall or not observable at all, as in that case one type of domains will grow at the expense of
the other type. This will probably also be the case when in a sufficiently strong field the crystal

61 I,

41 I

I

I I

6This value is more accurate than the one given in reference 8.
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transforms into a ferroelectric phase.
At 80 oK the linewidths are barely half of those at 300 oK. Because of the S-ground state
of the Fe 3+ ion, this temperature dependence does not originate in the spin-lattice relaxation
time. For us the most probable mechanism is the following: in the high-symmetrical phase
(300 K) the Ti06 and Fe06 octahedra, believed to be rigid, oscillate around their center in the
sense of a «displacive transformation of secondary coordination» proposed by BUERGER [58].
At the oxygen ions flexible joints exist (ionic bonding). In the tetragonal low- temperature phase
such a thermic movement will barely take place anymore. Owing to the oscillation in the highly
symmetrical phase the magnetic field will become modulated relative to the Fe3+ in terms of the
direction, i.e. the lines obtain a fixed, finite width: according to equations (9) the ±5/2 +-+ ±3/2
lines have to be broader than the ±3/2 +-+ ±1I2 lines, which in tum are broader than the + 112 +-+ 112 line. For SrTi0 3, the model of BUERGER is also in agreement with the theory ofMEGAW
[19]: at high temperatures, highly symmetrical phase, loose ionic bonding at the oxygen atoms;
and low temperatures, low symmetrical phase, strong covalent bonding at the O.

It has been assumed that in MgO lattice defects that are far away from the Fe3+ ions
cause weak axial fields, which yield the main part of the linewidth [2]. The same probably
applies to SrTi0 3 at low temperatures at which the thermical, rotational oscillations of the Ti0 6
octahedra can be neglected. It is possible that also the covalent bonding of Fe with 0 will affect
the direction-dependent width of the outer lines.
The very strong temperature dependence of the DC at 4.2 OK together with the resultant
instability of the cavity at this temperature preclude a measurement, even if the sample has a
size of only 211 0 mm. Therefore determination of the sign of 3a and hence also of D using the
difference in intensity of the +5/2 +-+ +3/2 and -5/2 +-+ -3/2 lines was not possible.

VI Acknowledgements
I would like to thank Prof. Dr. G. Busch for the kind encouragement of this work and for
the support which I got. In addition I thank the Swiss National Fund for the grant to carry out
this work. My special thanks go to Dr. A. Linz of the National Lead Compo N.Y. for providing
the single crystals, to Dr. H. Granicher for their orientation and for the many interesting
discussions about the dielectric and structural behavior of the titanates. Of great value were also
the theoretical colloquia with Prof. Dr. H. Schwartz, Dr. Ch. Enz and Dr. H. J. Gerritsen. Also
greatly appreciated was the critical reading of a part of this work by Prof. Dr. R. Lacroix.
Furthermore I am much obliged to Dr. W. Neu for his suggestions during the construction of the
microwave part of the equipment.

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

28

References
1)
2)
3)

K. D. Bowers and J. Owen. Rep. Progr. Phys. 18,304 (1955).
W. Low, Phys. Rev. 105, 793 (1957).
R. Lacroix and Ch. Ryter, 6e Colloque Ampere, Arch. Sci. (Geneve) 10, 132
(1957).

4)
5)
6)
7)

J. S. van Wieringen, Faraday Soc. Disc. 19, 118 (1955) .
W. Low, Phys. Rev. 105, 801 (1957).
W. Low. Bull. Am. Phys. Soc. II 1, Sll (1956).
H. Granicher and K. A. Muller, Nuovo Cimento N. 3 Suppl. 6, Serie X,1216
(1957).
K. A. Muller, 6 e Colloque Ampere, Arch. Sci. (Geneve) 10, 130 (1957).
R. de L. Kronig and C. J. Bouwkamp, Physica 6, 290 (1939).
H. Granicher, Helv. Phys. Acta 29, 210 (1956).
I. Naray-Szabo, Muegyetemi Kozlemenyek 1, (1947).
H. P. Rooksby, Nature 155, 484 (1945).
S. B. Lewin, N. J. Field, F. M. Plock and L. Merker, J. Opt. Soc. 45, 737
(1955).
L. Merker and L. E. Lynd, U. S.Patent 2,628,156 (10. February 1953).
J. A. Noland. Phys. Rev. 94, 724 (1954).
A. Linz, Phys. Rev. 91, 753 (1953).
J. F. Youngblood, Phys. Rev. 98,1201 (1955).
H. Granicher and O. Jakits, Nuovo Cimento 11,480 (1954).
H. D. Megaw, ActaCryst. 5, 739 (1952) and 7, 187 (1954).
R. M. Cotts and W. D. Knight, Phys. Rev. 96,1285 (1954).
J. C. Slater, Phys. Rev. 78,748 (1950).
H. Granicher, Nuovo Cimento N. 3 Suppl. 6, Serie X, 1220 (1957).
H. A. Bethe, Ann. Phys.3, 133 (1929).
J. H. van Vleck and W. G. Penney, Phil. Mag. 17,961 (1934).
P. J. W. Debye, Ann. Phys. (5) 32, 85 (1938)
M. H. L. Pryce, Proc. Phys. Soc. A, 63, 25 (1950).
M. H. L. Pryce, Phys. Rev. 80, 1107 (1950).
A. Abragam and M. H. L. Pryce, Proc. Roy. Soc. A, 205, 135 (1951).
B. Bleaney, Physica 17,175 (1951).
B. Bleaney and D. J. E. Ingram, Proc. Roy. Soc. A, 205, 336 (1951).
K. W. H. Stevens, Proc. Phys. Soc. A, 65, 209 (1952).
B. Bleaney and K. W. H. Stevens, Rep. Progr. Phys. 16, 108 (1953).
B. Bleaney and R. S. Temam, Proc. Roy. Soc. A, 233, 1 (1954).
H. C. Torrey, E. M. Purcell and R. V. Pound, Phys. Rev. 69,680 (1946).
C. Kittel and J. M. Luttinger, M.LT. Technical Report Nr. 49 (10. September 1947).

8)
9)
10)
11)
12)
13)
14)
15)
16)
17)
18)
19)
20)
21)
22)
23)
24)
25)
26)
27)
28)
29)
30)
31)
32)
33)
34)
35)

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

29

36)
37)
38)
39)
40)
41)
42)
43)
44)
45)
46)
47)
48)
49)
50)
51)
52)
53)
54)
55)
56)
57)
58)

E. E. Schneider and T. S. England, Physica 17, 221 (1951).
R. T. Weidner and C. A. Whimer, Rev. Sci. Instr. 23, 75 (1952).
J. M. Hirshon and G. K. Fraenkel, Rev. Sci. Instr. 26, 34 (1955).
G. Feher, Bell Syst. Techn. J. 34,449 (1957).
M A. Schuster, Rev. Sci. Instr. 22, 254 (1951).
B. Natterer, PhD thesis (1957), not published.
W. E. Lamp jr. and R. C. Retherford, Phys. Rev. 81, 222(1951).
F. Kneuenbuhl, MA thesis (1955), not published.
K. A. Muller, 7e Colloque. Ampere, Arch. Sci. Geneve (1958).
V. M. Goldschmidt, Internationale Tabellen zur Bestimmung von Kristall
strukturen (Berlin 1935), Vol. 2.
W. Low, Proc. Phys. Soc. B, 69, 1169 (1956).
P. P. Ewald and C. Hermann. Structure message 1913 till 1928.
A. W. Hornig, E. T. Jaynes and H. E. Weaver, Phys. Rev. 96, 1703 (1954).
D. Polder, Physica 9, 709 (1942).
W. Low, Phys. Rev. 105, 792 (1957).
R. Lacroix, Helv. Phys. Acta 30,478 (1957).
C. A. Hutchisonjr., B. R. Judd and D. F. D. Pope, Proc. Phys. Soc. B, 70, 514 (1957).
1. Owen, Proc. Roy. Soc. A, 227, 183 (1955).
L. M. Matarrese and Ch. Kikuchi, Phys. Chern. Solids 112, 117 (1956).
J. H. Wood and G. W. Pratt, Phys. Rev. 10, 995 (1957).
V. Heine, Phys. Rev. 107, 1002 (1957).
K. W. H. Stevens, Proc. Roy. Soc. A,219, 542 (1953).
M. J. Buerger, Phase Transformations in Solids, J. Wiley & Sons 183 (1951).

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

30

VOLUME

2,

NUMBER

8

PHYSICAL REVIEW LETTERS

APRIL

15 , 1959

ELECTRON PARAMAGNETIC RESONANCE OF MANGANESE IV IN SrTiOs *
K. Alexander MUller t
Solid State Physics Laboratory, Federal Institute of Technology, Zurich, Switzerland
(Received March 30, 1959)

We have investigated the paramagnetic resonance spectrum of a single crystal of SrTiOs
grown by the Verneull process with the addition
of 0.01 weight percent of Mn02 " The measurements were made at room temperature, liquid
air temperature (where the SrTiOs begins to
transform from the high -temperature cubic into

a tetragonal phase l ), and at liquid nitrogen temperature. Several samples cut from the crystal
were investigated. The magnetic field was varied
parallel to the (110) and (100) planes. A spectrometer working at 3.2 cm was used.
Six main hyperfine line groups arising from
the nuclear spin I = ~ of the isotope MnsS were ob-
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served. The g-factor and the hyperfine constant
of the spectrum were found to be
g=1.994±0.001,

I.AI =75±1 gauss.
The groups showed a fine-structure splitting dependent on the magnetic field direction to the
crystalline axis. The splitting was largest for
H parallel to the [100] direction. Therefore we
conclude that the manganese atoms are situated
at lattice points in the SrTiOs' Two positions
are possible: at 8r2+ sites as Mn2+ or Mns+ and
at Ti4 + sites as Mn2 +, Mns+, or MnIV.
We do not think that the resonance is due to
manganese atoms sitting at a 8rH place. For
MnH a g-value as small as 1. 994 has not been
reported. With hyperfine splitting constants A
less than 80 gauss, the experimental g-values
are found to be higher than 2.001. As the sign of
the estimated crystalline electric field potential
is opposite to that of the octahedral TiH position,
the relaxation time of a Mn'+(3tt4) at a 8rH place
is expected to be so short that no resonance is
observable at room temperature. Furthermore,
the ionic radius of MnH is 0.90 A, that of Mns+
is 0.70 A,2 while that of 8r H is 1.27 A which would
give a poor fit into the lattice.
The g-value argument also excludes the pOSSibility of a Mn2 + at a Ti4 + site. in addition since
_.+ would be surrounded by six nearest
' oxythe MIr
gen neighbors as in MgO at a Mg2+ position, S the
hyperfine splitting constants A should nearly
coincide as they do for CrH. ',4 This is clearly
not the case. The MnH is isoelectronic with the
Cr2+. Wertz et al. s have found no resonance of
Cr· + present in MgO. The effective spin of MnH
in the octahedral field would be 2. With such a
spin it seems difficult to explain the sharp lines
found in the tetragonal phase at 77°K which are
quite independent of the direction of the magnetic
field.
These lines can be explained easily by a AM
= ± t transition of the only remaining possibility
of a four -valent Mn atom (3tJ3) with spin S =.1 at
4+
2
a Ti position. 8everal reasons support this:
The MnO. is isomorphous with the TiO. which
together with SrO was used to grow the crystal.
For every 8r H incorporated at a Las+ site in
LaMnO" a Mns+ changes into a MnIV.s The MnIV
is isoelectronic with the CrH. Both have an
effective S ground state. The resonance of chromium in 8rTiO, ariSing from Cr H at a Ti4 + lattice point has been detected with a g-value of
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1.9788±0.0007} The g-factor of MnIV(3tJ3) is
considerably higher; it is nearly the same as
that of the Crill (3d') in the [Cr(CN)e:r+ complex7
where strong covalent bonding is present. Our
experiment shows therefore that there is strong
covalent bonding between the four -valent manganese an~ its 6 oxygen neighbors. Therefore we
write Mn and not Mn4+. Preliminary optical
absorption measurements at 300 K indicate a
strong absorption line somewhat higher than
24000 cm -I, e which we aSSign to the r 2-r 5 transition. With a spin-orbit coupling constant of
133.5 cm-I , one sees immediately that the theory
of covalent bonding of Owens concerning charge
transfer is no longer valid for this case and overlap of the wave functions must also be taken into
account. 8uch a theory has to our knowledge not
been developed for the (3tJ3) configuration and it
would not only be of interest to analyze our data
but it might be of help in understanding more
quantitatively the phenomena of indirect exchange
coupling of -M-O-M-, M=3tJ3, in AMO, perovskite
structure magnetic materials.
Owens has shown that in [M(H 20)e] complexes,
M = 3an, the covalent bonding is stronger for M'+
than for M2+ ions with the same configuration.
Presumably the greater positive charge causes
an increased tendency of the oxygen electrons to
move into the central M -ion bonding molecular
orbitals. Combining the resonance result of Cr H
in 8rTiOs with the optical absorption data,8 one
finds medium -strength covalent bonding for the
Cr H using Owen's theory which in this case is
applicable. We have herewith a proof that for
the (3tJ3) configuration in the ~ lattice position of 8rTiO, the four -valent atom has a stronger
covalent bonding than the three-valent. This increases the possibility that the greater charge is
the cause of stron~r bonding and one should perhaps also write Ti (3tfl) instead of TiH in ATiO
perovskites.
s
In Fig. 1 the resonance spectrum is seen for
H parallel to a [100] direction together with the
DPPH calibration line and the theoretical line
positions for a spin Hamiltonian of
0

JC=g{3H.S+AI'S+D{S/ - t(S2+S)},

2D = -1.4 gauss, A = -75 gauss.
The radius of MnIV , r =0.52 A, is somewhat
smaller than that of TiIV with 0.63 A, so either
the Mn does not lie exactly in the center of the
oxygen octahedron or the octahedron is distorted.
A crystalline field of at least axial symmetry in
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cubic part

tetrog. part

FIG. 1. Electron paramagnetic resonance spectrum
of MnIV in SrTi0 3 at 300"K and 3.2 cm wavelength for
the dc magnetic field parallel to a [100) direction, The
theoretical line positions are calculated for g = 1. 994,
A=-'15 gauss, and W=-1.4 gauss.

either the [100], [OlD], or [001] direction results.
The fine structure lines ± ~ - ~ arising from the
[010] and [001] direction are not resolved in the
spectrum and therefore also the theoretical lines
are omitted.
Figure 2 shows the spectrum at liquid air temperature, again for H parallel to [100]. The lines
denoted by "tetragonal part" were observed, when
the ± i - ± ~ and ± i - ± ~ lines of the impurity
present, Fe'+, were also splitl (in Fig. 2 only
the ± i Fes+ Une is seen). So we conclude that
this splitting is caused by that part of the crystal
already in the tetragonal phase. In this phase an
additional tetragonal field is superposed on the
field caused by local distortion. The amplitude
of the lines denoted as "cubic part," with the same
position as in Fig. 1, disappear when the crystal
is cooled down to 77°K. There the crystal is completely in the tetragonal phase and consists of
tetragonal domains. 1
At liquid air and liquid nitrogen temperatures we
ha ve also observed 5 lines or line groups occurring about midway between the 6 main hyperfine
groups which we attribute to I t..M I =1 and I t..m I =1
"forbidden" transitions. These lines have been
recorded for constant magnetic field directions
parallel to the [100], [110], and [111] axes.
The author has profited from discussions with

m

-%

III

FIG. 2. Paramagnetic resonance spectrum of MnIV
in SrTiOs at liquid air temperature; HI\ [100). The
± t line of the impurity present, Fe 3+, is also seen.
The theoretical position of the lines denoted by "cubic
part" are the same as in Fig. 1. The ones denoted by
.. tetragonal part" have been calculated with W = 2. 1
gauss.
Professor W. Low and Dr. R. Lacroix. He thanks
Dr. A. Linz for sending him the MnOz -doped
crystal and Mr. J. Sierro for orienting and cutting
the samples carefully and assisting in some of the
experiments.
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Resonance paramagnetique du Cr3+ dans des monocristaux
de SrTi0 3
par K. Alexander M tiLLER
E.P.F., Zurich

La resonance paramagnetique a ete etudiee dans des monocristaux de
SrTiO a, obtenus par Ie procede Verneuil *. Pour une longueur d'onde de
3,2 em, les mesures ont eM faites en fonction de l'orientation du champ
magnetique par rapport aux axes cristallins, it la temperature ambiante et
it la temperature de SooK.
A 300 o K, OU Ie SrTiO a est cubique, no us observons une raie isotrope
pour deux cristaux contenant environ 0,0002%de Cr Z0 3 comme impureM.
Afin de pouvoir verifier si cette raie provenait du Cr, nous avons efIectue
des mesures avec un cristal dote de 0,005% de CrzO a. Le spectre obtenu
montre, en plus de la raie principale qui provient des isotopes pairs du Cr
les 4 raies hyperfines de l'isotope Cr53 (spin nucleaire I = 3/2 , abondance
9,5%). La figure 1 montre Ie spectre obtenu avec ce dernier cristal pour un
champ parallele it [100]. II y apparait aussi la raie
Y2 -- - Y2 du Fe3+,
qui depend de l'orientation de H par rapport aux axes cristallins [1].
L'isotropie et la largeur des raies du Cr demontrent que l'environnement de l'ion est exactement cubique. La tabelle I indique les valeurs du
facteur g et de la constante de structure hyperfine A que nous avons mesurees, ainsi que celles trouvees par Low [2] pour Ie Cr3+ dans Ie MgO.

+

TABLEAU

SrTi0 3
MgO

1.

g

A

1,9788 ± 0,0007
1,9800 ± 0,0006

(15,8 ± 0,1) 10-4 cm-1
(16,0 ± 0,3) 10-4 cm-1

On voit que nos valeurs cOIncident dans les limites de l'erreur experimentale. Dans Ie MgO, Ie Cr3 + occupe la place de l'ion Mg2+ entoure d'un

* Nous tenons it remercier M. Ie Dr A. Linz, de la Nat. Lead Company, N.Y.,
pour les monocristaux mis gracieusement a notre disposition.
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octaedre d'oxygime. Dans Ie SrTiOs, Ie Ti4+ est egalement entoure d'un
octaedre d'oxygene, d'ou nous concluons que la resonance observee provient du Cr3+ [configuration 3ds = (de)S] occupant la place du Ti4+. Le
Fe3+ occupe egalement la place du titane dans Ie SrTiOs [1]. Les rayons
ioniques du Cr3+ et du Fe3+ sont tres proches de celui du Ti 4+ *).
Le facteur g que nous obtenons est plus grand que celui mesure dans
des crist au x hydrates. D'apres Owen [4], ce fait peut etre explique par la

125 Gauss
Fig. 1.

Resonance paramagnetique du Cr3+ dans Ie SrTi0 3 it 3000 K. Les fleches indiquent
les t. raies proven ant de l'isotope Cr 53 avec un spin nucleaire de I = 3/2.
presence de liaison covalente. Pour les ions M3+ du groupe de transition
du fer, les orbites d y peuvent former une liaison (j avec les orbites 2pcr et
2s des oxygenes environnants et de meme les orbites de; peuvent former
des liaisons 7t avec les orbites 2prt' La reduction de la constante hyperfine A
indique egalement la presence de liaison covalente. Van Wieringen a montre la reduction de A avec l'augmentation de la liaison homopolaire pour
Ie Mn 2+ dans un grand nombre de substances. Pour Ie Fe3+, nous avions
presume que la deviation des raies de quelques pour cent par rapport aux

*

De recentes mesures sur Ie SrTi0 3 : Mn02 indiquent la resonance du Mn4+,

it la place du Ti4+ [3].
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valeurs theoriques de l'Hamiltonien est due it une contribution de liaison
covalente. Cette hypothese est appuyee par les mesures du Cr 3+ qui, en
raison de sa grandeur et de sa charge, devrait presenter une liaison semblable it celIe du Fe 3+ avec la configuration 3d5 = (de:)3 (dy)2.
A la temperature de l'azote liquide, nous observons aussi la raie principale et les 4 raies de la structure hyperfine de l'isotope 53, Ie champ
magnetique exterieur etant parallele it la direction [111J. D'autre part, si
Ie champ magnetique exterieur est parallele it la direction [100J, la raie
principale se decompose en 5 raies equidistantes. Ceci concorde avec Ie
resultat obtenu par la resonance du fer trivalent dans Ie SrTi0 3 , qui avait
demontre que Ie cristal est compose de domaines tetragonaux au-dessous
du changement de phase commenQant it 100 0 K [1J. Pour un champ magnetique en direction [100J, on obtient trois raies de structure fine provenant
des domaines paralleles au champ magnetique, les deux raies laterales
etant distantes de 2D de la raie centrale; les domaines perpendiculaires
au champ magnetique (dans les directions [01OJ et [001J) donnent egalement
lieu it 3 raies, mais de separation D. (Hamiltonien i:1e = g~SH
D [S~-

+

~ S (S

+ 1)J). Les raies centrales des deux groupes sont cependant confon-

dues et on obtient ainsi 5 raies separees par DIes unes des autres, la raie
centrale etant la plus intense. Nous trouvons D = (4,0 ± 0,3) 10-4 cm-f •
Pour H parallele it [111J, on n'obtient pas de structure fine puisque D (3
cos 2 0 - 1) = 0,0 etant l'angle entre Ie champ magnetique exterieur et
l'axe tetragonal d'un domaine.
1. MULLER, K. A., Helv. Phys. Acta, 31, 173 (1958).

2. Low, W., Phys. Rev., 105, 801 (1957)
3. MULLER, K. A., a publier.
4. OWEN, J., Proc. Roy. Soc., A 227, 183 (1955).
5. VAN WIERINGEN, J. S., Faraday Soc. Disc., 19, 118 (1955).
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PHOTOCHROMIC Fe5+(3d 3 ) IN SrTi0 3
EVIDENCE FROM PARAMAGNETIC RESONANCE
K.A. Miiller, Th. von Waldkirch and W. Berlinger
IBM Zurich Research Laboratory, 8803 Rlischlikon, Switzerland
and

B. W. Faughnan
RCA Laboratories, Princeton, New Jersey 08540, USA
(Received 10 April 1971; in revised form 27 April 1971 by J.L. Olsen)

Using paramagnetic resonance it is shown that a photochromic center in SrTi0 3 is Fe5+(3d 3 ). Its resonance parameters are g = 2.0131
± 0.0008, A ('7 Fe) = (8.6 ± 0.1) x 1O-4 cm-'. As a function of valency
the positive g-shift of Fe5+ lies nearly on a straight line joining
those of the isoelectronic Cr 3+ and Mn4+ . The hyperfine fields of V 2+,
Cr 3 +, Mn4+ and Fe5+ are close to one another (Geschwind's rule).
Simultaneous observation of Fe 3 + and Fe 4+ proves indirectly the ex"
istence of Fe 3 + which can act as a hole trap.

RECENTL Y Faughnan and Kiss 1 in their photochromic studies in SrTi0 3 doped with Fe or
double doped with Fe/Mo found a paramagnetic
center with an isotropic resonance line at g =
2.013 in the dark switched state. Later a correlation of this center with a strong photochromic
absorption band peaking near 4850 A was studied.2 • 3 Hereafter evidence is presented that this
center with a positive g-shift is Fe 5 +(3d 3 ) isoelectronic to Cr 3 +. This is shown from the g-shift
dependence on valency of 3d 3 ions in octahedral
coordination and from the hyperfine interaction
of resonances in SrTi03 doped with enriched 57Fe
isotope. The deduced central hyperfine field Hhf
of Fe 5 + obeys the rule of constant Hhf for 3d 3
ions. The assignment of this photochromic center
to Fe 5 + helps considerably to clarify the electronic transfer processes occurring in Fe-doped
SrTi0 3 •

frequently used cubic oxide host. This allowed
the detection of the first four-valent ion with partially filled 3d shell: Mn 4+. 4 A still higher valency for this row in the periodic table, Cr 5 +(3d\
was very recently observed with paramagnetic
resonance. 5 Therefore the existence of Fe 5+(3d 3 )
in SrTi0 3 also seemed possible. To estimate its
g-value the observed g shifts /'!.g = g - g free of
the isoelectronic Cr 3 +6 and Mn4+ in SrTi0 3 were
considered. In Fig. 1 these shifts are plotted as
a function of valency. Assuming the photochromic
center tu be Fe 5 + its g-value - which we determined more accurately to be 2.0131 ± 0.0008 lies nearly on the straight line which joins the
other two values, and thus supports such an assignment. The positive g-shift for an electronic
Fe 5+ center has to be discussed.
Earlier it had been pointed out that in contrast to V 2+ and Cr 3 +, the g-shift of Mn 4+, with
g = 1.994, even though slightly negative, could
not be understood from excitations within the 3d'
configuration including reasonable covalency

Due to their size impurity, transition metal
ions in SrTi03 mainly occupy Ti 4+ sites. Thus
their valency tends to be higher than if. MgO, the
1097

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

37

PHOTOCHROMIC Fe'+(3d 3) IN SrTiO.

1098

contributions. 4 These excitations yield a calculated negative g-shift exceeding the measured one.
Lacroix and Emch 7 could account well for the
observed value by considering the charge transfer
levels which give a positive contribution to f::..g .
Because charge transfer bands for higher valency
states are lower in energy and enter in the denominator of the f::..g expressions,7 their contribution can dominate those of the electronic 3d 3

Vol. 9, No. 13

split into a doublet. For a magnetic field scan
H II[ 100] near the region of g = 2, Fig. 2a shows
this to be the case. The Fe 3+ ± 1/2 doublet with
g = 2.0037 appears to the right , and to its left an
isotropic doublet replaces the single line at g =
2.0131 ± 0.0008 . Figure 2b is a computer simu-

~9=g-gfree

9

0)

Fe"'..

--/-

2.010
gfree

2.000

/"'.

1.990

1.980
"

+0.010

0.000

- 0.010

-0.020

Cr H
b)

- 0.030
1.970
3

4

5

Valency

FIG.!' g-values of the isoelectronic Cr 3 +, Mn4 +
and Fe 5 + ions in SrTi0 3 as a function of valency.
excitation and a positive g-shift results. This is
apparently the case for Fe'+. It was also observed
for the isoelectronic Cr3+ in Bil. and SbI s . 8 A
quantitative comparison with theory 7 is not possible in our case as the electron 3d' bands of Fe 5 +
are unknown. This prevents us from assigning
the center by the f::..g argument alone. We note that
the g-shift of the fourth 3d 3 ion measured, Va in
MgO or Al z0 3 , is close to that of Cr3+. 9 Thus the
positive near-linear variation of f::..g with valency
occurs only in the region where charge transfer
contributions become important.
To prove directly that the single isotropic
line is due to iron, a SrTi0 3 single crystal was
grown by the National Lead Co. using the
Vemeuil process with 0.10 per cent of FezD3 added to the feed. The Fe Z0 3 was 90 per cent plus
isotopically enriched with 57 Fe. This isotope has
a nuclear spin of I = 1/2 and each iron line should

6860

6880

6900

6920

6940

H IGQussl

FIG.2. Paramagnetic resonance of more than 90
per cent enriched 57Fe isotope in SrTi0 3 near
g = 2 showing the ± 1/ 2 resonances of Fe'+ and
Fe 3+ (a)measured, (b) computer-simulated spectrum .
lation of all four lines with the following parameters: Fe 3+: A(Fe'+) = (12.70 ± 0.10)G, f::..H =
(7.72 ± 0.15)G, 85 per cent Lorentzian; Fes+ :
A(Fes+) = (9.25 ± 0 .10)G, f::..H = (7.52 ± 0 . 15)G,
100 per cent Lorentzian. The sample used was
colored electrically by letting a current flow
through a heated crystal at 300°C. 10 The region
near one electrode is reduced, the other oxidized.
In this manner a high Fe 5 + concentration was
achieved permitting a better evaluation of resonance parameters . In the reduced lightly colored
part no Fe'+ EPR lines were observed, but the
Fe 3+- Vo spectra due to Fe 3+- oxygen vacancy
pairs in nearest-neighbour positions were detected . " In tum the Fe'+ - Vo spectra were not present in the oxidized part.
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Table 1. Hyperfine fields of four isoelectronic 3d 3 ions in octahedral oxygen coordination.
Mn4+

Ion
Hhf[kol

-197.2

Host
References

-197.6

- 201.6
Al 2 0 3
19

19

Fe5+
- 201.0 ± 3

Al 2 0 3
SrTi03

SrTi0 3

19,4

present

The A (Fe 3+) is about 10 per cent larger than
the one found in Mgo. 9 It is possible that some
Fe 3+ was substitutional on Sr 2 + sites, the observed pattern then being a superposition from
Fes+ on Ti 4+ and Sr 2 + sites. The covalency of
Fe"± on Sr 2 + sites is smaller than that on octahedral sites and leads to a larger central hyperfine
interaction A.12 In fact using Pauling's covalency
parameter cn' one deduces that in a Fe3+ - 0:;cluster an FeS+ ion at a twelvefold coordinated
Sr site (n = 12) is expected to yield half the
total covalency Cn = c 2 /n 13 of an Fe 3+ at an octahedral (n = 6) Ti site. This argument also rules
out the possibility that the g = 2.0131 line we
assign to Fe 5+ at a Ti 4+ site results from the
± 1/2 transition of a sufficiently covalently bonded Fe 3+ ion at a Sr 2 + site, the Fe 3+ g-shifts becoming more positive with larger covalency ~4 Our
considerations are in agreement with the observations of resonances due to Fe 3+ at twelvefold
coordinated K+ sites in KTa03 by Hannon. 1S From
his data we compute a g-value of g = 1.992, i.e.,
g < gfree" The KTa0 3 which also crystallizes with
a perovskite lattice has properties close to those
of SrTiO 3 in many respects. Fe 3+ resonances with
g-values exceeding that of the free electron appreciably, have so far only been observed for four
and sixfold coordination in the more covalent
compounds such as ZnS, ZnSe and ZnTe 16 or
GaAs.17

the relatively large experimental uncertainty for
Fe 5+ the values are nearly constant as originally
discussed by Geschwind 19 for this series from
V2 + to Mn4+ . This behavior has been accounted
for quantitatively by Simanek and MUller 12 and
results from (i) covalent 4s bonding giving a
positive core polarization contribution, and (ii)
reduction in effective metal ion charge due to 3d
bonding for the higher valencies (Mn4t). 12 The
proper quantity to compare is the core-polarization
field H C'f} alone which is obtained from Hhf by
deduction of the orbital hyperfine contribution. 19
It is found that for the 3d 5 series H C'f} is also
nearly constant, whereas for 3d" , H C'f} decreases
as a function of valency, and for 3d' it increases.s
In ionic theory the orbital field is given by

An assignment of the observed iron line to an
even 3d 2l configuration such as Fe 4+(3d 4 ) is excluded by the narrowness of the line at low temperatures 1. 2 as well as that in Oh symmetry EPR
of isoelectronic centers like Cr 2 + in MgO have
not been detected. 18

< 1/r">ion is large (perhaps 7 A.U.) whereas
< 1/r 3 >ct is expected to be appreciably smaller

= 2 {3 < 1/T'>'
. 6. .
Hi,orb
hi
Ion
glon

(1)

< 1/r3>'ion being taken for the 3d metal t 2 orbital
H~; orb has been evaluated by Geschwind for V 2 +

to Mn4+ to amount from -4 to _6.3kG. 19 Applying
(1) for Fe 5+ with the measured 6.g would yield a
positive contribution. However we hesitate to do
this because 6.g for Mn 4+ and Fe5+ is composed
of two contributions, the negative ionic and the
positive one due to charge transfer. The latter
gives a second contribution to H~r which one
can write as
(2)
The Fe5+ is a relatively small ion and thus

The deduced hyperfine field of Fe5+ is compared in Table 1 with those of the isoelectronic
V 2 +, Cr3+ and Mn4+ in Al 2 0 319 and SrTi03~ Within

since distant oxygen orbitals are involved. Therefore despite the fact that 6.g = 6.g ion + 6.g ct > 0
for Fe5+, for the small orbital contributions to
Hhf we can still have H~? = H~trb + H~~' orb < o.
Thus for the moment a comparison of Hhf as done
in Table 1 is as valuable. A precise measurement
of the constant A (Fe 5+) with ENDOR will become
interesting when the evaluation problem above is
solved.
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With the assignment of the center to Fe5+
the following conclusions regarding the electronic processes in Fe-doped photochromic SrTi0 3
can be reached: The simultaneous detection of
Fe 3 + and Fe5+ by EPR after illumination of SrTi0 3
is strong indirect evidence for the presence of
Fe 4 + which has been postulated to occur in the
photochromic process but is not observed by
EPR. 1 For instance, in double-doped SrTi0 3 : Fe
: Mo the reversible valence change was proposed
to be Fe 3 +/Mo6 + to Fe 4 +/ Mo 5-t . 1 Furthermore the
center which we have assigned to Fe 5+ is only
created with larger than band-gap light 3 which
produces mobile electrons and holes. Thus the
photochromic Fe4+ which is present after smaller
than band-gap irradiation can act as a hole trap
to form photochromic Fe 5+.
In SrTi0 3 doped only with Fe it was observed
that the thermal decay of the Fe 5+ center is nearly
proportional to the recovery of the Fe 3 +- Vo center. 3 Thus the probable process involved is a
transfer of one positive electronic charge from the
Fe s + to the Fe 3+- Va - (- e) center to form Fe 4 +
and Fe 3 +- Va' The Fe 3 +- Va - (- e) is an Fe 3 +- Va
center which has trapped an electron and is not
observed by EPR. 20
Despite the success of the assignments made
a number of questions remain open. Cr5+(3d ) 1 is
apparently an off-center ion lying along a [100]
Idirection with an axial C 4v resonance spectrum, 5
whereas that of Fe5+ is isotropic. Both are smaller in size than the Ti 4+ by a difference in radius
of about 0.2 A. Thus the possibility that Fe 5+
tunnels rapidly between static equilibrium positions must be investigated. It cannot be a hopping motion at least at low temperatures as we
did not observe a freeze-out down to 2.2° K. Tunnel-

Vol. 9, No. 13

ing could also explain why we do not observe the
M : ± 3/2..,. ± 1/2 fine structure transitions. In
fact, applying uniaxial stress along a [111] dIrection at 77°K of more than 20 kg/mm' where a
monodomain crystal in the trigonal R3c phase is
formed/ 1 we did not find any splitting, shift or
broadening of the isotropic line to within 0.2 G.
Thus it is the magnetic ± 1/2 line along we observe. Another possibility why we do not see the
± 3/2 -. ± 1/2 transitions is a distribution of
compressional tetragonal stresses in our samples
leading to extensive fine structure broadening.
Ensign and Stokowski 2 (ES) assigned the
g = 2.013 line to a hole-like X-O- center in view

of its positive g-shift. In AI-doped SrTi0 3 they ·
observed in the Fe 5+ center in a thermal stationary state with large intensity. Apparently in their
samples the Al'+ 'pushed up' the valency of remote iron to Fe 5 + to compensate charge. We purchased AI-doped crystals like theirs from the
National Lead Co. and found that Fe H lines are
present but very weak compared to the Fe 5+, confirming this interpretation. After band-gap illumination in these crystals the Fe 5+resonance diminished in intensity and (ES) observed a new
tetragonal resonance pattern, each ± 1/ 2 line
being split by six 27 AI, 1= 5/2 hyperfine lines.
This center correlates with an optical band at
800 nm. 2 (ES) assigned this new center to an
AI-O- hole-like pair. Because the mean g-value
g = 2.0128 is within the experimental accuracy
equal to that of Fe 5+ , the possibility that the
center is in fact a neutral Fe 5+_ 0'- - A1 3 + defect
pair must be investigated.
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Mittels paramagnetischer Resonanz wird gezeigt, dass ein photochromisches Zentrum in SrTiO 3 Fe 5 +(3d 3) ist. Seine ResonanzParameter sind g = 2,0131 ± 0,0008, A( 57 Fe) = (8,6 ± 0,1) x 10- 4
cm -'. Als Funktion der Valenz liegt die positive g-Verschiebung
des Fe 5+ nahezu auf einer geraden Linie, welche die Werte der
isoelektronischen Cr 3+ und Mn 4+ miteinander verbindet. Die Hyperfeinfelder von V 2 +, Cr 3 +, Mn4+ and Fe"+ sind nahezu gleich
(Geschwind'sche Regel). Die gleichzeitige Beobachtung von Fe 5 +
und Fe 3 + beweist indirekt die Existenz von Fe 4+, das als
Defektelektronenfalle wirken kann.
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Abstract. The paramagnetic resonance of low· spin C0 4 +, 3d5 in the oxygen octahedral
coordination ofSrTi0 3 at 4.2 K is reported. The spectrum is described by a spin· Hamiltonian
with S = ~, Igl = Igil + 2g" 1/3 = 1.7414 ± 0.0015 , and a large hyperfine interaction constant
IA I = IAII + 2A" 1/3 = 254 ± 8 x 10- 4 em-I. Correlated with this centre is an optical absorption band at 2.53 eV. This band is attributed to electron-acceptor charge transfer from the
oxygen 2p valence states to the t2g( t ) levels of the C0 4+. The EPR and optical results are
analysed using theoretical expressions due to Thornley, from which an orbital reduction
factor of k = 0.64 ± 0.04 and an average radial electron distribution, (,-3), reduced by a
factor 0.67 ± 0.06 with respect to the free ion are derived. These significant reduction factors
appear to be partly due to a weak dynamic 1ahn-Teller effect. The slight tetragonality of the
spectrum is a measure of the coupling, pd/le = Ig" - glll/3f = 2.14 X 102, to the intrinsic
tetragonal distortion of the crystal. The large linewidth anisotropy is also accounted for by
this coupling to Eg random strains with a distribution (Y = 126 kg cm -2.

1. Introduction

In SrTi0 3 , the tetravalent Ti ions are at the centre of an octahedron of oxygen ions. Due
to the high valency of the Ti ions, it has been found possible to observe high-valency
states of other 3d transition-metal ions as substitutional impurities. In fact, the first
observations of EPR of both a tetravalent (Muller 1959), Mn4+, and pentavalent (Muller
et aI1971), Fe s+, 3d transition-metal ion were detected in this host. The cubic crystal
field is sufficiently strong in SrTi0 3 for the high-valency 3d transition-metal ions to be
in their low-spin configuration. Here, we report the EPR of C0 4+, 3d s in the low-spin
configuration with J = !, which to the best of our knowledge has not been previously
observed. It is closely related to Ir 4+, 5d s, which has been investigated in detail by the
Oxford group (Abragam and Bleaney 1970) particularly in the cubic antifluorite host
(NH 4hPtCl (Thornley 1968). Ir 4+ has also been studied in the cubic oxide hosts MgO
and CaO by Suss's group (Raizman etaI1970), who also reported on Rh 4+,4d s, in MgO.
The occurrence of the C0 4+ EPR signal is correlated with an optical absorption band
at 2.53 e V. This band is assigned to an acceptor charge-transfer transition of an electron
from the oxygen valence-band states to the spin-down t2g( ~ ) level of the C0 4 + impurity.
Such charge-transfer bands to tz g ( ~ ) levels have been identified earlier (Faughnan 1971,
Blazey et a11975) for Fe 4+ and Fe s+ impurities in SrTi0 3 .
The experimental results are described in § 2. In § 3, the EPR data are assigned to
C0 4 + using the ionic approximation originally due to Bleaney and O'Brien (1956). The
I
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more extended theory of Thornley (1968) is used in § 4 to calculate the orbital
angular-momentum reduction factor, k, and the average radial electron distribution
(r- 3 ). The large linewidth anisotropy of the slightly tetragonal spectrum is considered in
§ 5. The anisotropy is due to coupling with Eg random strains. The coupling to the latter
is determined, whereas that to Tzg strains is essentially absent. In § 6, the observed
g-value and hyperfine anisotropies are shown to be compatible within a modified ionic
theory. Finally, the occurrence of a weak dynamic Jahn-Teller effect is put into perspective in § 7.

2. Experiment and results

The SrTi0 3 crystal used in these experiments was nominally doped with 0.2% Co, and
obtained from Commercial Crystal Labs. EPR measurements were made on (110)
platelets 5 x 2 x 0.3 mm 3 and cylinders 1 mm in diameter and 3 mm long with their axes
along (100) and (111). Both 19 and 13 GHz spectrometers were used with the crystals
cooled to 4.2 K. In the as-grown crystal, the strongest signal was a slightly tetragonal
eight-line spectrum around an average g = 1. 74, indicative of a Co centre with its nuclear
spin 1= i. Hyperfine coupling with this nuclear moment produces quite a large average
splitting of A = 312 ± 8 G. Spectra taken with the applied magnetic field oriented along
(111), (110) and (100) directions are shown in figures l(a), (b) and (c). The linewidth
varies strongly with the orientation of the magnetic field, and is narrowest with the field
parallel to (111). Rotation of the magnetic field in a (100) plane revealed the existence
of three mutually orthogonal types of tetragonal centres with their principal axes along
general (100) directions. When the magnetic field is parallel to [110], the [100] and [010]
axial centres are equivalent, but the [001] centres form a set perpendicular to the applied
field. Upon rotation of the field, two branches cross causing the lines between the
strongest set of eight lines due to the perpendicular centre seen in figure l(b). For
HII [100], two perpendicular spectra with centres along [010] and [001] are superimposed.
These show narrower linewidths than that due to the [100] centre. This centre with its
principal axis parallel to H gives, due to its width, a weak spectrum as seen in figure l(c),
where the barely discernible highest field line is caused by such a centre. The angular
variation of the spectra in a (100) plane is shown schematically between figures l(b) and
(c) illustrating the small tetragonality.
The spectrum may be described by the usual axial Hamiltonian for an electron spin,
S, interacting with an applied magnetic field H and nuclear moment I,
(1)

where {Ie is the Bohr magneton and All andA-L are the hyperfine coupling components.
In view of the broad linewidths in the (100) directions, the spin-Hamiltonian parameters
were determined from the spectra with HII (111) and H -L (001) in the (110) spectrum.
Within the experimental accuracy, the parameters are independent of the measuring
frequency, and the average values for H -L(001) are Ig-LI = 1.7825 ± 0.0021, IA-LI =
306 ± 6 G or 255 ± 5 x 10- 4 cm- I , and for HII(111), g = Igil + 2g-L 1/3 = 1.7414 ±
0.0015, A = IAII + 2A-L 1/3 = 312 ± 8 G or 254 ± 8 x 10- 4 cm- I which yield for the
parallel spectrum IglII = 1.6592 ± 0.0062 and IAIII = 252 ± 30 x 1O- 4 cm- l .
This tetragonal Co centre is unstable against both oxidising and reducing heat
treatments followed by rapid cooling, which produce various other axial Co centres to
be described in a separate publication. The signals are also dependent upon illumination.
 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

43

EPR

5493

and optical absorption of C0 4+ in SrTi0 3

(a)

jJ
(e)

4000

5000

6000

7000

Magnetic field (G)

Figure 1. Dispersion-mode EPR spectrum of SrTi0 3 : Co at 4.2 K taken at 13 GHz with (a)
HII(11 I), (b) HII(110), (c) HII(100). The structure around 4700 G is due to a ZnS: Mn marker
in the cavity.

Irradiation with normal room lighting prior to immersion in the liquid-helium-cooled
cavity gives signals about 20 times stronger than those when the crystal is cooled in the
dark.
Optical absorption spectra were taken at 25 K with a Beckman Acta MVII spectrophotometer. The as-grown crystal showed the spectrum reproduced in figure 2 (curve
A). The intrinsic band gap of SrTi0 3 near 3.3 eV is smeared considerably to longer
wavelengths, and merges into the side of the band at 2.53 e V. This band is only present
when the CO EPR signal described above is present, and disappears with heat treatment
in the same way. Both oxidation at 1400 °C and reduction at 1000 °C followed by rapid
cooling quenches the 2.53 eV band and induces bands at 2.0 eV corresponding to the
lAI-ITI transition of cubic C0 3+ (McClure 1962). Oxidation, strangely enough, also
induces the sharp-line spectra near 1.0 and 0.8 e V, the former being the IT1-4T2 transition
of cubic C0 2 + (Low 1958). The latter lines at 0.8 eV appear more strongly in the reduced
crystal and are thought to be due to a cobalt-oxygen-vacancy associate. No internal
d-d transitions associated with the new CO EPR centre were identified.

3. Assignment of the new EPR spectrum to C0 4 +

The most prominent feature of the new CO EPR spectrum in figure 1 is the large isotropic
part of the hyperfine coupling constant, A, of over 300 G. This is more than a factor
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Figure 2. Optical-absorption spectrum of SrTi0 3 : Co: A, as-grown; B, oxidised at 1400 °C
and rapidly cooled; C, reduced at 1000 °C and rapidly cooled.

three larger than the 70 or 80 G observed in the same oxygen coordination for Mn4+ and
Mn 2 +. The near hundred per cent abundant 55Mn and 59CO isotopes have almost the
same nuclear magnetic moment. However, in the orbital singlet states d 3 and d 5ofMn 4+
and Mn2+, A is due to core polarisation alone. Therefore, the hyperfine interaction of
the new Co spectrum must have a large orbital component in addition to the core
polarisation.
Following the discussion in the Introduction, we expect the new spectrum to be due
to a high-valency state of Co in SrTi0 3 . Thus, we consider Co3+, C0 4+ and C0 5+ as
possibilities, and not lower valencies like Co2+ whose EPR in MgO (Low 1958) is well
known anyway. C0 3 + may be ruled out, as in the strong crystal field at the centre of an
oxygen octahedron it has a diamagnetic ground state, 1AI, resulting from the t~g electron
configuration. Furthermore, the characteristic C0 3 + optical absorption near 2 e V as
shown in figure 2, due to the lAl-lTl transition (McClure 1962) could only be induced
in our crystal with heat treatments which quenched the new EPR spectrum.
C0 5+, 3d4 is certainly a strong-field case due to its high valency. It has an effective
orbital angular momentum [ = 1 and a spin S = 1. Spin-orbit coupling produces a nonmagnetic ground state with an effective j = O. Thus, C0 5+ can also be excluded as the
cause of the new EPR spectrum. This j = 0 ground state for the strong-field 3d 4 electron
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configuration is also why the isoelectronic Fe 4 + in sixfold oxygen coordination has not
been observed by EPR. However, removing one oxygen ion from the octahedron to
produce fivefold coordination is sufficient to lower the Dq/B ratio below the 2.8
crossover point, and Fe 4 + becomes a low-field, high-spin, 3d4 ion with an observable
EPR spectrum (Schirmer et aI1975).
From the above, C0 4+, 3d5 appears the most likely candidate for our new EPR
spectrum. It has the added advantage of being a perfect valence match for the Ti 4 + it
replaces in the lattice. A iow-spin 3d 5 electron configuration can be thought of as a single
hole in the t2g orbitals. This has S = I and a g-value of - gs coupled with an effective
orbital angular momentum [ = -1 producing a j = I ground state. The g-value of this
j = I ground state in a cubic environment within the ionic model is given by (Abragam
and Bleaney 1970)
g

=

-i(gs + 4k)

(2)

where gs is the spin-only free-electron g-value, and k is the orbital angular-momentum
reduction factor. Substituting the measured Igl-value in equation (2) and assuming it to
be negative yields a reduction factor k = 0.80 which is very similar to that obtained for
lr 4 + in the oxide hosts MgO and CaO where comparable Igl-values were measured
(Raizman and Suss 1980).
Also within the ionic model the hyperfine interaction, Ai, of the t~g state is a sum of
an orbital term proportional to the average radial electron distribution, (r- 3), and a core
polarisation term proportional to X,
Ai = 2g n ll n ll e ! ( -

¥- (r- 3)eff -

X/3).

(3)

For a singlet ground state with completely quenched orbital angular momentum, the
sum in parentheses is replaced by the full core polarisation term - X. This core polarisation component - X can be quite accurately extrapolated from the known nuclear
hyperfine fields (Muller 1970) of the isoelectronic series Cr +, Mn2+ and Fe 3 +, all of which
are high-spin orbital singlets resulting from the 3d 5 electron configuration. A value of
-230 kG per spin (Watson and Freeman 1967, Muller 1970) is obtained which corresponds to -2.61 atomic units (au). Substituting this value in equation (3) together with
the measured lAd = 254 x 10- 4 cm- 1 which corresponds to 8.33 au (Abragam and
Bleaney 1970) yields for the orbital term (r- 3)eff = 5.4 au, assuming Ai to be negative as
in earlier research on Ir 4 + (Raizmann and Suss 1980). This is smaller than the free-ion
value of Co, 7.41 au, by a factor 0.72. Similar reductions in (r- 3) were also found for Ir4+
in MgO. Thus, our observed values of g and A are consistent with those of other known
low-spin d 5 ions indicating the correctness of the assignment to C0 4+.
So far, we have ignored the fact that our spectrum is not exactly cubic but slightly
tetragonal. This could be due to the intrinsic tetragonality of the SrTi0 3 host below its
cubic-to-tetragonal phase transition at 105 K (Muller et aI1970), a static Jahn-Teller
effect or the C0 4 + being located near a lattice defect. Deferring a quantitative analysis
to § 5, we show here that the tetragonal EPR spectrum is due to the tetragonal structure
of SrTi0 3 in its low-temperature phase and exclude the other two possibilities. The
observed tetragonality g 1- - gil = 0.1233 ± 0.0065 is much smaller than that observed for
lr 4+with a next-nearest-neighbour Mg vacancy in MgO where g 1- - gil = 0.801. Contrary
to MgO, where Mg vacancies are necessary as charge compensation for lr4+, no such
vacancies are required for C0 4+ in SrTi0 3 . However, SrTi0 3 does have a tendency to
contain oxygen vacancies which would give rise to tetragonal centres when trapped near
a C0 4+. Such centres have been observed and give a totally different spectrum to that
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shown in figure 1. As for the Fe 4+ in fivefold coordination, discussed earlier, the C0 4 +
reverts to the low-field case withS =~. These spectra will be reported elsewhere (Muller
etaI1983).
A static J ahn-Teller effect is not the cause of the tetragonality as it would also quench
the orbital contribution to the hyperfine field, leaving only the core polarisation of some
80 G which is much smaller than observed.

4. Determination of the orbital reduction factor k and radial electron distribution (r- 3 )

The equations (2) and (3) for the g-value and the hyperfine interaction were obtained by
Bleaney and O'Brien (1956) by considering the ground-state wavefunctions alone.
Thornley (1968) extended this theory by including admixtures into the ground state
from excited states within the d 5 electron configuration and charge transfer from the
ligands. There are three kinds of contributions:
(i) effects of interelectronic repulsion from dgeT1)eg and tig eT2)eg excited states;
(ii) admixture of excited states by spin-orbit coupling alone;
(iii) admixture of ligand wavefunctions by including charge-transfer configurations.
The effects of interelectronic repulsion are the most important here. The Yr1 and 1T2
states causes a g shift of
tlgr

=-

8k

CODq~B + 8 -

lODq;B _ 2)

(4)

where lODq is the crystal-field splitting, and B a Racah parameter. The ratio Dq/B was
determined for Fe 4+ in SrTi0 3 by Blazey (1976) from optical-absorption spectra to be
Dq/B = 3. We assume the same value applies for C0 4+, 3d 5 , since the crossover from
high to low spin occurs for both 3d 4and 3d 5 configurations at Dq/B = 2.8. Furthermore,
both ions go over to the high-spin state upon removal of an oxygen ion from the
surrounding octahedron. Taking Dq/B = 3.0 ± 0.3, equation (4) yields tlgr =
- (0.35 ± 0.03) k. This value for Co4+ is much larger than the corresponding value
for Ir4 where Dq/B = 10 ± 1 was assumed (Thornley 1968) which gives tlgr = -0.14 k.
On the other hand, the g shifts caused by spin-orbit coupling and charge transfer are
much smaller for Co4+ than for Ir 4+ because the spin-orbit coupling constant of C0 4+
is about four times smaller than that of Ir4+ .
We now estimate the small charge-transfer component. In the presence of covalency,
the ground-state LeAO wavefunction may be written as

(5)
where N" is the normalisation factor, and a" = S" + y" the sum of the overlap integral
and the charge-transfer coefficient. We assume N" is approximately the same for C0 4+
as found for Ir 4+ in MgO, namely, N" - 0.9 (Raizman and Suss 1980). The spin-orbit
coupling of the free C0 4+ ion can be accurately extrapolated from the known values of
the tetravalent ions with 3d 1, 3d2, 3d 3 and 3d4configurations to the case of 3d 5 . A coupling
constant of ~d = 640 cm- 1 is thus obtained. From this, the effective coupling constant
~' = ~ N'j. = 520 cm -1 is estimated as compared with 2050 cm -1 for Ir4+. The g shift due
to charge transfer is given by (Thornley 1968)
(6)
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where E et is the charge-transfer energy between the t2g valence-band orbital and the t2g
orbital on the C0 4+. The charge-transfer energy from the t1u orbital at the top of the
valence band to the t2g orbital of the C0 4+ is reported here to be 20400 cm -1 to which we
add 15000 cm- 1 for the energy difference of the t2g and t 1u orbitals in the valency band
(Michel-Calendini and Muller 1981). This yields a total E et of 35400 cm -1. The appropriate spin-orbit coupling constant Cct = N",anC~~-i~) -130cm- 1 where ~, the
spin-orbit coupling constant of oxygen (O'Reilly and Offenbacher 1971), is 603 cm- 1.
The charge-transfer reduction factor ket = iN", a", = 0.32 for a", = 0.7 as found for Ir4+
in MgO (Raizman and Suss 1980). Using these values in equation (6) gives f1ge! =
-0.009 which is negligible compared with the f1g r of equation (4).
In a similar manner, the contribution due to spin-orbit coupling of excited states
into the ground state was estimated to be of the order -0.01 and may be neglected
considering the error in f1g r.
Thus, adding only the correction of equation (4), due to interelectronic repulsion,
to equation (2), we obtain a reduction factor
k = 0.64 ± 0.04.

(7)

If all of this 36% reduction of the orbital angular momentum is due to covalency, ~ =
2(1 -k)/N~ = 0.91 which is very large and highly improbable. C0 4+ is certainly not more
covalent than Ir4+ , yet using the g shift of the latter observed in MgO and including the
term in equation (4) with f1gr = -0.14k which was neglected in Raizman and Suss
(1980), we get k = 0.73 ± 0.1, which is thus equal to or larger than the k just determined
for Co 4+. Therefore, we believe that there is another effect causing the reduction of k in
C0 4+, namely, the dynamic J ahn-Teller effect to be discussed in § 7.
We next compute the average radial electron distribution (r- 3) from the hyperfine
interaction. In the presence of covalency, we again have two terms from the interelectronic repulsion, and a single term due to charge transfer. The term due to spin-orbit
coupling to higher excited states can be neglected as before,
_

Ar -

_

~

-3

2g n/ln/-l3 (r )eff e

[

96 (
3
_
1
)]
7 lODq/B + 8 lODq/B - 2

(8)
(9)

The quantity in the square brackets of equation (8) is 0.58 and therefore clearly more
important than the charge-transfer contribution of equation (9). Thus, adding the
correction terms of equation (8) to equation (3), we now obtain (r- 3)eff =( r-3)N~ =
4.0 au, whence
(10)
This value is 33% less than the free-ion (r- 3)f value of7.41 au (Abragam and Bleaney
1970). This reduction is within the experimental accuracy the same as the 36% reduction
found for the orbital angular-momentum reduction factor, and therefore unlikely to be
entirely due to covalency. Furthermore, we have usedN~ =0.81 as for Ir 4+, but in fact
it may be larger and thus reduce (r- 3)/(r- 3)f still further.
5. Linewidth anisotropy and strain coupling

Another remarkable feature of the spectrum observed in figure 1 is the strong linewidth
anisotropy. The linewidths measured with the magnetic field along (111) are nearly an
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order of magnitude narrower than when it is applied along (100). The orientation and
frequency dependence of the linewidths is listed in table 1. Those along (Ill) are
frequency-independent in contrast to the other two directions. We now give evidence
that the frequency-dependent part is caused by random Eg strains in the crystal. The
ratio of the roots of the difference of the squared linewidth for the two frequencies
measured is equal to the ratio ofthe experimental frequencies, 1.48, within the experimental accuracy,
[(~Hl&l)2 - (~Hlil?]1/2/[(~Hi60~2 - (~HiiJ~~1/2 = 1.31 ± 0.17
[(~HliJ)2 - (~Hli?)2P/Z/[(~HH(?)Z - (~HHP)~P/z

= 1.72 ±

0.38.

(11)

Such a linewidth dependence proportional to the spectrometer frequency can only be
caused by a distribution of g-values in the S = i system. This distribution of g-values
results from random strains in the crystal. From symmetry, we can write down the
strain-interaction Hamiltonian with terms of the general form eijHtSm , providing the
Hamiltonian is invariant under cubic symmetry transformations. This is achieved by
multiplying the irreducible tensor components of strain rIg, r 3g and rSg (Pake and Estle
1973) with those of the spin giving

'Jest

=

Plel(exx + eyy + ezz)H' S + ~pze3[exxC2HxSx - HySy - HzS z)

+ eyy{2HySy - HzSz - HxSx) + ezz (2H zS z - HxSx - HySy)]
+ P3es[eyz(HySz + HzSy) + ezx(HzS x + HxSz) + exy(HxSy + HySx)]' (12)
In cubic oxide crystals, Eg and Tzg random strains are practically the same size
(Rosenvasser-Feher 1969). However, since no frequency-dependent broadening is
observed along (Ill) the coupling, pz, of the C0 4 + to Eg strains is at least an order of
magnitude stronger than to Tzg strains and hydrostatic compression. Therefore, we may
put PI = P3 = 0 in equation (12) . Justification for this approximation was also found by
applying a (111) uniaxial stress to the sample such that it went through the tetragonaltrigonal Pott's transition (Miiller et a11970) in SrTi0 3 occurring at 24.5 kg mm- z and
4.2 K. The resulting induced trigonality of the SrTi0 3 host did not cause any trigonal
splitting ofthe lines observed with HII[llO] .1 [111]. Thus, practically no coupling to T 2g
strains exists. This seems to be a common feature of low-spin d S systems because a
considerably narrower linewidth was also reported for Ru 4 + in MgO with HII(111)
(Raizman et aI1970).
For tetragonal strains, one generally has ezz = -exx /2 = -eyr/2 = (c/a - 1) = e. In
this case, the Hamiltonian in equation (12) reduces to
(13)

Adding the isotropic Zeeman term, 'Je
to first order gives
geff

= g + (P2e/{le)(3n 2 -

=

gileH' S, and solving the eigenvalue problem

1)

(14)

where n is the cosine of the angle between the magnetic field H and the tetragonal strain
axis. For a distribution of Eg strains, we expect the absolute ratio of the geff distributions
along (100), n = 1, to (110), n = 0, to be (~Hfoo -~Hfll)I/Z/(~HIlO - ~Hill)I/Z = 2.
From table 1, we calculate 1.3 ± 0.35 and 1. 7 ± 0.35 at 19.3 and 13.0 GHz, respectively.
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Table 1. Peak-to-peak linewidths (in G) for Co 4 + spectrum in SrTi0 3 along the principal
directions for two measuring frequencies .

13.0 GHz
19.3 GHz

19
20

78
132

130
170 ± 20

In § 3, it was pointed out that the slight tetragonality ofthe C0 4 + EPR spectrum is due
to the small tetragonality of the SrTi0 3 host crystal below its cubic-tetragonal structural
phase transition. Usingc/a = 1.000192 (SlonczewskietaI1970) at4.2 K and the observed
g-value anisotropy /lg = 0.1233 = 3pz(c/a - 1), we get for the coupling coefficient
pz = 2.14 X lOz in the strain interaction Hamiltonian equation (12) .
This latter Hamiltonian is often expressed in terms of stresses, Tih rather than strains
eij . The strain interaction constants Pij are then replaced by the stress interaction constants
Pij which are related to each other by
PJ/(Cll

+ 2C12)

PiJ(CU Pij/C44

C12)

= Pij

= PI

= Pij
i oF j

where Cij are the elastic stiffness coefficients of the bulk. This is assumed to apply here
because the C0 4 + has the same valency as the Ti 4 + it replaces.
In SrTi0 3 , (Cll - C12) = 2.156 x 10 12 dyn cm- z or 2.2 x 106 kg cm- z, and C44 =
1.23 X 10 12 dyn cm- z or 1.25 X 106 kg cm- z (Bell and Rupprecht 1963), hence ,
Jl-;lpz =Jl-; I(3/ 4)P ll = 9.73 x 10- 5 cm z kg-I .
With this interaction constant, the width of the EPR lines with HII(100) and (110) can
be computed in a way analogous for the fine-structure lines of Fe 3 + and Mn2+ in MgO
(Rosenvasser-Feher 1964) assuming an internal stress probability distribution a and (3
for compressional and shear stresses given by
P(Tii )

= (2n-I)I/Za- 1 exp - (2Ti7lc1)

P(Tij ) = (2n-I) 1/Z{3-1 exp - (2Ti7/ {3Z)

i=x,y,z
i,j=x , y , z,

ioFj.

In the case of C0 4 +, the fine-structure interaction Hamiltonian of Rosenvasser-Feher
has to be altered by replacing ClI by !P3 , C44 by P5 , S~ by SzH" SxSy by SxHy, etc, and then
equation (12) in terms of stresses is obtained. On replacing SiSj operators by SiHj where
only +! ~ -! dipolar transitions are observed, no (2ms - 1) multiplication factors
appear, as for the SjSj"induced fine-structure transitions . In the absence of shear coupling, the linewidths are given by

(<5Htoo) 1/z = 2(<5HtlO) 1/Z= 61/zaHp z..
Taking the same averaged values of the linewidths corrected for the different measuring
frequencies used in equation (11) yields (<5Htoo) 1/z =211 ± 5 G at 7000 G, and with
(<5Hz/H) 1/z = 0.0301, a= 126 ± 3 kgcm- z. This is nearly the same strain probability
distribution found for Fe3+ in MgO, a = 112 kg cm- z (Rosenvasser-Feher 1964) and Fe+
in MgO (Muller and Berlinger 1967). A strain distribution of approximately 100 kg
cm- z appears to be typical for oxide crystals. The value of a found here was calculated
with the PZ interaction constant obtained by assuming the tetragonality of the C0 4 +
spectrum is due to the spontaneous tetragonality ofthe SrTi0 3 host. That we find a result
for asimilar to that in MgO justifies this assumption.
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As a reasonable approximation, we assume the shear-stress distribution in SrTi03
is (3 = a/V 2, as found in MgO, indicating an isotropic distribution. Thus, (3 =
90 kg cm- 2compared with (3 = 80 kg cm- 2as deduced for Fe3+ in MgO. With this value,
we may calculate an upper limit of PI and Ps noting that the linewidth with H\\(111) is
frequency-independent within an accuracy of 1 G between 13 and 19.3 GHz. Applying
the results of Rosenvasser-Feher (1964) for the strain-induced fine-structure linewidth
for our case of S = ! and HI\(111), we obtain

(bHfl1)1/2/H

=

fJ,;131/2p s < 1. 5

X

10- 4

and similarly for Pl. With (bHfu)I/2/H = 1/7000, we get
fJ,;1 PI

and fJ,;lps < 10- 6 cm2 kg-I.

The small value of PS/P3 ~ 10- 2 justifies the neglect of Ps in the earlier calculations.
Table 2. Stress coupling constants of some S = ! ions in oxide crystals (in cm 2 kg~l).
Host

g
/l~lPl

/l;lP3
/l;lps
(a)
(b)

(c)

4.278
5 x 1O~7
2.4 X lO ~ s
-6.3 X 1O~6

1.741
8.2 X
1.3

<0.8

1O~7

X 1O~5
X

10- 6

9.7

<

1O~6

X

10- 5

<

1O~6

Tucker (1966).
Miiller and Berlinger (1967).
Present work.

Table 2 compares the Ph P3 and Ps coupling constants for the S = ! ions C0 2 + and Fe+,
3d? high spin, in MgO with the C0 4+, 3ds low spin, in SrTi03. The comparison shows
that C0 4+ couples four times more strongly to tetragonal stresses but six times more
weakly to trigonal stresses than C0 2 + and Fe+ in MgO. The latter two are t2g-type
dynamic Jahn-Teller ions as is C0 4+ which we discuss in the next section.

6. The dynamic Jahn-Teller effect

Any low-spin d S ion is, in principle, a candidate for the Jahn-Teller effect because of the
orbital degeneracy of its ground state. However, when the spin-orbit coupling is large,
~' = 2000 cm- I , as for Ir 4+ or Rh 4+ the Jahn-Teller effect is quenched (Abragam and
Bleaney 1970). The C0 4+has, however, a much smaller effective spin-orbit coupling
constant ~' = 580 cm -1. As far as the J ahn-Teller effect is concerned, C0 4+ is very similar
to the d l ions Ti3+, V4+ in Ah03 (MacFarlane et a11968) and Mo5+ in SrTi0 3 (Faughnan
1972), all of which show a dynamic Jahn-Teller effect. Their spin-orbit coupling constants range from about 120 to 850 cm- I (Abragam and Bleaney 1970) and their JahnTeller energies fire estimated to be 200, 320 and 480 cm- I , respectively. In § 4, we
deduced that the orbital angular momentum and average radial electron distribution
(r- 3 ) for C0 4+ are reduced by factors of 0.64 and 0.67, respectively. Reduction of these
quantities due to covalency is not expected to be larger here than the 0.81 for Ir4+ in
MgO so another factor of approximately 0.8 is required. From the above therefore, it
seems reasonable to attribute the additional 20% reduction to the dynamic J ahn-Teller
effect.
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J ahn-Teller coupling of an [= -1 ground state to Eg phonon modes reduces the
orbital angular momentum (Ham 1965) according to
leff = [exp - (3wJT/2hw).

(15)

Areductionleff/l = 0.8,yieldswJT/hw = 0.15. Withhw - 200cm- 1 asforM0 5 +inSrTi0 3 ,
we obtain WJT - 50 cm -1 which is a relatively weak J ahn-Teller energy.
Such a dynamical J ahn-Teller effect reduces the trigonal strains by a factor K(T 2g)
given by
K(T 2g ) = exp - (3wJT/hw) = 0.64

(16)

whereas the tetragonal strains are not reduced at all,
K(Eg)

=

(17)

1.

This is in the same sense as our observation in § 5 that coupling to T2g strains is much
weaker than to tetragonal Eg strains. However, the major part of the strain coupling is
present for the d 5 configuration in the absence of any Jahn-Teller effect, because a large
Eg coupling is also observed for Ru 4 + in MgO where the Jahn-Teller effect is essentially
quenched.
We do not invoke coupling to the J ahn-Teller-active T 2g modes as coupling to the Eg
strains would be more reduced, i.e. K(E) < K(T 2g ) , which is contrary to our observation.

7. Axiality of the g-value and hyperfine interaction

For axial symmetry, the formulae of Bleaney and O'Brien (1956) for the g factor and the
hyperfine interaction constant anisotropy are
gil - g.l = gs (2 sin2 0 - cos 2 0) - k(2 cos 2 0 - Y2 sin 20)

- N~(r-3)3[ - ~ -

¥cos2 0 + hin2 0 + (17/14 Y2) sin 20)}.

(18)

(19)

The cubic case corresponds to sin 2 0 = cos2 0 = ! with gil = g.l and All = A.l' Equations
(18) and (19) require that if Iglll < Ig.ll, then also IAIII < IA.lI, as is observed despite the
large error inAl1 which also allows IAIII > IA.lI. From equation (18) using k = 0.64 which
includes both covalency and Jahn-Teller reduction, we find sin2 0 = 0.3490 or 0 =
36.21°. Furthermore, using this value of 0 in equation (19) with All - A.l = + 3 X 10- 4
cm -1 gives N~ =0. 60:::~9 which is consistent with the assumed value of N~ = O. 80. The
lower error results from All - A.l ~ 0 and the upper error from N~ :!f;1.0. A more
accurate experimental determination of All, if possible, would have allowed us to
determine N~.

8. Conclusion

The long-sought low-spin C0 4+, 3d 5 EPR spectrum in octahedral symmetry has been
observed in SrTi0 3 along with the associated optical charge-transfer band. The electron
paramagnetic g-value is similar to those of the isoelectronic 4d5 , Ru 4 + and 5d 5 Ir 4 + ions.
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The trace of the hyperfine interaction is the largest of· any 3d transition-metal ion
reported so far. The orbital and radial electron distribution (r- 3) reduction factors are
very similar, 0.64 and 0.67, respectively, and imply the presence of a weak dynamic
Jahn-Teller effect. A strong linewidth anisotropy, with the widest lines observed with
the applied field along (100) could be accounted for by coupling to Eg strains. This same
coupling is also responsible for the slight tetragonality of the EPR spectrum in the
spontaneously strained SrTi0 3 host below its cubic-to-tetragonal phase 'transition.
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Paramagentic resonance on TiO Z single crystals doped with ruthenlum
have shown the presence of both Ru5+(4d 3) and Ru 3+(4d 5 ) in oxygen
octahedral coordination.

RUTHENIUM-doped rutile crystals are of interest
for their electrochemical and catalytic properties. Therefore, it is appropriate to study
such crystals with EPR to identify which

because they exhibit the characteristic hyperfine interaction with the two 99Ru and 101Ru
nuclei with I = 5/2 and 12.7% and 17.1% natural

paramagnetic species of ruthenium are present.

abundances producing weak satellite lines, as

Previous Mossbauer studies [1] showed that
ruthenium enters TiOZ principally in the tetravalent state. Some is also present in the
divalent state when the crystal is co-doped
with a higher valency donor such as Ta 5+. In
the strong crystal field at the center of an
oxygen octahedron, the 4d 4 and 4d 6 electron
configurations of these ions have a diamagnetic
ground state [2) and will not be observed by
EPR. Trivalent ruthenium, 4d 5 , has been observed
in powders by EPR by Valigi et al. (3). Here,
we report an EPR investigation of rutheniumdoped TiOZ single crystals where not only Ru 3+
is seen but a new spectrum identified as due to
Ru 5+ is also found.
The crystals were grown by chemical vapor
transport with TeC1 4 [4). Two crystals were
investigated, one with O.OZI. ruthenium added to
the starting material, and another co-doped
with 0.1% Ru and 0.1% Ta in the starting
material. Their EPR spectra were measured at 13
and 19 GHz at 4.Z K in the as-grown state,
oxidized at 1000°C and also reduced in Formier
gas (94%NZ, 6I.HZ) at various temperatures up to
800°C.
Rutile TiOZ has a tetragonal crystal structure with the c-axis along [001] and the x and y
along [110] and [110], respectively. The two
inequivalent Ti4+ sites differ by a 90° rotation
about the c-axis but are identical when the mag-'
netic field is along the c-axis. The angular
dependence of the EPR spectrum in the (001)
plane and the (110) plane containing the c-axis
of the crystal containing 0.02% Ru oxidized at
1000°C is shown in Fig. 1. Two orthorhombic
spectra are observed whose intensities depend
upon the oxidation state of the crystal. The
strong spectrum is that between 1760 and 5300
Gauss which is attributed to Ru 5+ while the
other signal, five times weaker, corresponds to
the Ru 3+ spectrum reported by Valigi et al. [3].

shown in Fig. Z, [5]. The strongest spectrum in

Both spectra are assigned to ruthenium ions

the oxidized crystal is assigned to Ru 5 +, since
on reduction at various temperatures this spec-

trum decreases and the Ru 3+ spectrum grows and
as mentioned earlier Ru 4 + is not paramagnetic.

Reduction at 500° already produces a much
stronger Ru 3+ spectrum than Ru 5+, while reduction at 800° destroys all Ru paramagnetic
centers and only the center A, which is an
intrinsic reduced rutile center involving inter-

stitial Ti 3+ ions, reported by Chester [6], is
observed.

[001]

[110]

[II0J
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u;
(/)
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-0 6000
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u::
u

~
C

0> 4000
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:2:
3000
2000
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60 9 _

45

0-

Fig. 1. Angular dependence of the central component of the Ru 3+ -- and Ru 5 + --- EPR spectra
taken at lZ.99 GHz and 4.Z K.
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are in agreement with those determined by
Valigi et al. [3J. The hyperfine splitting parameters could only be determined precisely for
the defect x and z directions since the
splittings were not resolved for H II y.
The 4d 5 electron configuration of Ru 3+ in
the strong crystal field at the center of an
oxygen octahedro~ will be in the low spin state
with s = V2 and £ = 1 coupled to produce a
J' = V2 ground state. Abragam and Bleaney e2J
give the general equations for the g-factor. in
the case of cubic symmetry, they reduce to

Magnetic Field (Gauss)
g

Fig. 2. EPR spectrum of Ti02' 0.02% Ru oxidized
at 1000°C showing both Ru 3+ and Ru 5+ with
hyperfine satellites due to 99Ru and 101Ru
nuclei. T = 4.2 K, H II [1101.

The orthorhombic spectrum assigned to Ru 3+
may be described by the following spin Hamiltonians for an s = 1/2 center:

I'<,i:- Ie 1. Measured Hami 1 tonian parameters
descrDJing the Ru 3 + and Ru 5 + spectra in TiO~

GHz
13.0
19.3

99Ru
10lRu

GHz
13.0
19.3

gx

gz

2.822
2.797

1. 015

Vol. 54, No. 12

= -V3 (gs

+

4k)

where gs is the spin only free-electron g-value,
and k is the orbital angular momentum reduction factor. Graphical solution of the general
equations for tetragonal Ti02 yields k = 0.95
assuming g~ = V2(gx + gy). This is larger than
the 0.87 for Ru 3 + in MgO [5J and 0.84 for Ru 3 +
in A1203 [7J. Thus, the wave function On
the Ru 3 + is less delocalized in Ti02 than in
the other two oxide hosts.
Thornley [8] has improved the theory of the
d 5 electron configuration by including admixtures into the ground state from excited states
within the dS electron configuration and charge
transfer from the ligands. In oxide crystals,
the effects of interelectronic repulsion are
more important. Their effect is to admix the
t~ e g (3Tl) and (lT2) terms into the ground

st~te causing a g-shift,
-8 k (

gy

3

IODq/B+8

10D~/B-2)

.

1. 845
1. 842

Ax x I0 4 cm- 1

Az Xl0 4 cm- 1

34.0
38.1

26.3
30.2

gx

gy

gz

5.283
5.235

2.683
2.674

1. 751
1. 748

Ay Xl04 cm-l

Ru 3 +

Taking Dq/B = 3 for tetravalent and 2.6 for
trivalent ions of the first transition series
and scaling up to the 4d series according to
Jorgensen [9J gives Dq/B ~ 5.7 for Ru 3+, ~gr
may be calculated. The next most important
contribution is that owing to admixture of
charge-transfer configurations which causes a

g-shift,

where kct = 1/2 Nn '''IT. Nn is the normalization
factor - 0.9, and ('n = Sn + Yn the sum of the
overlap integral and the charge-transfer

AxxI04cm-l

Az x 104cm -l

A x10 4 cm- 1
y

66.6
75.7

22.2
25.5

37.3
42.6

Ru 5+

coefficient. The effective spin-orbit
coupling constant ~ct is given by

~ct

where the measured Hamiltonian parameters are

shown in Table 1. The z-axis of the defect
center is along the crystal y-axis [l10J where
the distances to the 0 2- ions are larger than in

the crystal z-x plane. The measured g-values

=

Nn un (N; ~d - V2~0)

,

where ~d is the spin-orbit coupling constant of
the central ion, and <'0 that of oxygen =
120 em-I. Ect is the charge-transfer energy from
the t2g states of the oxygen valence band to
the t2g states of the central ion. This was
found to be }5400 cm- l for Co4+ in SrTiO} [10]
and will be larger for trivalent ions, making
this term negligible in that case.
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Including these corrections to the average
g-value, the orbital reduction factor k can
be calculated for several d5 ions in different
hosts as shown in Table 2. The only trivalent
ion is Ru 3+ which has a larger k-value than all
the tetravalent ions .

Tab le 2. Orbi ta l reducti on fact or k of
transi tion metal ions i n oxides
3d 5

4d S

Sd S

C0 4 +

Ru 3+ Rh4+

Ir4+

MgO

0.74

SrTi0 3

0.64

0.63

1041

Contrary to the Ru 3+ center, the Ru S+ has its
z-axis along the crystal z-axis . To obtain an
idea of the starting values requ i red for a computer model calculation of the Hamiltonian parameters, the expressions of Geusic e t aZ. [11]
were used assuming the spectrum was tetragonal .
This approximation may be used to describe the
spectrum in the [100] directions perpendicular
to the z-axis when the x and y-axes are along
ClIO] and [110]. In this direction, the E-term
does not contribute. Measurement of the resonance field of the + 1/2 -> - 1/2 transition at two
different frequencies (1) and (2) allows determination of gi and D from [11 ]

0.68

gi (1) .!:.
2
a

0.S8

(~)
1 - 0

0.78

Ti02

The strongest spectrum observed in the oxidized c r ystal containing 0.02% Ru is assigned
to Ru S+. This state has the 4d 3 electron configuration with S = 3/2. Th e measured Hamiltonian
parameters are shown in Table 1.
The spectrum was fit to the + V2 ~ -V2 transition of the orthorhombic spin Hamiltonian
.7(' = ~gzSzHz + ~gxS xHx + ~gy S yHy

+

D [Sz 2 - 1/3 S(S + l)J + E (Sx 2 + Sy 2 )

+

A I S + A I S + A IS.
z z z
x x x
y y y

where 0 = [H(1)/H(2)]2 and a = gi(l)/g (2).
Using the values of D and gi thus obtained,
a good fit to the Hamiltonian was obtained
for gx = 1.62±0.02, gy = 2.28±0.02, and
gz s 1.82±0.02, D & 3.0±1 cm- l , and
E = 0 . 16±O.S em-i. It should be recalled that
these five quantities were determined from the
angular dependen ce of one transition which
seriously limits their accuracy.

-- The authors gratefully
a cknowledge the assistance o f M. Aguilar with
t he EPR computational analy s i s .
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Abstract. Vanadium-doped SrTi0 3 reduced above 1200·C and then quenched is shown to
contain a y2+ double acceptor level about 40 me Y below the conduction band from resistivity
measurements. Electron spin resonance (ESR) central hyperfine and g·shift values both
indicate a 40% delocalisation of the spin density onto Ti conduction band levels. Upon
cooling below 130 K, the ESR intensity freezes out. An exponentiallinewidth narrowing is
observed with an activation energy ED of 200 meV, which can be accounted for by the
thermally activated hopping between y2+ and y3+ single acceptors. All data are compatible
with the tight-binding calculations of Selme, Pecheur and Toussaint for the vanadiumimpurity in SrTi0 3 •

1. Introduction
Group-Y substitutional impurities in elemental semiconductors form shallow donor
levels, which in Si are of the order of 40 meY below the conduction band [1]. Electron
spin resonance (ESR) experiments by Feher and co-workers first revealed the electronic
structure and de localisation of these impurities [2]. In contrast, 3d substitutional transition-metal impurities could be considered to be deep centres and relatively well
localised [3], as also shown by ESR experiments for a number ofthem [4]. This certainly
applies to the large-gap oxides such as MgO, Al 20 3 and the titanates. A model substance
for the latter class is SrTi0 3 , where magnetic resonance results have been reviewed
more recently [5] . Here we report combined electron spin resonance and relaxation with
optical absorption and resistivity experiments in reduced and quenched SrTi0 3 doped
with vanadium that indicate a y2+ d level first reported by Muller and Aguilar [6]. This
d level lies just as far below the conduction band as the group-Y donor elements are in
silicon, but behaves as a very deep double-acceptor level. Both the y2+ level localisation
and its energy difference from the single acceptor y3+, as well as its delocalisation, are
in good agreement with the recently published tight-binding calculations of Selme et al
for the same centre [7].

2. Creation and identification of the centre
The present experiments were carried out on vanadium-doped SrTi0 3 single crystals
grown by the Yerneuil technique. The Y is substitutional for Ti. In well oxidised SrTi0 3 ,
t Present address: Instituto Ciencia de Materiales (CSIC) , Universidad Autonoma de Madrid,
E-28049 Madrid, Spain .
:j: Deceased 5 March 1989.
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Figure 1. Intensity of the EPR V4+ and V2+ signals
in SrTi0 3 at 80 K as a function of reducing temperature Tbefore quenching the samples to room
temperature.

V4>
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1300

1350
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I
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7.2

Magnetic field I kDe)

Figure 2. V2+ EPR signal at 80 K of reduced
SrTi0 3 • The line between the V2 + hyperfine split lines 3 and 4 is due to Cr3 + of
oxidised parts of the sample. No other lines
were recorded. The microwave frequency
was 19.4 GHz.

the Y is pentavalent with empty d orbitals, dO, i.e. it is a donor. An optical absorption
band at 2.24 eY is observed due to charge transfer from the valence band, split by
0.42 e Y, to the doe t Zg ) level of Ys+ [8]. Theoretical ab initio calculations by Weyrich [9]
independently verified this splitting as being a feature of the valence band. Upon
reducing such crystals containing 0.2% Y in an atmosphere of6% H 2/N 2 between 800°C
and 1200 °C and subsequent quenching to room temperature, the known ESR spectrum
of y4+ is observed [10], i.e. the reduction process has populated the d(t2g) level with one
electron. The y4+ is a neutral centre as it replaces the intrinsic Ti4 + ion. In figure 1,
the intensity of the y4+ ESR spectrum measured at 80 K is plotted versus reducing
temperature. It is seen that the y4+ state is prevalent up to 1150 °C and then drops to a
very low value for reducing temperatures of 1200 °C and above.
After reduction at just below 1200°C, a new ESR signal is observed, as shown in
figure 2, which is attributed in section 3 to y2+(3d 3), S = t which, being doubly negatively charged with respect to Ti 4+, is a double acceptor. From the intensity curve in
figure 1, it is evident that near 1170 °C the vanadium can be neither in the y4+ nor in the
new y2+ state. y 3 +(3d 2) has an even number of electrons with S = 1 not observed by
ESR in cubic symmetry. Thus we attribute the missing ESR signals to this intermediate
state. Charge transfer bands at 1.8 eY, which correlate neither with y4+ nor Ys+ and
are attributed to the y3+ single acceptor, corroborate this conclusion [11]. Since the
vanadium exists as Y s+ donors, neutral y4+, and y3+ single and y2+ double acceptors
in SrTi0 3 , it is amphoteric in character. In figure 3 we reproduce the levels for the four
vanadium nominal charges as computed by Selme et at [7] for clarification.
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Figure 3. Energy levels of y5+, y4+, yl+ and y2+
from unrestricted tight-binding calculations of
Selme et al [7].

The new ESR spectrum is observed below 130 K. Figure 2 shows it has an eight-line
hyperfine splitting as expected for a vanadium centre and is very slightly tetragonal
below 105 K, mirroring the tetragonal symmetry of SrTi0 3 below its structural phase
transition at this temperature. Its hyperfine splitting is less than half that of y4+. The
spectrum can be accounted for, to a first approximation, with half-integral spin S,
and g-values and hyperfine splitting parameters of g = 1. 965(2) and A = 48.5(3) X
10-4 cm- 1 using an isotropic Hamiltonian ~ = gf3S· H + AS, I. The line width
flH(4.2 K) = 2.25 G. An integral spin would yield a considerably larger linewidth due
to the increased spin-lattice cOl)pling [12]. Whereas y4+ exhibits a large anisotropic ESR
spectrum due to the static Jahn-Teller effect [10], the nearly cubic symmetry of the new
spectrum suggests a half-filled t 2g subshell, or the presence of a dynamic Jahn-Teller
effect. It appears from figures 1 and 3 that y2+ with S = ! is the most likely possibility.
As SrTi0 3 is tetragonal below 105 K, the S = !state ofy2+ should show the split ±! - ±!
fine-structure lines. These have not been observed. The same was actually the case for
the isospin Fe5 + centre with S = ~ [13]. Small fine-structure splittings of a few gauss with
large linewidths have been found for C~+ and Mn4+ with S = ! [5]. The ionic radii of the
latter two ions match that of the substituted Ti 4+ in contrast to Fe5+ or y2+. Thus for the
latter species, strain due to this mismatch may be a cause for excessive linewidth
broadening. For y2+, there is also a large spin density delocalisation to be discussed
next.

3. d spin and charge delocalisation
The central hyperfine parameter A observed for y2+ in the present case is anomalously
l~w, only 68% that of A = l(AII + 2A.1.) of y4+ [10]. For the transition-metal ions Me n +,
A is known to be due to the negative core polarisations (cp) of the 1s, 2s and 3s filled
shells by the 3d electrons reduced by the positive CP of the 4s [14]. The latter is larger
for the Me4+ than for the Me2+ as well as for the more covalently bonded semiconductors
[14]. The 4s orbitals of the magnetic ion hybridise with the sp-like conduction band
states. In SrTi0 3 , the empty bands derived from Ti 4s lie well above the conduction
band which has Ti(3d)-O(2p) character and therefore cannot be the origin of the large
reduction in A. It is also important to bear in mind that the y2+ hyperfine constant in
the standard cubic oxide MgO is entirely normal. Table 1 compares the hyperfine
constants A of y2+ in the two oxides with those of Mn2+. As is well known and can be
seen in the table, they are nearly the same for the deep-lying localised y2+ and Mn 2+ in
MgO. Therefore we have to attribute the reduction of (38 ± 2)% of A(y2+) in SrTi0 3
to the delocalisation of the y (t 2g ) electrons onto t2g orbitals of the Ti-O (t 2g ) conduction
band states. This conjecture is confirmed by the observed y2+ g-values. In MgO,
g(MgO) = 1.991 which is mainly due to the admixture of higher y2+ states by spin ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

59

2738

K A Muller et al
Table 1. Absolute hyperfine splitting parameters A in 10-4 em- I of Mn 2+ and y2+ in MgO
and SrTi0 3 from [5], (15) and this work.
Mg0(15)
81.2
75 .1

82.6t
48.5*

t From (5).
:\: From this work.

orbit interaction. Here g(SrTi0 3) = 1.966 which is considerably larger. Assuming the
difference to be due to de localisation onto Ti t2g orbitals only , and knowing that the gvalue of Ti3 + in oxides ranges from 1.926 to 1.953 [15] in the absence of the JahnTeller effect, a Ti3+ percentage of 33 to 53% is obtained from (g(MgO) - g(SrTi0 3))/
~g(Ti3+). The average is a (45 ± 10)% delocalisation. This value is less precise than the
value (38 ± 2)% derived from the reduced central hyperfine interaction, but still quite
similar. The unrestricted Green function calculation by Selme et al [7] yielded a 47%
density on the y2+, i.e. a total delocalisation of 53%, of which 2% are on the oxygen
and 51 % on the Ti 3d orbitals. This justifies our approach in using only the g-shifts of
Ti3+ to estimate the de localisation of these d orbitals. All in all, w.e can regard the
agreement between our estimates from the reduced hyperfine interaction and g-shifts
with the theoretical calculation to be quite satisfactory with a large delocalisation of
between 35 and 51 %.

4. The V2+ and V3+ energy levels near the SrTi03 conduction band
y2+ ions in oxides have long spin-lattice relaxation times due to their small coupling
coefficient to the lattice, and their spectra are easily detected at and above room
temperature [12,15] . The present spectrum is anomalous in this respect also, because it
disappears above 130 K owing to an exponential line width broadening. Figure 4 shows
a plot oflog ~Hversus l/T, where ~H = ~H(T) - ~(H) (4.2 K). The activation energy
is E6H = 200 meY. Such exponential linewidth broadening is either due to Orbach
relaxation via an excited state [16] in insulators, or to carrier hopping between different
charged states of an impurity in a semiconductor [17].
In order to distinguish between these two possibilities, four-point probe resistivity
measurements were carried out on a sample of reduced SrTi0 3 : Y. The contacts consisted of silver paint. Figure 5 shows l/R(T) , the temperature dependence of the
conductivity, plotted against 10 3/T. In the range between 100 and 300 K, a line is
observed corresponding to an activation energy of approximately ~ER = 40 meY. This
value is five times smaller than that obtained from the line broadening, ~E6H =
200 me Y. Assuming that the y2+ relaxes via an Orbach process to the conduction band
states, i.e.

f

loomev

~Hpp - ~Hpp(O) oc l/T = (l/To)

exp( -(En

+ E)/kT) D(E) dE

(1)

o

withD(E) = cx(E - Ec)20r D(E) = cx'(E - E~)3 from photo emission experiments [18],
the observed linewidth broadening gives En = 96 me Y, which is still a factor of2.5larger
than the observed E R. Thus band Orbach relaxation of the shallow y2+ is highly unlikely.
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Figure 5. 1IR(T) ofSrTiO J : Yreduced at 1200 °c
plotted versus l i T. R(T) was measured by the
four-point method.

This conclusion is further strengthened by the large energy !l.E ~ 96 me Y, where according to equation (1) the relaxation would peak at 170 meY (or about three times the
highest phonon energy in SrTi0 3).
Considerable progress in understanding was achieved as a result of subsequent
theoretical calculations ofY impurity levels in SrTi0 3 [7]. As there is agreement between
observed spins and calculated charge delocalisation, one may also assume, to begin with,
that the calculated locations of the energy level of y2+ are correct. The theoretical result
is that y 2 + is very shallow with respect to the conduction band. Thus we can conclude
from the resistivity experiment that !l.ER = 40 meY is that distance, although this is
idealised since the SrTi0 3 conduction band is not spherical [19].
The theoretical energy separation between the y3+ single and y2+ double acceptors
is of the order of 130 me Y [7]. This energy is comparable to the 200 me Y measured via
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Figure 6. Intensity (amplitude x ilH( T)2) of the
V2+ ESR signal as a function of temperature: relative to an A1 20 3 : Cr3 + sample, and relative to the
Cr3+ signal in the V-doped SrTi0 3 ; see figure 2.
The lines are guides to the eye.

the linewidth broadening. Thus carrier hopping between the V 2 + and V3+ levels is a
possible broadening mechanism, as has been identified for the neutral Fe3+ ESR linewidth
in GaAs where !1Et..H = 58 meV. If this is the case, then carrier freeze-out to the V3+
should occur upon cooling and reducing the V 2+ signal. In order to investigate this
possibility, we have tried to measure the intensity of the V2+ EPR spectrum as a function
of temperature.
The V2+ intensity measurements were quite difficult to carry out since the high
temperature-dependent dielectric constant of SrTi0 3 caused changes of the mode in the
cavity and therefore in spectrometer sensitivity. Furthermore, the samples were partially
conducting. It was therefore decided to measure the intensity of the V 2 + signal relative
to a standard. A first series of data were taken with a small piece of ruby, A1 2 0 3 : Cr3 +,
glued to the SrTi0 3 : V reduced sample. The result of these measurements is shown in
figure 6. Upon cooling, the V2+ intensity first decreases almost linearly below 120 K,
then more quadratically.
Since the possibility exists that the microwave mode in the low-dielectric-constant
AI 2 0 3 is not the same as in SrTi0 3 , a second type of relative measurements was
performed. The V2+ signal was measured against the Cr3+ impurity which was unintentionally present in the same SrTi0 3 crystal, as seen in the spectrum of figure 2. The
result of this second measurement is also plotted in figure 6. The decrease is even more
nearly linear than that for A1 20 3 . However, the Cr3+ signal is due to better oxidised
parts of the single crystal, as its level lies about mid-band. Thus this curve is again not
entirely reliable. However, both curves indicate that a substantial freeze-out occurs
below 130 K. We do not expect an exponential freeze-out to the V3+ level because the
V2+ level lies so close to the conduction band, which in addition has minima along (100)
cubic directions [19]. Be this as it may, our intensity measurements show that a V2+
intensity freeze-out is compatible with the theoretical V2+ - V3+ level separation.
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5. Conclusion
The spin density of the double acceptor y2+ in SrTi0 3 is delocalised by 35 to 51 % to the
conduction-band titanium wave function as inferred from its core polarisation and ESR
g-shift. This is in agreement with theoretical tight-binding calculations of Selme et al [7].
From resistivity measurements, the y2+ is located =40 me Y below the conduction band;
hopping relaxation data indicate that y2+ (dg) is 200 meY above the y3+(t2g) level, near
the theoretical value E(y2+) - E(y 3+) = 130 meY. An intensity freeze-out of the y2+
to y3+ is also observed. Thus the agreement between experiment and theory is found to
be quite satisfactory for these extremely deep acceptors with energies nearly equal to
the band gap of 3.2 e Yin SrTi0 3 .
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lB. Hyperfine and Superhyperfine Interactions
For paramagnetic ions substituted in covalent crystals, hyperfine and superhyperfine interactions due to nuclear magnetic moments of the ion or its surroundings play an important
role. The papers reproduced in part IB of this chapter reflect this aspect of EPR. The first
paper [IBl] investigates Cr3+ in the layer structure of NalnS3, where splittings of over 100
superhyperfine lines due to the nuclear spin of the 1= 9/2 of the In ligands were observed
and analyzed. The central hyperfine interaction of a paramagnetic ion became the focus
of research at the end of the '50s. It was recognized that this interaction originates from
the overlap of the 43 orbitals with the nucleus. These orbitals are exchange-polarized by
the 4d magnetic wave-functions. This theory works well for magnetic ions substituted into
ionic crystals. However, in covalent crystals, such as silicon or germanium, the hyperfine
splittings observed of, say, Mn2+, were much smaller than those observed in ionic matrices.
The second paper, with E. Simanek [IB2] , presents the theory of the reduction of the central hyperfine interaction due to the 43 covalency with the ligands. This theory was also
essential for analyzing the much reduced central hyperfine interaction of the shallow V2+
acceptor in SrTi0 3 [IA7].
IB 1 . Paramagnetic resonance of Cr3+ in the layer structure of NalnS2, K.A. Miiller and
W. Berlinger, PhY3. Rev. 175, 503-511 (1968). (p. 64)
IB 2. Covalency and hyperfine structure constant A of iron group impurities in crystals,
E. Simanek and K.A. Miiller, J. Phys. Chem. Solids 31, 1027-1040 (1970). (p. 73)
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Paramagnetic Resonance of Cr H in the Layer
Structure of N aInS 2
K. A. MtlLLER AND W. BERLINGER
IBM Zurich Research Laboratory, 8803 Rilschlikon, Switzerland
(Received 17 June 1968)
The resonance of a localized paramagnetic impurity in a ternary layer structure is reported for the first
time. The Cr'+ substitutes for the Ina+ and shows a resolved hyperfine interaction with the six coplanar
next-neighbor indium cations. An in-plane fractional charge transfer of 3.0% on the indium ions or 1.0%
per 3d electron is deduced. g= 1.983±0.OOI and D= -0.0392±0.OO3 cm-I at 300 o K. The axial D parameter
changes linearly with temperature down to 120 0 K at a high rate of aD/a T= -0.86 G/"K, which is ascribed
to the thermal expansion of the lattice. A comparison between tbe D parameter observed at 4.2°K and
the total uniaxial magnetic anisotropy field of N aCrSt is made, from which it is concluded that about - t of
the latter quantity results from single-ion ligand field effects.

I. INTRODUCTION

A

LARGE amount of electron paramagnetic resonance data has so far been accumulated in
single crystals, amorphous solids, and molecules in
solution, and also partially on surfaces. In layer structures the electron spin resonance of mobile carriers
in graphite! and in the alkali-metal graphites2 C"Me
has been observed. Although in graphite, apart from
the alkali metals, over twenty compoundsa like FeCla
are known to intercalate between the graphitic layers,
no resonance has been reported for these compounds.
This is in part due to the difficulty of diluting a special
system with a nonmagnetic species and partly because
these systems are highly turbostratic. Resonance of
a number of paramagnetic ions-VH, MnH , FeH , NiH,
and CuH-has been reported in the layer structures
of CdCl 2 and MgC12.4 All these ions are octahedrally
surrounded by six CI ions. In these studies no particular
empha;ds was put on the layer structure, nor results
obtained which are related to it. An exception is the
most recent study of Hoeve and Van Ostenburg5 of
MnH in CdCI2. Here an appreciable dependence of
the spin Hamiltonian parameter D with temperature
was found and related to the anisotropic thermal expansion of the layer structure.
In the present paper we summarize a study on
NaInS2 micalike single crystals doped with chromium
ions. 6 The resonance of the trivalent chromium ions
substituted for a trivalent indium ion is analyzed. A
large temperature dependence of the axial D parameter is also found and shown to be mainly due to thermal
G. Wagoner, Phys. Rev . 118,647 (1960).
• K. A. MillIer and R. Kleiner, Phys. Letters 1, 98 (1962).
3 R. C. Croft, Australian J. Chem. 9, 184 (1956).
4 M. F. Patridge, results listed in J. W. Orton, Rept. Progr.
Phys. 22, 204 (1959); H. Koga, K. Horai, and O. Matumura,
J. Phys. Soc. Japan 15, 1340 (1960); K. Morigaki, ibid.. 16, 1639
(1961); H. Matsumoto, ibid.. 20, 1579 (1965); I. Y. Chan, D. C.
Doetschman, C. A. Hutchison, Jr., B. E. Kohler, and J. W. Stout,
J. Chem. Phys. 42, 1048 (1965).
6 H. G. Roeve and D. O. Van Ostenburg, Pbys. Rev. 167, 245
(1968).
• K. A. MillIer, W. Berlinger, R. Meili, and C. Schiiler, Relv.
Phys. Acta 41, 392 (1968).
I

175

changes of the layer structure parameters. However,
the most interesting observation of the present study
and directly related to the layer structure is the resolved superhyperfine structure (SHFS) of the Crf+ ion
with the six coplanar In3+ ions. From this SHFS a
quantitative analysis of the fractional charge transfer
of the three electrons in the 'At ground state of the
Cr3+ ion to its six coplanar next-nearest neighbors
could be obtained.6 The fractional amount of indium
Ss and Sp wave functions admixed is nearly as large
as the one resulting from the excited (3d) 4T2 level
via spin-orbit coupling. A consequence of this excited
indium wave function admixture appears to be a
negative contribution to the EPR g shift Ag. The latter
is found to be more negative than the shift we estimate
theoretically from all the possible excitations excluding
those to the indium levels. To this end, the optical
properties of the Cr3+ ion are relevant. In fact, the
present study was initiated because measurements of
the optical and magnetic properties of single crystals
of the isomorphic magnetic N aCrS2 compound were
underway in this laboratory.7 From them the uniaxial
magnetic anisotropy was known. From our data then
the ratio of the single-ion crystal-field anisotropy to
the sum of exchange and dipolar contribution could be
obtained.
Independently of the present effort, and nearly
simultaneously with it, Bene and White8 reported a
study of the chromium-doped layer structure BiIa.
The object was also to compare single and pair ion
properties in the layer structure with those of the
magnetic Cr3+Xa layer compounds. We shall see that
their reported D parameter of the single substitutional
Cr3+ ion in BiIa agrees well with the one we find in
N aCrS2, and that their g value supports the conclusions
we draw from our observation regarding the effects
of charge transfer levels on the g shift.
In the diamagnetic NaInS2 and in the magnetic
NaCrS2 compound, the mono- and trivalent cations as
7 K. W. Blazey and H. Rohrer, Helv. Phys. Acta 41,391 (1968).
8 R. W. Bt'ne and R. L. White. Bull. Am. Phys. Soc. 13, 435
(1968) .
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~
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1':1

FIG. 1. The crystal lattice of N aInS.
isotype tq N aCrS. after RUdroff and
Stegman (Ref. 10).

ll. EXPERUMENTALRESULTS
Single crystals were obtained by a method first
described by Schneider.H A mixture of six parts sodium
carbonate, six parts sulfur and one part indium oxide
by weight, plus 0.3% of Cr203 was heated in a well-

:lb

Cr3+ with the six coplanar In3+ with 1=4 is analyzed
in terms of an LCAO wave function including the nextneighbor sulfur ions and the next-nearest-neighbor In*
ions_ In Sec. IV the spin Hamiltonian parameters g
and D of Cr3+ replacing an In3+ ion are discussed. The
temperature variation and sign of D is assigned and
its low-temperature value is compared to the uniaxial
anisotropy constant found for NaCrS2.

::§

sO

1600

NaO

Cr. In

well as the sulfur ions form hexagonal layers with the
same basis length of 3.80 and 3.53 A for NalnS2 9 and
NaCrS2,1O respectively. The stacking along the c axis
is •.• N as(I)Me3+S(2) •.. , where S(I) and S(2) denote
two layers of sulfur rotated around the c axis by 60 0
[a Me3+ is sited at the position (0,0,0)]' (See Fig. 1.)
Each of these layers follows a cubic close-packed stacking A, B, C along the main axis_ The result is that
each sodium or Me3+ ion is surrounded octahedrally
by six sulfur ions; three in layer S(I) and three in S(2)'
The Me3+ and Nal + point symmetry is Dad. The In-S
distance is 2.63, whereas in the magnetic compound
the Cr-S distance is 2.46 A.
In Sec. II some experimental details are given, including growth conditions for the NalnS2 crystals. In
Sec. III the superhyperfine interaction of the impurity

FIG. 2. EPR spectrum of Cr3+ in Nalns" at 19.2 Gc/sec
and 77°K for H II c.
, R. Hoppe, W. Lidecke, and F. C. Frorath, Z. Anorg. Allgem.
Chern. 309, 49 (1961).
10 W. RUdroff and K. Stegmann, Z. Anorg. Allgem. Chern. 251,
376 (1943).
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FIG. 3. Temperature dependence of the splitting 4D
between 4.2 and 300 o K_

covered alumina crucible to 800°C. The melt was then
cooled to room temperatu~e within 4-5 h_ The yellow
micalike single crystals were washed out from the
flux cake with water.
The resonances were observed for H parallel and
perpendicular to the c axis with a K-band single-sideband superheterodyne EPR spectrometer. The variable
temperature cavity was operated between 4.2 and
3000 K. Between 300 and 77°K a spectrum of three
lines was observed due to the ±!~±t and +~-t
transitions of the 4A2 ground state of Cr3+ (Fig. 2).
The Cr3+ substitute for the In3+ ions as expected
from their charge state and their similar ionic radii.
This is inferred from the superhypemne structure with
the six coplanar In ions to be discussed in Sec. III.
This hyperfine interaction also causes the ±t transition to have, at room temperature, an over-all linewidth only a factor of 1.07 smaller than the outer
11

R. Schr,eider, J. Prakt. Chern. (2) 56, 401 (1897).
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FIG. 4. EPR spectrum of CI H in N aInSt
at 4.ZOK for H II c showing resolved
superhyperfine structure of the +!-->- i
transition.

two lines which have tllJ = 270 G. This means that zero slope occurs. The trace taken at 4.2°K (Fig. 4)
the fraction of the width of the ±!+-t±! lines caused shows that the low-field line has a larger intensity
by strains in the crystal is at least one order of mag- than the high-field line. This became more pronounced
nitude smaller than that due to the hyperfine inter- by pumping on the helium, and at 1. 7°K the high-field
line was barely visible. This indicates that the - ! action.
The distance of the outer lines equidistant to the -! line lies at H 0- 2 I D IIg{3 and thus D is negative.
pure magnetic ±! transition was for H.Lc approxi- Therefore the near-constant low-temperature value of
mately one half that for H II c. Because the width of D(T) (see Fig. 3) amounts to
the three lines is comparable to their splitting,
D(O) =-(208±20) G,
D(3 coslP-l), they partially overlap. The derivatives
of the lines were computer-simulated with intensities a result we shall refer to III Sec. IV; further,
in the ratio 3: 4: 3. Gaussian line shapes had to be aD(T)/aT<O.
assumed to obtain a good fit. This is in agreement
In certain samples a line at g=2.05±0.02 was
with the line shape being principally determined by visible. This may be due to the ±! transition of CrI+
the hyperfine splitting. From the best-fitting simula- at a NaI+ site. In covalent crystals, a positive g shift
tion (including the line shape) the values of D and g has been calculated for a 3d" configuration by
were obtained using the conventional spin Hamiltonian: Watanabe l2 and has also been observed experimentally.13 No fine structure was observable; probably the
x =g41(S.H.+ SuHu) +gl I{3S.H.
±!+-t±! and ±!+-t±! lines were too broad or the
fine-structure constants too small. Their detection
+D[S.2-}S(S+1)],
would have allowed an unambiguous assignment of
g~gll = 1.983±0.OOl,
this line.
and
I D I=0.0362±0.OO30 em-I
III. CATION-SUPERHYPERFlNE STRUCTURE
at 300oK. The axial D parameter was then measured
as a function of temperature, and a large 47% change
was found on cooling down to 4.2°K. Figure 3 shows
the analyzed peak-to-peak distance 41 D I of the two
outer fine-structure lines of the spectrum as a function
oftemperature. The change.in Dislinear, (a I D I/aT) =
0.86 G;oK, down to 120oK, where a gradual change to

A hyperJine pattern near g=2, barely visible at
room temperature, became more distinct on cooling
to low temperatures if care was taken not to overmodulate. At 4.2°K for H II c, over 50 equidistant
hyperJine lines were detected, as shown in Figs. 4 and 5.
12
12

H. Watanabe, J. Phys. Chern. Solids 25, 1471 (1964).
K. Morigaki and T. Hoshina, Phys. Letters 17, 85 (1965).
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together with the measured relative amplitudes of the

M,=±! transitions. The latter were taken to be

I

200 Gauls

I

FIG. 5. An expanded record of the +! __ -! transiti~n at 4.2.o K
with over 50 resolved superhyperfine lines due to th~ mteractlOn
of the Cr3+ with its six coplanar next-nearest-nelghbor In3+
cations.

The lines could also be resolved for H-Lc, but not for
other angles of the magnetic field with the c axis.
Apparently for the nonpreferred directions the lines
are broader. At first it was thought that this pattern
resulted from an F center. However, a missing S2ion, which has trapped an electron, would have three
sodium and three indium nearest neighbors. The odd
isotopes of these cations have different nuclear spins,
and an irregular spacing of the hyperfine lines would
result. Further, a very accurate g-value determination
of the electronic spin which gives rise to the hyperfine
structure was made for H 11 c. The resulting gil value
coincided within the experimental accuracy with that
of the ±! transition of Cr-t- at 3000 K: gil = 1.983.
Thus the lines must result from the superhyperfine
interaction of the unpaired d3 spins of the transitionmetal ion with its six coplanar next-nearest-neighbor
In* ions. There exist two indium isotopes with spin
!, In1l3 and Inl15, with magnetic moments of 5.5071LN
and 5.496ILN, and natural abundancies of 95.84% and
4.16%, respectively. For our purposes we can then
assume that 100% of the indium atoms have a spin
of I=! and a magnetic moment of 5.50ILN' Therefore
a 55-line pattern should result. The relative intensities
of these lines can be calculated as follows.
At each of the six sites the indium nuclear spins have
ten possibilities to orient themselves with respect to the
external applied field. Thus the intensity problem is
equivalent to counting in how many numbers from
000000 to 999 999 the sum of the digits is 0, 1, "',54.
This yields once each the sums 0 and 54, six times each
the sums 1 and 53, etc. The result of a computer calculation performed on an IBM 360/40 is given in Table I
in the second column.14 In the third column the relative
intensities to the central line m= Laml'=O with an
assumed intensity of 1 are listed. In Fig. 6 these relative theoretical intensities for I m I values are plotted
1< We are indebted to Dr. E. O. Schulz-DuBois for the computer-adapted formulation of the problem and to 1. Csajka for
helping us to program it.

proportional to the relative intensities of the i, I. m 1
lines assuming a negligible dependence of the Width
of the single line as a function of I m I value (no such
a dependence was detectable within our experimental
limits). A comparison between the experimental and
theoretical intensities is quite good in spite of this
assumption except in the region of I m 1 = 14. Here the
results fell somewhat short of their expectations. However, the over-all agreement is such that it further
supports our assignment of the origin of the superhyperfine structure.
.
From the equidistant spacings of the hyperfine Imes
for H II c and H-Lc we find the interaction constants
to be
A I1 =16.5±0.2 G,

AJ.=17.2=0.2 G,
MI 11 =b.HJ.=8 G.
It is not surprising that for single (t, m) lines the
width is broader for orientation angles of H different
from 0° and 90°. This also applies for the impossibility
to resolve the hyperfine structure in the non-purelymagnetic ±!+-+±! lines. In both cases the lines are
usually broader due to strain effects ~n conve~~ion~
crystals. In addition to these effects, Irregulantles m
the stacking of the layers and turbostratic regions are
also present in our not particularly well-grown layer
crystals. These latter effects were at first estimated
to be so large that we regard it as an unexpected success to have been able to resolve the cation-superhyperfine structure.
No hyperfine structure of the nearest-neighbor sulREL.INT.
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fur ions is observable, as only the isotope S33 with
spin I=t and a natural abundance of 0.7% can yield
such an interaction.
The In superhyperfine interaction may be represented by a term in the spin Hamiltonian of the form
a

3CSHF=

:E as·I.+b(3SJ•• -S·Ii ),
1-1

y'

x'

li=~' z II c

where i denotes the six coplanar In* neighbors, and
within our experimental accuracy a and b do not depend on i, i.e., the directions of all the axial terms are
parallel to the c direction. We have with
a=j(A 11 +2AJ.),

I a I=47.1±0.4 Mc/sec,
I b I=0.8±OA Mc/sec,

b=~(AII-a),
eIn

sign b = - sign a.

A.I. and All are not temperature-dependent between
4.2 and 3000 K within our experimental accuracy. Thus
a and b do not show any explicit vibrational or other
thermal effects. I.
We analyze our data in terms of a three-electron
TABLE I. Computed absolute and relative intensities of the
(!, ml-(-t, ml superhyperJine transitions.

Iml

Intensities

27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
0

1
6
21
56
126
252
462
792
1 287
2002
2 997
4 332
6 062
8 232
10 872
13 992
17 577
21 582
25 927
30492
35 127
39662
43 917
47 712
50 877
53 262
54 747
55 252

Relative
intensities
0.000018
0 .000109
0.000380
0.001014
0.002280
0.004561
0.008362
0.01433-l
0.023293
0 .036234
0.051242
0.078404
0.109715
0.148990
0.196771
0.253240
0.318124
0.390610
0.469250
0.551871
0.635760
0.717838
0.794849
0.863534
0.920817
0.963983
0.990860

3+

3+

0 Cr

FIG. 7. A graph of the nearest six S>- anions and next-nearest
six InH cation neighbors of a Cr3+ impurity in NaInS,. Assuming
the sulfur ions form a regular octahedron, the x, y, and z axes are
shown as chosen in the text for the zero-order approximation of
the employed wave functions. Those of the x', i, z' axes used in
the first-order approximation for Dad symmetry are also shown.

wave function whose components are linear combinations of atomic orbitals of the central Cr3+ ion, the
six nearest-neighbor sulfur ions, and next-nearest-neighbor coplanar indium ions.
We start out with the zero-order ground-state Slater
determinant of the 3d3 , t 3 configuration I a+b+c+). Here
abc represent d3 wave functions transforming as x'y',
x'z', z'x', and sited at the center of a regular sulfur octahedron with the S-2 at the coordinates x' = +a, y' = 0,
z' =0 and cyclic permutations thereof (see Fig. 7). We
further assume that each of these three antibonding
orbitals is already hybridized with those of the sulfur
orbitals including overlap; following Lacroixl6 we have

I a)={J I ao)- (1_{J2)1/21 Go'),

Ib)= .. ·lc)="·,

where 1- fJ2 represents the 7r bonding parameter T" of
the orthonormalized chromium 3d and sulfur 3p functions

I ao)=~' I da)+1]' I p7ra),
I ao')=1]'1 da)+e I p7ra),
,

~=

1(

1

1)

'2 (1_~,,)1/2 + (1+~,,)1/2

'

1(
1
1)
,
1] =- '2 (1_~,,)1/2 - (1+~r)1/2 '

1.000000

LI W. M. Walsh, Jr., J. Jeener, and N. Bloembergen, Phys. Rev.
139, A1338 (1965).

and ~,,=V3S(dt, p7r) is the 7r overlap integral of the
3d and 3p functions.
The t2 functions so far given reflect pure Oh symmetry, while our center has D3d symmetry with the
threefold rotation axis parallel to the [111J axis of
the octahedron. Thus we transform our zero-order
,. R. Lacroix and G. Emch, Relv. Phys. Acta 35, 592 (1962).
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functions to obtain appropriate basis functions for
the Dad point group:
Dad representation

Wave function
10)= (1/v'J)(1 a)+1 b)+1 c»,

r1

1 p)=(1/y6)(21 a)-I b)-I c»'}
1 q)=(1/V1)(1 b)-I c»,

ra

1

a+, b+, c+)== 1 0+, p+, q+).

The 10) function can form (T bonds with the Ss and
in-plane Sp indium orbitals. Indeed, six of their twelve
lobes are in plane with the six InH ions and point in
their direction (see Fig. 7). The lowest r1-type function of the latter which can be obtained with the
method of linear combination of atomic orbitals
(LACO) from Ss indium orbitals is
6

1oIn)=(1/y6)

L ISSi In ).
i..,.l

An analog function can be. set up for the in-plane Sp
indium functions pointing toward the CrH ion. lOIn)
corresponds to the lowest filled bonding 2s orbital
of a benzene ring.
If we neglect overlap in the normalization, which is
justified by the actual admixture described below,
then the first-order j 0') function is
10')= (1_p2)112 1o)+p lOIn).
Here p2 represents the amount of in-plane (T bonding of
the antibonding electrons. To the above, mainly 3d
antibonding wave functions, two others can be put
aside: one bonding, with mainly sulfur character, and
an antibonding with mainly indium character. The
latter is of no further interest for the following; however, we shall also omit the bonding orbital. In doing
so we neglect the transfer of electron charge via the
sulfur orbitals to those of indium. A justification of
this approach is given below.
Using the matrix elements of the Fermi contact
interaction term which is responsible for the isotropic
part a of the hyperfine interaction
JCHF

=-

(8'11/3) (fJ.efJ.n/ In)o(r),

for a we obtain

a = (0'

1 JCHF 1 0'),

a= (8-11/3) (In)-1fJ..fJ.n(p2) 11/1,.In(o) 12,
which can be equated to the measured value previously
given.
Rauber and Schneider17 have recently observed by
EPR experiments the hyperfine interaction of twovalent indium InH in ZnS with configuration SSI to
be a=9.362±O.OOS Gc/sec. This corresponds to
11/158InH(0) 12 =64.0X 10--24 cm-1 as compared to the
17

A, Rauber and

(1966) .

J.

Schneider, Phys. Status Solidi 18, 125
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isoelectric At for which, for the same wave function, atomic beam resonance experiments yielded
11/158 A g{) (0) 12 =63.9X 10--24 cm-1Y Thus we can be confident that the value reported by Rauber and Schneider
is an adequate measure for the probability of the
Ss InH wave function at the nucleus. With this we
obtain
a remarkably large value for in-planar cation-cation
bonding. We have to restrict this remark because p2
corresponds to the factor of the 10) function electronic
transfer. However, in the Slater determinant 10+, p+, q+)
all three 3d functions are equivalent. Thus we conclude
that from the totally present three 3d wave functions,
only a third of p2 or 1.0% per electron is transferred
to the six coplanar indium ions.
So far we have omitted the discussion of the b term.
First we remark that in the previous discussion we
have implicitly assumed that a is positive as a(InH )
must be, because the In ll • and In1l3 nuclear magnetic
moments are positive. Because b has the opposite
sign of a, b<O.
A single, fully occupied Sh orbital yields an anisotropy constant

from the dipolar matrix elements of the 0', p', and q'
functions. As discussed above, b = b. is negative. To
obtain such a result, the in-plane contribution of the
function on the InH must be larger than the p. one.
Further, bx=by, if the nonisotropic part is exactly
axial along z, i.e., the p contribution of the ith InH
ion pointing towards the Cr3+ must be as large as that
of the p function, being tangential to this direction
and in-plane. The former would form (T bonds with
the Cr3+, as does the 1OIn5s ) function, and is expected
to be larger than 11" bonding. The second forms (T bonds
with the Sp function of the (i-1) th and (i+ 1) th InH
in the ring, and 11" bonds with the central wave function. When these two contributions differ, an in-plane
anisotropic hyperfine interaction should be observable.
Furthermore, if 11" bonding of the 5p. functions with
the p and q orbitals is present, then the former contributions are enhanced, because in measuring b. = b only
their difference is known.
From the analysis of F centers, it is known 18 that if
the b term is approximately an order of magnitude
smaller than the a term, the fractional percentage of
the sand p characters of the single ith-ion wave function is comparable. Thus from the two orders of magnitude smaller b value we conclude that in our case
the p character is an order of magnitude smaller.
In view of this small amount, the near SO% uncertainty, and the intricacy of its assignment discussed
18 J. J. Markham, in Solid State Physics, edited by F. Seitz and
D. Turnbull (Academic Press Inc., New York, 1966), Suppl. 8.
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above, we do not attempt a quantitative interpretation of the b parameter.
Resolved cation superhyperfine interaction was first
observed for Mn2+ in CdS by Dorain l9 a decade ago.
Subsequent experiments in CdSe and CdTe indicated
that the fractional transfer to the twelve next-nearestneighbor indium atoms (Cd lll and Cd 1l3) is the same
within the experimental accuracy, namely, 0.24%, and
equals the one found for Mn2+ in ZnS on the twelve
Zn67 ato~s.20.21 A value of 0.51 %, or twice as large,
was obtained for Cr H in CdTe. 20 Chen et al. 21 discuss
the possibility that part of the observed values is due
to indirect transfer. More recently, Estle and Holton22
published a remarkable study on the zinc chalcogenides.
They showed that from the superhyperfine structure
resul~ing from nearest-neighbor anions, only a small
fractIOn of a few percent of unpaired spin density was
found on these four nearest neighbors. From their
results an induced transfer mechanism over the anions
to the cation does not seem very probable in II-VI
compounds.23
In another study Chen et al. 24 showed that cationsuperhyperfine structure (SHFS) of VH Cr3+ and
4+.
'
,
Mn observed In Sn02 on Snll5 and SnlL7 nuclei was
due to direct overlap. These authors computed the
overlap of the transition-metal ions with the nextand second-next-nearest otin 5s functions lying at
3.19 A (Sn 1) and 3.70 A (Sn 2) from the Me ion.
Although they did not estimate the fractional transfer
they showed that the SHFS is directly proportional
to the overlap, as the covalency coefficients should
be for direct interaction. They also estimated the
indirect interaction by computing anion-cation overlaps, and concluded that the indirect mechanism gives
an opposite spin density and is an order of magnitude
smaller.25
In our case the In3+ ions are located at 3.8 A from
the Cr3+, i.e., at the same distance as the Sn 2 ions in
Sn02 are separated from the Cr3+; thus the direct interaction must be dominant in NalnS2, too. Furthermore,
the In3+ lie directly along the 10') (f orbitals (as the
Sn 1 ions do in Sn02)' One may wonder whether the
indirect interaction is not enhanced owing to the sulfur
anions which usually show larger covalency effects
than the oxygens. We do not think that the enhancement over the result of Chen et al. 24 is appreciable,
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especially in view of the conclusions drawn from the
work of Estle and Holton on the II-VI chalcogenides
and the larger anion-cation distances in NalnS2.
IV. DISCUSSION OF THE g AND D PARAMETERS
A. g Shift

The g shift is similar to that found for Cr3+ in many
oxide compounds, and it may be concluded that the
covalency is not enhanced in this sulfur compound.
This shift results from two opposing mechanisms: Excitation to non occupied antibonding orbitals yields a
negative shift, and excitation from occupied bonding
states to the 4A2 ground state yields a positive shift.
T.he importanc~ of .the second mechanism was recoglllzed by LacrOlx l6 In analyzing the Cr3+ and isoelectronic MnH g shifts in SrTiOa•26 Here, mainly three
states can tribu te-the (5E}) , the ('Y IEa2 ) , and the
CEIEa 2) ones-whereas for the antibonding ones only
the (fa 2'Ya) state 10Dq above the fa 3 contributes. 16 Here
,,(, f, and 0 denote a certain type of subshell. The nomenclatu:e a and b distinguishes between antibonding or
bonding ones, and the bar refers to holes in a particular
subshell. If, for a given Dq parameter and given term
separation between the 4A2 and the bonding states
the influence of the covalency parameters a and ~
for (f and 7r bonding of the Cr3+ ion with its ligands is
considered, the following is recognized from Lacroix's16
work. For increased covalency, i.e., reduced a and fJ
parameters, the negative g shift due to the electron
excitation to the antibonding (fa 2"(a) level is reduced,
and the positive shift due to hole excitation to the
bonding states is enhanced. Therefore, assuming that
the covalency in octahedral sulfur coordination is not
lower than in oxygen coordination, and using the
results in Ref. 16 for the Cr06- a complex, an upper
limit of the total negative g shift can be estimated if
the excitation energies are known. Using preliminary
optical work in NaCrSz,27 this is done in the Appendix.
The result of the tentative estimate is -t>gth<O.013,
which may be compared to the observed value of
- t>g"x p t=0.017. Thus the conclusion is that either
the covalency in the sulfur environment is smaller
than that in the oxygen coordination, which seems
somewhat unlikely, or else one must seek an additional
excitation mechanism to antibonding states to account
for the negative g shift contribution (no further exci19 P. B. Dorain, Phys. Rev. 112, 1058 (1958).
20 For a review see the article by R. S. Title, in Physics and
tation from bonding states can be conceived) .
Chemistry of II-VI Compounds, edited by M. Aven and J. S.
In this conjunction it has been pointed out to us
Prener (North-Holland Publishing Co., Amsterdam 1967) p.265.
by Lacroix28 that excitation to the low-lying anti21 I. Chen, C. Kikuchi, and H. Watanabe, J. Ch~m. Phys. 42
189 (1965).
'
bonding 5s and 5p orbitals of the indium cations may
"T. L. Estle and W. C. Holton, Phys. Rev. 150, 159 (1966).
be important. In Sec. III we deduced from the super23 Cation SHFS has also been reported for va+, CrH , and COH
(see Ref. 25).
hyperfine interaction with the indium cations that
24 I. Chen, C. Kikuchi, and H. Watanabe, J. Chem. Phys. 42
1.0% of the unpaired spin density is sited on In 5s186 (1965).
'
" Cation SHFS in TiO, was also reported for MnH VH MOH
and WH but analyzed in less detail. A table sum~arizing th~
results of the last three ions is found in the paper of Te-Tse Chang,
Phys. Rev. 147,264 (1966).

K. A. Miiller, Phys. Rev. Letters 2, 341 (1959).
"K. W. Blazey (private communication).
28 R. Lacroix (private communication).

2.
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and roughly an order of magnitude less on In Sp
orbitals. These numbers may be compared to the
fractional admixture (via spin-orbit coupling) of the
excited 'T2 level within the 3d configuration into the
'A 2 ground state, which amounts to approximately
(2v'1X/lODq) YK""1.4% (see the Appendix). Thus we
conclude that excitations from the localized 3d3 ground
state to the lowest antibonding indium levels may
indeed contribute to the observed g shift. This possibility seems to be further supported by the g value
of g=2.0S8 found for Cr3+ in the layer structure of
BiI3.s Here the shift is definitely positive. Thus, the
contribution due to charge transfer obviously dominates. This result, obtained for a chromium ion octahedrally coordinated by iodine, supports our view that
for a sulfur coordination this process must also be
important.
B. D Parameter

Unexpectedly, for a layer structure, D is small,
namely, 5.2 times smaller than that of Cr3+ in ruby,29
the signs of D being the same. In both, the point
symmetry of the impurity ion is trigonal. One may at
first assume that this finding reflects the contribution
of covalency and nearest-neighbor anion position on D
which, for the sulfur ions in the layer structure, are
more regular and show inversion symmetry, in contrast to the oxygen anions in ruby.
In NaInS2 9 and NaCrS2,1O the distance of two nextlayer sulfur triangles is smaller by -11.7% than the
in-layer sulfur distance would require to form a regular
octahedron around a Me3+ ion. In A120 3 this distance
is correct to
1.2% of the average in-layer oxygen
distance, but the sides of the two equilateral oxygen
triangles differ by 16%,30 which appears to induce a
larger axial ligand effect. Indeed, Artman and Murphy3!
first pointed out that the odd terms in the crystal
field contribute appreciably to the D splitting. However, in the magnesium and zinc aluminum spinels,
a large value of I D I of about 0.9 cm-! has been reported. 32 In both lattices the Cr3+ is octahedrally
coordinated; the point symmetry is trigonal and shows
inversion. In MgAb04 the octahedron is elongated
along one of the trigonal axes by an amount of 14.9%.
Its absolute amount of distortion is thus comparable
to the one reported for the sulfur octahedron in the
layer compound, but the I D I value in the spinels

+

+

2' J. W. Orton, Rept. Progr. Phys. 22, 204 (1959).
R. W. G. Wyckoff, Crystal Structure (Interscience Publishers,
Inc., New York, 1964), Vol. 2, pp. 7-8.
31 J. O. Artmann and J. C. Murphy, i~ Proceedings of tlu Fir~1
International Conference on Paramagnetu Resonance (AcademiC
Press Inc., New York, 1963), p. 634; J. Chern. Phys.38, 1544
(1963); Phys. Rev. 135, A1622 (1964).
32 V. A. Atsarkin, Zh. Eksperim. i Teor. Fiz. 43, 839 (1962)
[English transl.: Soviet Phys.-JETP 16, 593 (1963)]; J. E.
Drumheller, K. Locher, and F. Waldner, Relv. Phys. Acta 37,
626 (1964).
30
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is much larger than that found in N aInS2. Thus in the
latter, D cannot be solely a result of the presence of inversion symmetry and nearest-neighbor anion position. Some compensation due to the six in-layer nextnearest In3+ cations seems to be important, too. Considerations of the sign dependence of D on distortion
also favor such a possibility.
First we note that the negative sign of D is in good
agreement with the systematics found for chromium
centers with inversion symmetry, where a compressional distortion of an octahedron along a cubic (Ill)
direction yields a negative D. We mention here the
positive D value reported for Cr3+ in MgO by Watkins
and Feher33 for a uniaxial elongation of the crystal
along a (111) direction. In sign and qualitative agreement with this finding is the optical fluorescence work
of Burns34 on Cr3+ ground state in the garnets, which
also show inversion symmetry. Now equivalent to an
elongation of an anion octahedron is the presence of
a cation ring in a {l11} plane, as is the case in the
layer structure. Thus the effect of compression of the
S-2 octahedron yielding a negative D is partially compensated by the presence of the In3+ "benzene" ring.
In this connection we note that a small and negative
value of D = - 500 G has been reported for Cr3+ in
the layer structure of BiI3.s This value is in good agreement with our result. Neither was the finding of a
small D expected by Bene and White, who made this
investigation.
Starting with zero slope at low temperature, the D
parameter becomes gradually more negative and its
change is linear above 120oK, amounting to aD/at=
-0.86 G;oK. Such a large linear behavior has not
been previously reported for centers in nonlayer structures. Near-linear changes in D at higher temperatures
but of only 0.12 G;oK, with zero slope in the helium
range, have been discussed by Walsh et al.!6 for the
Cr3+-D-V Mg2+ complex in MgO (where V means a
vacancy). These authors showed that for nearly cubic
symmetry the total change in D is due to the thermal
change in lattice parameter, and the "e:\:plicit" vibrational effects cancel to zero.!S Since we are not aware
of any x-ray analysis as a function of temperature on
NaInS2, we are not able to tell whether "explicit"
effects are present here. However, the axial Din NaInS2
at 4.2°K is smaller than that of the Cr3+-o-V M .2+
complex. Therefore, in the present case, the effective
local symmetry approaches the cubic one better than
the charge-compensated complex does. Thus we can
assume that the results of Walsh et al. are applicable
in our case too, and nearly 100% of (aD/aT) is due
to changes in interionic spacing probably along the
c direction. This is even better justified by the seven
33 G. Watkins and E. Feher, Bull. Am. Phys. Soc. 7, 29 (1962).
If G. Burns, E. A. Giess, B. A. Jenkins, and M. L. Nathan,
Phys. Rev. 139, A1687 (1965).
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times larger (a I D IfaT) value for Cr3+ in the layer APPENDIX: ESTIMATE OF AN UPPER LIMIT OF
THE g SHIFT
compound.
Our assignment on the origin of the variation of
We assume that the covalency in octahedral sulfur
D(T) conforms with the one obtained independently
for Mn2+ in CdC12.5 In this layer structure the coordina- environment is not lower than in that of oxygen. Theretion of the MnH is also octahedral, the point symmetry fore the covalency coefficients a and {3 for (1' and 11"
is also D 3d , and the nearest-neighbor (CI) cation and ~onding must be smaller than in Lacroix's calculations,
next-nearest-neighbor (CdH ) anion position is the I.e., we assume a<0.84 and {3<0.93 (see Ref. 16).
An optical band in NaCrS2 at 14700 cm-1 has been
same as that shown for Cr3+ in Fig. 6 for NaInS2. The
observed;
further, a strong absorption sets in at 18600
axial splitting parameter of MnH in powder samples
1.27 If the localized 4A2 chromium levels lie between
cmof CdCl2 was found to vary appreciably with temperatures from D=14.8XlO--4 cm-- I at 200K to -34Xl<r' the 3s-3p sulfur valence band and the 2s sodium concm-1 at 710o K, changing sign near room temperature. duction band, then the first relatively narrow band
This finding was assigned to the anisotropic lattice can be ascribed tentatively to 3d 4A2-4T2 splitting.
The stronger absorption which sets in at 18 600 cm-1
expansion of the CdCl2 lattice which was confirmed by
may
then be assigned to charge transfer between the
an x-ray analysis. 5
(sulfur)
valence band and the localized chromium
Blazey and Rohrer, of this laboratory,7 recentlyobtained from magnetic differential susceptibility meas- 3d 4A2 ground states. The transition to the 2s sodium
urements in NaCrS2 the total uniaxial anisotropy field conduction band should lie appreciably higher.
If these assignments are correct, we can assume a
to be 1.44X 103 G at 4.2°K, This is due to dipolar,
lODq
parameter in NaInS2 of the same order for Cr3+
exchange, and single-ion ligand field terms. The latter
contribution may be estimated from the low-tempera- as in NaCrS2,35 and obtain
ture D value in the nonmagnetic compound. The
_ilg(4T2) < Kilgionio = K8Ajl0Dq =0.023,
lattice constants of the magnetic and nonmagnetic
compounds do not exactly coincide, due to the 0.12-A with A=91.5 em-I, and
larger ionic radius of InH over that of Cr3+. However K =i[2a{3- R( l-a 2) 1/2( 1-(32) 1/2J
the trigonal distortion of the sulfur octahedron at
X [2a{3- (1-a 2 ) 1/2( 1-(32) 1/2J =0.51
3000K as obtained from the x-ray analysis is within
experimental accuracy the same for both compounds. and R=0.31 from Ref. 16.36
For Cr3+ in NaInS2 the charge transfer band between
Thus we can assume that the D value of 0.208X103 G
we found in NaInS2 is, to a certain extent, also repre- the highest occupied (sulfur-type) bonding to the
sentative for Cr3+ in NaCrS2. Because a negative D lowest (3d-type) antibonding orbitals should not occur
was inferred from the low-temperature data, and the at appreciably shorter wavelength than in NaCrS2. We
anisotropy field is positive, we conclude that in NaCrS2 can scale accordingly Lacroix's result for Cr3+ in oxygen
the sum of the dipolar and exchange terms is 1.65 kG, environment, who found with a first charge transfer
I
and roughly -,. of the observed uniaxial anisotropy band at 45 000 cm- and lODq = 18000 em-I, ilt: =
-O.l1ilgionic,
i.e.,
we
assume
field is due to the ligand field effect of the single ion.
E( 'Ya) - E( Ea) = 14 700 em-I,
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COY ALENCY AND HYPERFINE STRUCTURE
CONSTANT A OF IRON GROUP IMPURITIES IN
CRYSTALS
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Abstract- The covalent reduction of the hyperfine splitting A of Mn 2 + and other transition metal
impurities in crystals is interpreted as resulting from the exchange polarization of the bonding orbitals
containing 4s-admixture of the impurity. The calculated unpaired spin density responsible for the reduction of A is composed of two contributions. The first one results from the ligand -+ 4s transfer of
the up-spin electron overcompensating the transfer ofthe down-spin electron. The second contribution is due to the difference between the 4s-radial wave function of up- and down-spin electrons. The
latter effect is shown to be a dominating one on both the theoretical and experimental grounds. The
theory is applied to discuss the relationship of A vs. covalency for 3d transition metal ions in various
hosts. It is concluded that in covalent crystals the 4s-bonding of the impurity dominates over the 3dbonding.

I. INTRODUCTION

HYPERFINE interaction of the isotope 55 of
divalent manganese impurities in a solid was
first reported by Schneider and England in
ZnS [1]. Subsequently van Wieringen [2]
investigated this interaction for Mn 2 + substituted in a number of crystals. He showed
that the hyperfine splitting A depended
strongly on the host lattice. A was appreciably
larger for ionic crystals than for covalently
bonded ones [2].
In the free Mn 2 + with configuration 3d 5
the origin of the hyperfine splitting is the exchange polarization of the inner Is, 2s and 3s
orbitals as first computed by Heine [3] and
Wood and Pratt [4] using the unrestricted
Hartree-Fock method. In fact, due to the
exchange interaction between electrons of
parallel spin of the 3d and inner shell cores
an attractive potential acts. Thus a net antiparallel polarization at the nucleus results,
i.e. A in the isotropic term Jf' = A'SI is negative. Extensive calculations of Watson and
Freemann [5] show remarkable agreement
tOn leave from the Institute of Physics, Czechoslovak
Academy of Sciences, Prague, Czechoslovakia.

with A as extrapolated from the data of the
more ionic compounds. Remarkable because
of the near cancellation of the very large
parallel and anti parallel spin densities at the
nucleus for a particular s-shell. In a free
Mn2+ ion the hyperfine field H hi = -700 kG
which is due to the competition between the
dominant and negatively polarized 2s and the
positively polarized 3s shell [5,6]. The relation between the hyperfine field H hi at 55Mn
and the corresponding hyperfine splitting
parameter A is
A [ cm

_]
1

gN/3N
= - - . H hi = 1·4 X 10- 8 H hf

5

[Gauss]

(I)

where RN and /3N are the nuclear g factor of
55Mn and nuclear magneton, respectively,
and 5 is the total Mn2+ spin (5 = t). Using
(l) the calculated field H hi = -700 kG corresponds toA = -98 x 10-4 cm- I •
The relation between the parameter A and
the bonding in crystals was put phenomenologically on a more quantitative basis by
Matumura[7]. He plotted A vs. Pauling's
covalency parameter derived from the e1ec-
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tronegativity difference between the substitutional manganese and the ligands B,
XMn - XB of the cluster (M n Bn) in a compound
AB. Figure 1 shows such a graph where the
more recent results of A have been included
and the range of covalency has been extended
to include homopolar structures. We computed the covalency in a particular cluster
using the empirical relation of Hannay and
Smyth [8],

First it is seen that A practically does not
depend on the host cations. This is true for
the SrF2-CaF2 , the CaO-MgO series
down to the MgTe-ZnTe one. Such a near
independence on the host lattice was first
noted by MUlier [11] to occur for the hyperfine
structure constant A of Mn H in various oxides,
and ascribed to the dominance of nearestSubsequently,
neighbor
interaction [1 1].
Geschwind[12] showed this to hold to a high
degree of accuracy for Mn2+ as well as Fe3 +
c = }-0·}6 (XMn - XB) -0·035 (XMn - XB)2.
in the MgO-CaO series. This justifies our
approach to consider only cln and XMn-XB
(2)
values of a cluster, and neglect the influence
We note that expression (2) was obtained by of the host cations which may act on A only
utilizing the electric dipole moments of hydro- via different Mn 2 + - B distances due to the
genhalide diatomic molecules as a measure changing sizes of the ions.
Taking the center of gravity of A for a
of the ionic character of the bond. The
electronegativities x were taken from Gordy particular series (MgO, CaO, SiO) the relation
and Thomas [9]. Then following Pauling[IO] between A and the covalency parameter is
the covalency of the cluster was calculated certainly monotonic and except for stronger
covalency linear within the relatively large
by dividing c by the number of ligands n.
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Fig. I. The hyperfine interaction constant A of MnH as a function of the covalency parameter c divided by the number of
ligands. For a reference of A data see Table t in the Appendix.
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uncertainty of cl n resulting from the not very
accurate empirical electronegativity data.
In Fig. 2 the A data of the isoelectronic
Cr+ ion in various compounds are plotted
against cln. Although the amount of available
data is more restricted one infers a linear
relationship to hold for Cr+ into the region of
strong covalency (Si, GaP). In contrast for
Fe3+ the relation of A vs. cln is not linear in
the whole range (Fig. 3). Thus it appears that
the divalent manganese is an intermediate
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tribution of the 4s orbital will be shown to
be important. After the exchange polarization
mechanism had been recognized as a source
of the hyperfine field in the free ion, it was
generally assumed [14] that the reduction
of A was due to the decrease of the 3d
electron spin density at the Mn2+ site due to
covalency. The degree of exchange polarization is proportional to the 3d spin of the atom
and therefore reflects 3d covalency.
Recently Estle and Holton[15] studied the

in Argon matrix
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Fig. 2. The hyperfine interaction constant A of Cr1+ as a function of the c/n ratio. A
table of A values may be found in Ursu I., Resonance Paramagnetique Electronique,
p. 400, Dunod, Paris (1968) (see also reference [17]).

case behaving like Cr+ in the more ionic region
and like Fe 3 + in the more covalent compounds.
A first qualitative discussion ofthe mechanism of covalent reduced A was presented by
van Wieringen [2] and involved covalency
hindered 3s ~ 4s excitation with a partially
occupied 4s orbital [2]. This was at a time
when A was thought to be due to a Fermi
contact interaction for the pure ion with an
admixture of simple 3s ~ 4s excitations, as
also emphasized later by Abragam et al.[13].
Thus the first part of van Wieringen's model
is not useful, but the second one of the con-

superhyperfine interaction of the isoelectronic
Fe 3 +, Mn 2 + and Cr+ ions in several II-VI
compounds. They found to their surprise that
the apparent percentage of delocalization of
the antibonding 3d electrons in the 6S 512 state
to the neighbor atoms was generally of the
same amount of a few per cent as found in
the ionic fluorides [15]. The present study was
initiated by their work because from their
data it appears that the 3d covalency cannot
be the primary cause for the reduction of A.
In view of the original suggestion by van
Wieringen [2] and the calculations of the weak
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Fig. 3. Hyperfine field for Fe'+ vs. c/n (after reference
[191).

covalency by Hubbard et al.[16] where they
found that the admixture of the 48 orbital is
important, we decided to look at the exchange
polarization of the 48 function participating
in the bonding.
In a free atom the 4s orbital extends further
out than the 3d one, thus the 3d exchange
potential causes a large radial deformation
of the parallel spin 4s orbital which induces a
considerable positive 48 spin density at the
nucleus. This exchange polarization is so
large that it practically cancels the negative
spin density due to the inner shells. For the
Mno atom with configuration 3tf54s2 , Kasai
[17] finds from EPR experiments A =-26
X 10-4 cm- 1 only. Thus participation of the 4s
function in filled bonding orbitals will reduce
A to a substantial extent (to about a quarter
of the free-ion value).
For instance, for substitutional manganese
in silicon, A =-40'5x 1O-4 cm -l[18], i.e.
less than half of the value found in ionic
compounds. Of course in the covalent bonding
of a manganese atom substituted into a crystal
we have virtual transfer of electrons from the

surrounding ligands to empty 3d (down-spin)
as well as 48 and 4p <either spin) orbitals. Thus
the covalency degree is strictly a mixture of
the contributions from various shells. However, the results of Estle and Holton[15] and
the remarkable 'linear' relationship between
A and covalency for 3tf5 Cr+ and to a certain
extent Mn2+, suggests that the reduction of A
is in this case proportional to a single covalency parameter, which, in view of what has
been pointed out before, should be related
to the 48 covalent admixture of a cluster.
While this study was in progress Henning
r19J also pointed out the importance of a single
covalency parameter and suggested that the
reduction of A is produced by the exchange
polarization of the bonding orbitals of al u
symmetry. However he obtained a linear
dependence with the covalency parameter
Aal in the MOLCAO function which implies
that A is proportional to the square root of
the covalency in disagreement with the observed linear dependence in Cr+ and Mn2+.
In the next two sections the contribution
investigated by Henning[l9] as well as the
radial 4s-exchange effect are obtained at once
from a perturbation treatment of the exchange
polarization of the bonding orbital. I t is found
that both contributions are proportional to the
4s transferred charge, i.e. proportional to
(Aat>2! However, there is an important
difference between the behavior of these
terms with respect to the dependence on the
bonding-antibonding energy separation. We
find that the radial 48 effect is less dependent
on this energy, and also seems to give a larger
contribution than the polarization effect.
In Section 4(a) the derived expression for
the covalent-induced hyperfine field is discussed in view of the experimentally observed
linear relationship between A for Cr+ and
Mn2+ and its covalent bonding strength.
Changes of the radial shape of 4s- and higher
s-states due to coulomb screening are
considered to explain the linear and partly
linear behavior for Cr+ and Mn2+, respectively, and the nonlinear one for Fe3 +. In
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Section 4(b) we estimate numerically the
covalent-induced Hhf for Mn2+: KMgFa, and
find that the contribution due to the radial 4seffect is about 2·4 times stronger than that
due to the bond-polarization effect considered
by Henning[19].
Section 4(c) is devoted to a discussion of
the systematics of hyperfine field in 3d 3 series.
We conclude the paper with Section 5, where
physical reasons for the relatively strong 4scovalency of transition metal ions in covalent
crystals are discussed.

The presence of the unpaired cf>d+ electron
yields an exchange potential and produces
an unpairing of the 'closed' shell (cf>B +, cf>B-)'
This potential produces a distortion of a
type: cf>B + - ~B'+ so that the resulting Slater
determinant takes the following 'unrestricted'
form,

where cf>B' can be calculated using perturbation
theory (see [20)),

2. EXCHANGE POLARIZATION OF THE BONDING
ORBITALS

In view of the conclusions we reached in
the previous section, we shall assume that
the dominant covalent contribution to A
is due to the exchange polarization of the 4selectrons admixed into the manganese configuration by covalent bonding. To describe
this bonding we use a cluster model composed
of a central manganese ion surrounded by
nearest-neighbor ligands. This model is appropriate because of the small dependence of A
on the cation in a compound, as already extensively discussed in the introduction.
We use the molecular orbital description,
and take account only of the covalent mixing
between the al g combination of ligand orbitals
denoted as ~ L and the 4s-orbital of manganese.
Thus we construct the a\y-bonding orbital

where 14 is the cf>L - cf>4s transfer parameter.
In the 'restricted' Hartree-Fock approximation the orbital (3) is doubly occupied and the
many-electron system we consider is described by a Slater determinant

where (+) and (-) denote the up- and downspin, respectively. For simplicity, we consider only one unpaired d-electron ~d of upspin to be present. It is easy to extend the
results to the real case of five d-electrons.
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(6)

where cf>n are the unoccupied al g states of the
complex which are solutions of the restricted
Hartree-F ock approximation

(cf>dcf>nlcf>~d ) =

e2

f f
dT

dT'

cf> ~(r')cf> ~ (r')cf>B(r)cf>~r)

Ir-r'l

(7)

In the framework of the configuration interaction, expression (6) corresponds to including promotion of a ~B + electron to the excited
states cf>n+ via the exchange potential of ~d +.
At this point it seems useful to refer to the
paper by Henning[19] who took into account
only a single promotion ~B - cf>4, where cf>4 is
the empty antibonding orbital,
(8)

where
(9)

Physically, this type of promotion represents a certain type of exchange polarization of the bonding orbital cf>B with the following features. The attractive d-exchange potential produces a redistribution of the up-spin
density between ~L and cf>48' but leaves the
4s-radial function unchanged. By admitting
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higher (n > 4) terms in the perturbation expansion (4) we allow the 4s electron of upspin to be distorted radially. Since the 4s
electron is mostly 'outside' of the 3d core,
there is an inward attraction of the 4s density
leading to a net positive unpaired s-density.
We neglect the bonding of these excited s
states (Yn = 0) so that the 'antibonding'
states tPn for n > 4 are

We note that in deriving (13) we have
neglected all the integrals containing orbitals
situated on different atomic sites.
The unpaired s-density at the 55Mn nucleus
(r = 0) can be calculated from (12) using
(3) and (10). To see separately the two
polarization effects, it is convenient to break
expression (12) into two parts, as follows:

{tPB)2- (tPB)2
(10)
where

~ N B 2y 4 2[2N4 2 (c!>dE4
c!> 48 Ic!>43c!>d) A..2 (0)
_ EB
0/43

(11)

Of course the tPm are less localized than tP43
but the energy denominators are larger.
Further the covalency of these states is an
unknown parameter which is thus absorbed
later intoY4 and N 4 •
The states tPm are the atomic s-states of
the manganese ion. Since the radial deformation of the 4s-orbital mainly around the
nucleus is important for hyperfine effects,
the set of tPns states must also include the
continuum of the manganese s-states. Thus
the energies En lie rather high above the 4s
state (more than 15 e V as shown later).

In (14) we have used approximation (13)
and assumed N n = 1.
Now, we recognize that the first term
(n = 4) on the right-hand side of (14) is
essentially the contribution of the exchange
polarized bond in the sense of Ref. [19]. The
second term (n > 4) is the effect of radial
4s-polarization. The latter effect should be
quantitatively related to the unpaired 4sdensity in the 3d 54s 2 configuration of Mno. In
fact, a simple physical argument suggests that
the radial 4s-hyperfine contribution should be
given by the product of the hyperfine field of
3. UNPAIRED s-DENSITY AT MANGANESE
exchange polarized 4s-shells in Mno and the
NUCLEUS
probability of 3d 54s 2 configuration. To check
The modification of density of upward the validity of such an argument we apply the
bonding electrons is from (6) to first order perturbation expansion to the 4s up-spin
orbital in Mn o, and obtain
in exchange

By expressing tPB and tPn in terms of atomic
orbitals, tP4& and tPm, respectively, we obtain
for the MO exchange integral in (12) an
'atomic' approximation

where superscript (a) denotes the atomic
energy level.
From this, the unpaired s-density at the
55Mn nucleus is

(tP:UF - (tP43F
s,;

2

L (p~P:~tPt:d)
n>4
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By comparing (16) with the second term
in (14) we see that the above simple argument
does not hold exactly since there is a difference between the denominators of these
two expressions.
As illustrated in Fig. 4, the difference is
clearly due to the fact that in a covalent complex the electrons are "exchange" excited
from the energy level E B , whereas in the Mno
atom the 4s-electrons are excited from the
E 4S level.

n>4

E~

~

-

E~-E~
n=4

---En-E 4
En-EB

d+-

E4 -E B

EL
EB

Fig. 4. The energy levels of a molecular complex (MnB.).
Also shown are the atomic energy levels of the s states
of the manganese ion, denoted by E.a, and the ligand
energy levels (E,).

The difference En - En a (due to the antibonding effect) is quite small (1 eV or so)
and hence the promotion energy in (12) can
be written as follows,

been shown[21] that the charge transfer excited state has a lifetime given by littlE,
where tlE is the promotion energy of the
charge transfer. In our case this energy is
E 4 a - EL = E4 - E B • In the configuration
interaction method, the exchange polarization studied above can be incorporated by
considering the higher-order perturbation
term (second order in transfers, first order in
intraatomic exchange). The reduction then
can be interpreted as due to the finite lifetime
of the electron transferred to the 4s state.
The ~4' - - ~ excitations require a certain
time, longer than hi (En U- E 4U), and thus the
polarization process may be dynamically reduced by the finite lifetime h/E4 - E B •
Obviously, the degree of this reduction of
spin density depends upon the distribution
of energy levels in Fig. 4, and thus is a function of the bonding. We shall revert to this
question in Section 4.
It is useful to rewrite expression (14) in
terms of hyperfine field and take into account
the presence of five unpaired 3d-electrons:
This covalency-induced hyperfine field is
then
tlH cov

=

S; ILB[ (~B)2- (~B)2]

=')'4

2N

En - EB = (E n -E4 )+(E4 -EB)

==

(E na-E4 a)+(E4 -EB).

(17)

B

2 [

2J H
+N4
E24N-E
48
B
4

Hred]
48 2

(18)

where J is the energy difference between
t 4s t (is) and 3d 5 t 4s t (4S) states
of Mn+. H 4• is an average hyperfine field due
to unpaired 4s-electrons in the above two
configurations. We estimate this field from
unrestricted Hartree-Fock calculations of
Watson and Freeman [5] for MnO(Jd 5 4s2).
According to these calculations H 4, t = 1750
kG, H 401 = -1149 kG and we take H4S to be
roughly an average of these two latter values
so that H 48 = 1500 kG. H~~ is the dynamically
reduced hyperfine field of the exchange
polarized 4s 2 shell in Mno. In the "static limit"
(when En - E4 ~ E4 - E B), H 482 goes over to
the free-atom value H 4'1- H 4, i == 600 kG [5].
3d 5

Thus the presence of the term (E4 - E B )
produces a reduction of the radial exchange
polarization as compared to what one expected using unpaired 4s-density in a free
Mn o atom. In addition the second term of (l 4)
is modified by Nn =\= 1 but this has been absorbed into N4 and ')'4'
Some physical insight into this reduction
process can be gained by applying the configuration interaction description to the 4scovalency. The virtual charge transfer ~L
- - ~4' has certain dynamic features, which
have been discussed previously [21]. It has
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4. DISCUSSION

(a) General remarks

Equation (I8) suggests that there should
be linear relationship between the covalent
induced hyperfine field and the total charge
transferred to the 4s-state of manganese.
Indeed, according to (3) this charge turns out
to be
(19)

Unfortunately, this factor is mUltiplied in
(18) by the square bracket which is a function
of various parameters (E4 - E B , N 4 ) dependent upon the degree of covalency. Thus, for
instance, we expect the bonding-antibonding
separation E4 - EB to decrease appreciably
on going from the ionic to covalent compounds. Consequently, both terms in the
square bracket are expected to increase if
other parameters such as c/J4S, c/Jns entering
H 4S2, H~~~ and J are kept constant. However. it
should be stressed that (18) is based on the
first order approximation (12) which isjustified
only if (c/Jdc/JBIc/Jnc/Jd) ~ En - E B. In strongly
covalent compounds E4 - EB may be comparable to J and (18) is not applicable.
From (14) it is obvious that Hr:.d would
experience a weaker dependence on E4 - EB
than 1/(E4 -EB ) (as encountered for the first
term), because of the presence of excitations
E n -E4 in the denominators of (14). To
estimate this dependence quantitatively we
would have to know the effective range of
energies En - E 4 • One possible way of estimating it would be to compare the numerically
computed unrestricted Hartree-Fock wave
function I/J~(r) with expansion (15) and find
the coefficients of such an expansion.
A rough estimate of the lower limit of
En - E 4 . can be made by realizing that the
most important excitations for exchange
polarization are those involving the excited
states of the continuum. Since the ionization
energy of Mn+ is 15 eV, we estimate E n -E4
> 15 eV.
Even if we take the average excitation

energy (En - E 4 ) to be as large as 20 eV we
still expect sizable changes of H~~~ due to
changing E4 - E B • Thus, for instance, in
the case of Mn2+: KMgF3 calculations of
Hubbard et al.[16] indicate E 4 -EB = 30eV.
In very covalent cases we expect E4 - EB to
be comparable to the band-gap which is
certainly less than 10 e V. Consequently.
the average values of the denominators in
(15) may change by about 100 per cent
leading to changes of H~~ ofthat order.
In view of these facts it is quite surprising
that a linear relationship is observed between
A of Mn2+ and Cr+ and the degree of covalency. However, there may be additional
effects compensating the one of E4 - E B .
First. the changes in bonding may be
accompanied by changes of the radial wave
functions c/J48 and c/Jns. Electrostatic screening
by the 4s and 4p charge density causes a
decrease of the hyperfine fields H 48 and H~~~
with increasing covalency. One can make a
rough estimate of the 4s screening effect by
comparing the hyperfine field of the 4s electron with up-spin in MnO(3d 54s 2) and Mn+
(3d 5 4s). The calculations of Watson and
Freeman [5] give H 4.,r = 1750 kG for Mnn.
For the case of Mn+ we use recent EPR
results of Ikeya and Itoh [22] on Mn+:
KCI giving A = 232 X 10- 4 em-I. Assuming
that the core polarization contribution to A
is the same as in a free ion (- 600 kG), we
obtain H 4s t == 2000 kG. Thus about 15 per
cent decrease of H48 is expected on going
from Mn+ to MnO. The 4p screening in 3d 5
4s 4p vs. 3d 5 4s amounts to about 5 per cent
change of H 48 [23]. The changes of E4 - EB
are difficult to assess but certain information
can be drawn from the atomic energy levels
(d 6 ) and (3d 54s) which show an interesting
systematic behavior along the sequence Cr.
Mn+, Fe2+ (see Fig. 5). These configurations
correspond to the charge transfer from the
ligand to the 3d and 4s atomic levels. respectively. It is possible that due to the lowlying (3d 54s) configuration in Cr and Mn+ the
promotion energy E4 - Ell changes less
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Fig. 5. The energy separations between configurations (3d"} and (3d'4s) of the Cro,
Mn+ and Fe2+ ions [24]. The separation between 7S(3d', 4s t) and ·S(3d'. 4s ~ )
states defines the 3d - 4s exchange integral J.

strongly with covalency. The large offdiagonal matrix elements then control the
E4 - EB separation to remain more or less
constant in contrast to Fe 3+. This could explain the fact that the plots of A vs. covalency
also develop a systematic increase in nonlinearity on going from Cr+ to Fe 3 +.
The second possibilityt may be that the
amount of 4s-charge (19) is not a simple linear
function of the covalency degree, which is
defined by the electronegativity difference.
Obviously, the latter difference must be
related not only to the 4s, but also to the 3d
and 4p covalencies. Although the 3d-covalency is found to be rather small, even in
strongly covalent compounds (see [15])
the 4p effect is probably appreciable especially
for tetrahedral bonds.

with the contribution of the exchange polarized
bond.
First let us consider a typical ionic case:
Mn 2 + in KMgF 3, for which we have a theoretical value of (E 4 - E B ) """ 30 eV (see Hubbard
et al.[16]). For J we can use the free-ion value
of 1 eV as given in the atomic energy level
tables [24]. Using H 4S = 150,) kG we arrive
at an estimate

To find a corresponding value of H~e:i we write
the second term in (14) as follows:

]

(b) Numerical estimates

Up to now we have only been concerned
with some qualitative features of the abovederived covalent contribution to the hyperfine
field. N ow we should like to present more
quantitative arguments showing the importance of the 4s-radial effect as compared
tSee Note added in proof.

- (En - E 4 )

+ E4 - ED

2

(cf>dcf>481cf>nsCPd)

cf>n.(O)cf>4S(O).

(21)

In the 'static' limit, (E4 - ED) -- 0 and the
expression (21) then roughly corresponds to
the hyperfine field of the exchange polarized
4s 2 shell of Mn o, which is about +600 kG
(see Section 3). In keeping with the above
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discussion we use (En - E 4 ) = 20 eV, E4 - EB
= 30 e V, and obtain from (19) the dynamically
reduced hyperfine field

H~'i~ = 600 X

=

(En - E 4 )
kG
(En - E 4 ) + E4 - EB
240 kG,
(22)

which is to be compared with the 100 kG
contribution due to the bond polarization.
The importance of the radial polarization
contribution in covalent compounds may be
seen by inspec~ing the EPR measurements
on Mn 2 +, Fe3+ and Cr+ in II-VI compounds.
Estle and Holton [15] find only several per
cent of unpaired total spin summing over all
the ions surrounding the transition metal
impurity. Now it should be realized that the
exchange polarization of the 4s-bond leads to a
negative spin density at the ligands [25]. This
is natural to expect, since predominantly
the up-spin electron is transferred from
ligands to the 4s-state of the transition metal
ion. For example in the case of Mn 2 +: ZnSe
Estle and Holton [15] find A to be about
60 per cent of the free ion value, and if we
wanted to explain all of it by the bond polarization, we should have to assume about 20
per cent of the up-spin to be transferred to the
4s-state. This would then produce 20 per
cent of the total unpaired density on all the
ligands. An accidental cancellation between
the latter and a positive density due to 3dcovalency is improbable because it would
have to occur for all the ions Fe 3 +, Mn 2 +
and Cr+; especially if one refers to the
relative 3d 5 4s and 3d 6 level positions shown
in Fig. 5. We conclude that the exchange
polarization of the 4s-bond must be much less
than 20 per cent and hence cannot be the
dominant cause of the strong reduction of A.
This indirectly proves that the 4s-radial
effect must be dominant in strongly covalent
compounds. It produces a sizable density at
the Mn-nucleus without leaving appreciable
spin densities at the ligands. Quantitative
estimates of the bond polarization and 4s-

radial effects in covalent compounds cannot
be safely made because of the lack of knowledge of the parameters entering [18].
In addition, the theory presented in Sections
2 and 3 neglects the effects of the overlaps
between ligands and inner s-shells of the metal
ion. As shown earlier in connection with
isomer shift of 57Fe, these overlaps lead to an
increase of the effective 4s-density[26].
This should produce an amplification of I:lHcov ,
quite strong in ionic compounds, but difficult
to estimate in the covalent compounds.
(c) 3d 3 in octahedral surroundings
The isoelectronic series of va, Cr3 + and
Mn H is a particularly interesting example
where the insight gained here can be applied
quantitatively. Geschwind [12] has pointed
out that the hyperfine field H Cp practically
does not vary from V2+ to Mn H in oxygen
octahedral environment. This value amounts
to H cp =-193±1'5kG per spin, if the
small orbital contribution of the order of
3-5 kG is subtracted from the experimental
value. This may be compared with the
calculations of Freeman and Watson [27]
for the free Mn H ion giving Hcp(Mn H ) =
-1%kG.
We start with the interesting case of Mn H .
Freeman and Watson [27] calculated the net
spin density at the nucleus of manganese as a
function of ionization (per spin). The 3d
functions are more contracted for the larger
ionization stages. This yields a more positive
3s exchange polarization and reduces the
net negative spin density leading to a decrease of the magnitude of the net core
polarization with ionization degree. Geschwind and coworkers [28]. have taken the
experimentally observed smaller values of A
for Mn H as evidence for this trend. However.
they overlooked an important point. In the
oxides, a four-valent 3d 3 ion shows appreciable
3d covalency coming mainly from the
(T-bonding e g orbitals (the antibonding ones
not being occupied). This reduces the charge
on the manganese ion. and consequently the
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above-mentioned contraction of the three
occupied antibonding 3d functions is decreased. Thus the positive 3s exchange
polarization is reduced compared to the free
Mn 4 + value.
A quantitative estimate of the net charge
reduction of the Mn H ion can be made by
using the computed covalency factor by
Lacroix and Emch [29]. They found for
MnHOs P<I = 38 per cent for ell orbitals,
and P 7T = 15 per cent for t 2g orbitals including
overlap (Pi being the probability of 3d
occupation). The outflow of charge due to the
three occupied t 2g antibonding orbitals is
approximately compensated by the inflow
of the corresponding charge of 3 bonding
t2g orbitals. The latter is, however. occupied
by six electrons. and we obtain an inflow of
3(-O·15e)=-0-45e. The reduction from
four (J' bonding e g orbitals is 4(-O'38e) =
- 1·52e.
Hence a charge reduction due to 3d covalency of about - 2e is present. t It should
be noted , however, that this strong charge
reduction comes mainly from nonmagnetic
bonding orbitals and is thus accompanied by
only a slight 3d spin reduction (= 15) per
cent). This means that the exchange polarization of a Mn H in an oxide environment should
behave as a free Mn 2 + ion with Hcp - - 285
kG per spin instead of -200 kG (if 4s covalency and 3d spin reduction is neglected).
We have thus to explain the considerable
reduction observed (which is larger than that
found for Mn2+ in oxygen environment).
We can do this quantitatively by assuming
again that the exchange polarization of the
bounding alii orbital is the cause of the
reduction. Because it should be close to that
of Mn 2 + we can use the gauge curve of Fig. 1
with the hyperfine field per spin for Mn 2 +
in MgO neglecting a small 3d-covalency of
Mn 2 +: MgO. From Fig. 1, Hcp = -235 kG;
this value is further reduced owing to the loss
tThe 3d charge reduction is also reflected in the larger
electronegativity of M nt+ as compared to that of MnZ+ .
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of spin density of 15 per cent due to the
7T-bonding of the occupied antibonding t211
orbitals, and yields 200 kG in good agreement
with the measured values.
On the other side of the 3cf3 series is V2+
which we now discuss. From the experimental
hyperfine data of V2+ and Mnz+ in the most
ionic compounds, the fluorines, it is found that
the field per spin H exp(Vz+) is 12 per cent
smaller than Hexp(Mn2+). This scales with the
theoretical values for inner core polarization
hyperfine fields in the neutral VO and Mn O
atoms (V2+h.f. core polarization calculation
not being available). Assuming that actual
free-ion values have the ratio of H exp(V2+)!
H exp(Mn 2 +) of fluorines, and using the
extrapolated free H value for H(Mn2+)
= 285 kG (Fig. 1 and equation (l)), we obtain
a value of H(Vz+) = - 250 kG for the free V2+
ion. Since the experimental hyperfine field
V2+ in MgO is near 200 kG, a reduction of
about 20 per cent is found as compared to
17·5 per cent for Mn2+ in MgO. Ifwe assume
that the reduction is due to the same admixture of 4s vanadium and manganese wave
functions in the bonding al g orbitals this is in
line with our theory for the following reasons:
the electronegativities are the same for both
ions, and the positive exchange polarizations
per spin of the 4s shell for neutral vanadium
and manganese atoms coincide within 10
per cent [5]. Thus if we assume that the
covalency deduced from the electronegativity
differences is proportional to the 4s electron
admixture in the a lg orbital the result is
obvious.
Similar considerations can be made for
central hyperfine interaction parameters of
transition metal ions for which less complete
data are available.
S. CONCLUSIONS

The major conclusion to be drawn from the
present study is the observation that the 4sbonding dominates over the 3d one. This is
true at least in the very covalent crystals and
for tetrahedral coordination, where sizable

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

84

1038

E. SIMA.NEK and K. A. MULLER

reductions of A are accompanied by small
3d-covalency. This is quite an interesting fact
from the point of view of the theory of
covalency: especially because recent a priori
calculations of covalency in highly ionic
KMnF a indicate quite small (and smaller
than for 3d) 4s-transfer[l6]. It appears that
the relative amount of 4s-bonding increases
on going to more covalent crystals, and the
4s orbitals contribute appreciably to the
electronegativity of the transition ions.
However, we have to point out that this
observation should not be considered as a
general rule for all transition metal ions. In
the 4d and 5d series, the d-orbital covalency
may play an important role for central
hyperfine structure constants. OUf results
have been obtained using a quite simple model
[30} and physical arguments rather than
rigorous calculations of the complete system
which is at present not accessible. Thus
this does not exhaust all possible contributions.
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Appendix: Table 1
-A
Compound
CaF.
SrF 2

x 10'cm- 1
95·3±0·2
95·2± I
94·9± I
92·5±0·5

KF

92·9±0·1
92·5± 1·5
91·0±0·5
9O·7±0·3

MgF.
SrCI.

90·6

CaO

81'6±0·001

MgO

81·5±0·2

SrO

80'9±0'2

87 ·4

79·8
NaCl
MgClz

82·3±0·3
82·0± 1·0

KCL
CdC I,

81·8±1 ·0
81·5±0·2

LiCI

81 ·4±0·4
80·8±0·5
80·0±0·5

AgCl

MgAl,O.
ZnO

75·6±2
75·7±2
75·4±0·6
75·0±0·05

ZnAI.O,

74·9±0·5

CaS

76·8

SrS

76·8

MgS

74·8

CaSe

74·05

MgSe

71·2

AgBr

T
Reference

("K)

SERWA YR. A., Phys. Lett. 26A, 642 (1968)
VINOKUROV V. M. and STEPANOV V. G ., Soviet
Physics-solid State 6,303 (1964)
DRUMHELLERJ. E.,J. chem. Phys. 38, 970(1963)
77
RANON U. and STAMIRES D. N., Chem. Phys. Lett.
300
2, 286 (1968)
HALL T. P. P., HAYES W., STEVENSON R. W. H. and
77
WILKENSJ.,J. chem. Phys. 38 1977 (1963)
OGAWA S.,J. phys. Soc. Japan 15, 1475 (1960)
300
300
HALL T. P. P. , HAYES W., STEVENSON R. W. H.
and WILKENSJ .,1. chem. Phvs. 38,1977 (1963)
CLOGSTON A. M., GORDON J . P., JACCARINO V.,
77
PETER M. and WALKER L. R., Phys. Rev. 117, 1222
(1960)
300
MATUMURA O.,J.phys. Soc. Japan 14,108(1959)
DOBROWOLSKI W., JONES R. V. and JEFFRIES
20
C.D.,Phys.Rev. I04,1378(1956)
GESCHWIND S., In Hyperjine Interactions (Edited by
4·2
A. J. Freeman and R. B. Frankel), p. 225. Academic
Press, New York (1967)
GESCHWIND S. , In Hyperjine Interactions (Edited by
4·2
A. J. Freeman and R. B. Frankel), p. 225 Academic
Press, New York (1967)
GESCHWIND S., In Hyperjine Interactions (Edited by
4·2
A. J. Freeman and R. B. Frankel), p. 225 Academic Press
New York (1967)
KOGA H., HORAI K. and MATUMURA 0., J. phys.
300
Soc . Japan IS, 1340 (1960)
WATKINS G . D ., Phys. Rev. 113, 79 (1959)
300
20-300 HALL T. P. P., HAYES W. and WILLIAMS F . 1. 8.,
Proc. Phys. Soc. 78,883 (1961)
300
WATKINS G. D.,Phys. Rev. 113, 79 (1959)
HALL T. P. P., HAYES W. and WILLIAMS F. 1. B.
20
Proc. Phys. Soc . 78, 883 (1961)

-0

300

300
300
77

WATKINS G. D., Phys. Rev. 113, 79 (1959)
SCHNEIDERJ . and SIRCAR S. R., Z. Naturi 178,155
(1962)
20-300 HA YES W., Disc. Faraday Soc. 26, 58 (1959)
20-300 HENNIG K., Phys. Status Solidi 11, 795 (1965).
WALDNER F., Helv. phys. Acta 35, 756 (1962)
300
HALL T. P. P .• HAYES W. and WILLIAMS F. 1. B.,
20
Proc. Phys.Soc.78.883(1961)
STAHL-BRADA R. and LOW W. Phys. Rev. 116. 561
300
(1959)
AUZINS P., ORTON J. W. and WERTZ J. E .. In Para77
magnetic Resonance I Jerusalem Coni (Edited by W.
Low). p. 90. Academic Press. New York (1963)
AUZINS P., ORTON J. W. and WERTZ J. E., In Para77
magnetic Resonance I Jerusalem Coni (Edited by
W. Low), p. 90. Academic Press, New York (1963)
77
AUZINS P., ORTON J. W. and WERTZ J. E .• In Paramagnetic Resonance I Jerusalem Coai (Edited by
W. Low). p. 90. Academic Press New York (1963)
77
AUZINS P .. ORTON J. W. and WERTZ J. E. In Paramagnetic Resonance I Jerusalem Coni (Edited by W.
Low), p. 90. AcademIC Press New York (1963)
300
MATUMURA O .. J. phys. Soc. Japan 14.108 (1959)
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Table 1 (cont.)
Compound

-A
x 10" cm- 1

CaTe
CdS

67·2
66'0±0'1

300

ZnS

64·5±0·1

77

CdSe

62·2±0·1

77

62·2

77

ZnSe
MgTe
CdTe
ZnTe

61·7±0·1
58·l
57·5
56·5

T

(OK)
77

77

300
4·2
4·2

56·2

10

GaP

55

10

GaAs

52·3

77

52·4±0·5

77

Ge
Si

42·6±0·3
40·5

1,5-77
4·2

Reference
MATUMURA O.,J.phys. Soc. Japan 14, !.08 (1959)
SCHNEIDER J., SIRCAR S. R. and RAUBER A., Z.
Naturf. lBa, 980 (1963)
SCHNEIDER J., SIRCAR S. R. and RAUBER A.,
Z. Naturf 18a, 980 (1963)
SCHNEIDER J., SIRCAR S. R. and RAUBER A., Z.
Naturf lBa, 980 (1963)
KUNH S., TOBITA S. and HIRAHARA E., J. phys.
Soc. Japan 21, 479 (1966)
TITLE R. S., Phys. Rev.l3I, 2503 (1963)
MATUMURA O.,J. phys. Soc. Japan 14.108 (1959)
TITLE R. S., Phys. Rev. 131, 2503 (1963)
KIKUCHI C. and AZARBA YEJANI G. H., J. phys.
Soc. Japan 17, Supp/. B-1 453 (1962)
WOODBURY H. H. and LUDWIG G. W., Bull. Am.
phys. Soc. 6, 118 (1961)
WOODBURY H. H. and LUDWIG G. W., Bull. Am.
phys. Soc. 6, 118(1961)
ALMELEH N. and GOLDSTEIN B., Phys. Rev. 128,
1568 (l962)
BLEEKRODE R., DIELEMAN J. and YEGTER H. J.,
Phys. Lett. 2, 355 (1962)
WATKINS G. D .• Bull. Am. phys. Soc. 2, 345 (l957)
WOODBURY H. H. and LUDWIG G. W., Phys. Rev.
Lett. S, 96 (1960)
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Ie. Unusual Phenomena in the Linewidth and Defect Centers
Normally, the width of EPR lines increases as a function of temperature owing to the spin
lattice interaction because the relaxation times become shorter. In MgO the widths of the
Fe+, Fe3+, and Mn2+ lines were found to decrease to a minimum first and then increase
[leI]. This was quantitatively shown to arise from dipolar interaction with Fe2+ ions, which
relax faster upon heating and occur in large concentrations. Such phenomena are normally
only observed in nuclear magnetic resonance (NMR) experiments. By irradiating SrTi0 3
with neutrons [IC 2], a new defect center was detected and analyzed in detail: A Ti 3+
ion off-center near a Sr2+ site, of interest in subsequent perovskite defect studies. In this
respect, holes trapped (small polarons) near Mg2+ and Al3+ impurities on Ti4+ sites are
also included; here the holes provide charge compensation for the effective negative defect
present [lC 3]. Later also a hole trapped near an Fe2+ center was found. The symmetry
of the EPR spectra of the latter differs from that of Mg2+ and Al3+ [lC 4 ]. In BaTi03,
Na+ -0- and K+ -0-, small polaron centers (holes) were found [ICs].
The last paper included in this chapter illustrates some of the applications possible
with EPR. Ceramic supports for VLSI circuits, such as multilayer ceramics in the central
processors of computers, often are sintered alumina. The A1203 particles in these ceramics
have a pancake-like shape. Depending on the sintering procedure, these particles stick
together with random orientation or are stack-oriented. Because Cr3+ occurs in relatively
large quantities at the Al3+ site as an impurity, its EPR spectrum can be recorded and
the orientation of the particles inferred [IC 6 ]. This application of EPR has been used in a
number of cases to determine the state of a material, especially for glassy nuclear waste.
lC I . The temperature dependence of the linewidth of iron group ions in MgO, A.M. Stoneham, KA. Muller and W. Berlinger, Solid State Commun. 10, 1005-100S (1972).
(p. 88)
IC2. Defects in neutron-irradiated strontium titanate: Ti3+ "off center" on a Sr2+ site, O.F.
Schirmer and KA. Muller, Phys. Rev. B 7, 29S6-2995 (1973). (p. 92)
IC 3. Holes trapped near Mg2+ and Al3+ impurities in SrTi03, O.F. Schirmer, W. Berlinger
and KA. Muller, Solid State Commun. 18, 1505-1508 (1976). (p. 102)
IC 4 . Electron paramagnetic resonance of photo chromic Fe 2+ -0- in SrTi03, Th.W. Kool
and M. Glasbeek, 1. Phys.: Condens. Matter 5, 361-370 (1993). (p. 106)
IC s . 0- holes associated with alkali acceptors in BaTi0 3, T. Varnhorst, O.F. Schirmer,
H. Krose, R. Scharfschwerdt and Th.W. Kool, Phys. Rev. B 53, 116-125 (1996).
(p. 116)
IC 6 . Characterization of particle orientations in ceramics by electron paramagnetic resonance, F. Mehran, K.A. Muller, W.J. Fitzpatrick, W. Berlinger and M.S. Fung, 1.
Am. Cemm. Soc. 64, C129-C130 (19S1). (p. 126)
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THE TEMPERATURE DEPENDENCE OF THE LINE-WIDTH OF IRON GROUP IONS IN MgO
A.M. Stoneham
Atomic Energy Research Establishment, Harwell, England
and
K.A. Muller and W. Berlinger
IBM Zurich Research Laboratory, 8803 RUschlikon, Switzerland
(Received 25 December 1971 by J.L. Olsen)

The linewidths of the paramagnetic resonance lines of Fe1+ , Fe3+
and Mn2+ in MgO decrease as a function of increasing temperature
in the helium range. This decrease appears to result from a motional
narrow ing of the contribution to the linewidth from dipolar interaction
with Fe2 + ions as the Fe2 + relaxation rate becomes comparable with
the frequency width of the line studied.

THE WIDTHS of electron spin resonance lines in
solids provide a measure of the interactions
between the magnetic ions and, at elevated temperatures, of spin lattice relaxation rates. Generally linewidths increase monotonically with
temperature. We have found that the linewidths
of Fel+ , Fe 3 + and Mn 2 + in MgO all decrease first
as a function of temperature. Here we interpret
this decrease in terms of a motional narrowing
of the dipolar broadening due to Fe 2 + also present
in these crystals with one order of magnitude
larger concentration, and we verify the explanation quantitatively.
A single side-band superheterodyne K-band
spectrometer working near 19.4 GHz with a
cylindrical TE 011 mode cavity was used in the
temperature range from 4.2 to 300 o K. Stable temperature settings were assured with a 2.1 at. %
AuCo-copper differential thermocouple in conjunction with a propertional heat controller. It
consists of a Dial-A-Volt constant voltage source,
Keithley 149 milli-microvoltmeter and a Hewlett
Packard 6963A power supply for the heater on the
covity. A cold-finger cooling system was employed.

The derivatives of the absorption lines were
recorded on an x-y plotter then the peak-to-peak
separation evaluated. Furthermore, care was
taken not to saturate the signals in the low temperature range (over 80 dB attenuation at 100 mW
input power. The samples used were machined
from nominally 'pure' optical MgO single crystals.
They were 1.3 x 1.4 x 6 mm in size with the long
axis OrIented parallel to a [110] crystal direction. The latter was aligned parallel to the
rotation axis of the 9" Varian magnet. The data
shown in Fig. 1 are for H II [111]. For this direction there is no strain broadening for the Fe 1 + ion
due to an accidental vanishing spin lattice interaction coefficient go = 2g•• ' in MgO. Thus the
total width at 4.2°K is due to dipolar broadening.
Approximate impurity ion concentrations were
obtained by measuring at 300 0 K the ± 1/2 lines
of Mn2 + in the sample MgO and those of a Mn 2 +: ZnS
standard of the laboratory, from which n
(Mn2 +) = 1.2 xlO'8 cm- 3 was obtained. Then the
relative intensity of the Mn2+: MgO line was compared to those of Fe H at 77~ and the latter to
those of Fe1+ and Fe 2 + at 4.2'K. Taking into
account the different g-values and transition
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1006

probabilities this yie lded n (Mn2 +) : n (Fe 3+) :
n(Fe1+):n(Fe2 +) = 1:2:(0.7±0.2):(8±4).

6

H II [111J

Vol. 10, No. 11

that the minimum appears because the contribution of Fe2 + to the dipolar broadening is greatly
reduced when the Fe 2 + relaxation rate becomes
sufficiently fast. A similar effect may have been
seen before in electron spin resonance,Sbut in
this case the effect was inferred, rather than
observed directly.
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FIG. 1. Linewidth narrowing as a function of
temperature of the ± 1/2 lines of Fe1+ , Fe 3 +
and Mn2 +as well as + 112 -> + 3/2 and - 3/2
-> - 5/2 of Fe 3+ for H II [1111 in MgO containing
(1 ± 0.5) x 10'9 cm- 3Fe 2 + ions.
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At low temperatures (below about 15°K) the
line widths are primarily determined by the
dipolar interactions between magnetic ions in the
crystal. In this limit the line widths should be
temperature independent. At higher temperatures,
above 30 0 K for Fe1+ , the line widths are determined by spin-lattice relaxation, and increase
rapidly with temperature. In both these limits the
broadening mechanis ms are well understood, and
agree quantitatively with theoretical estimates.
Thus the Kittel-Abrahams method' and the estimates of defect concentrations give reasonable
estimates of the line-width at low temperatures.
Similarly, standard spin-lattice relaxation theory 3
and the observed spin-lattice coupling coefficient
for MgO: Fe1+ , give a relaxation rate consistent
with the observed Orbach process. 4
At intermediate temperatures, however, the
linewidths show for Fe'+ and Fe1+ minima; it is
this novel feature we discuss here. We propose
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FIG. 2. Comparison of linewidth behavior of
Fe 1+ resonances at g = 4.15 for HII [111] in
MgO for our sample containing 10'9 cm -3Fe 2 +
and the res ults of Bennett containing less than
2.7 x 10'"cm- 3Fe2 + ions, respectively.
To illustrate the effect, consider the linea spin species I, in the presence
of fast relaxing spins S. The spins 1 undergo
transitions every Tobs'V h/ (gJf3~ Hobs ), on
average, as a result of dipolar interactions and
spin-lattice relaxation. At low temperatures the
spin-lattice relaxation time spins S, Ts is much
longer than Tobs, and these spins contribute to
the dipolar broadening of the 1 resonance line.
As the temperature is raised, Ts decreases. When

width,~Hobs,of
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78 is much shorter than Tobs the spins S make many
transitions among their various spin states between
each transition of spins I, and their contribution
to the dipolar broadening averages to zero.
Simple interpolation formulae exist to describe
the effect,6

1 )2 (1 2
(TOb~(T)) ( (7) + o'1[s(O))
. 3. tan-' (a ts (T))
n
T

Tother

T~ts(T)

in which a is of order unity. More sophisticated
forms are possible, with essentially the same
physical content, but this will suffice for our
purposes.
The model may be verified in several ways.
First, all three ions studied should show the
decrease in linewidth at comparable tempetatures,
with only small differences which reflect differences in g-factors and spin. To within the
accuracy of measurement the linewidth reductions
become appreciable in the same range of temperature, about 20oK. Secondly, this temperature
can be estimated by equating observed spinlattice relaxation rates7 to ~bs' The spin-lattice
relaxation rate is varying very rapidly in the
appropriate temperature range, and the differences between the various measured rates are
not important. We find the narrowing should
become appreciable between 20 and 25°K. Thirdly
we may estimate the extent of the linewidth
reduction using the theory of reference 2 extended
in a simple way to deal with unlike spins on a
lattice which is face-centered cubic. The
measured concentration of Fe 2 + is about (1 ± 0.5)
x 1O-'9/ cm'(190 ppm). The predicted dipolar
broadening from Fe2 + alone is comparable with
the observed linewidth reductions of 0.6 G
(Mn2 +), 1.2 G (Fe3+) and 1.7G (Fe1+). For
Fe' + the whole width can be assumed to come
from dipolar interactions for a [111] magnetic
field.
Bennett 4 recently measured the spin relaxation rates of Fe'+ in MgO. He did not find a
line broadening on lowering the temperature for
Fe'+ in samples containing less than 50 ppm Fe 2 +,
i.e., a concentration of less than 2.7 x 10,s/cm'.
This means roughly an order of magnitude less
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than the Fe2 + concentration present in our sample
As the sensitivity is about 0.05 G and the broadening effect is of the order of 1 G these
numbers are consistent. Figure 2 compares his
and our results.
Finally, we observe that the only other
explanations of the minimum of which we are
aware do not appear to explain the observations .
The first also invokes a reduction in the dipolar
broadening from another spin species. Blume B
has observed that the populations of the energy
levels of these other ions J may change with
temperature. If the excited J states are less
effective in dipolar broadening than the states
of lower energy, narrowing should occur as the
temperature is raised. Whilst there may be species
present in iron doped MgO with energy levels
separated by suitable amounts 9 they do not appear
to be present in a sufficient concentration for
this mechanism to be comparable with the one we
have proposed. Kemple and Stapleton10 have
observed this mechanism of linewidth reduction
recently for Ho'+ in yttrium ethyl sulphate.
A second explanation, proposed to us informally on several occasions, interprets the minimum as a result of convolving the Gaussian
dipolar-broadened lines with the Lorentzian
contribution from spin-lattice relaxation; the
argument is that the peak-peak separation of
the derivative of the convolved line shape should
pass through a minimum as the Lorentz contribution increases from zero. We have verified
analytically that this explanation is not valid.
In conclusion, the minimum in the electron
spin resonance linewidths studied occurs because
that part of the dipolar contribution to the width
from fast relaXing spins is motionally narrowed
when their spin lattice relaxation rate becomes
sufficiently fast. This appears to be the first
case in which this effect has been verified in
electron spin resonance, although analogous
phenomena have been seen in nuclear magnetic
resonance.6 As fast-relaxing impurities are
strongly coupled to the lattice, they are sensitive
to lattice strains and generally have linewidths
which are so large that low concentrations of
them are hard to detect. It is possible that the
existence and extent of minima in the widths of
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them are hard to detect. It is possible that the
existence and extent of minima in the widths
of slowly-relaxing spins may be used to estimate
concentrations of fast relaxing ions also present.
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Die Breiten von paramagnetischen Resonanzlinien von Fe1+ , Fe 3 +
und Mn 2 +lonen in MgO verschmalern sich in Funktion der zunehmenden Temperatur im Helium Bereich. Diese Abnabme resultiert aus
der Bewegungsverschmalerung der Linien-breite, welche aus der
Dipol-Wechselwirkung mit Fe2 + lonen herruhrt. 1m gesamten Bereich
wird die Relaxationskonstante vergleichbar mit der Frequenzbreite
der unters uchten Linien.
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Nominally pure SrTi03 crystals show. after irradiation with fast neutrons. paramagneticresonance (EPR) spectra arising from Ti3+ ions on Sr2+ sites. Because of its smaller radius.
the Ti3+ sits "off center". In the tetragonal low-temperature phase of SrTi0 3 (T < Tc '" 105 K)
it moves towards one of the twelve surrounding oxygen ions roughly 0.03 'A in a direction
perpendicular to the domain axis. This is proved by the response of the EPR spectra to the
application of external electric fields. For T > Tc Simultaneously another Ti 3+ spectrum is
seen. which results from a partial averaging of the low-temperature spectrum. The coexistence of both types of spectra is attributed to the critical dynamics of the fluctuations of
the order parameter cp near Te. For T=(T c +4) ± 0.5 K a frequency spread of t.v=3. 5X10 8
Hz is obtained corresponding approximately to the width of the central mode.

I. INTRODUCTION

In this paper, paramagnetic-resonance (EPR)
spectra of a Ti 3 + center are reported which are observed after fast-neutron irradiation of undoped
"pure" SrTi03 • They are identical to those previously observed by van Engelen and Henning! in
one sample of reduced SrTi03 • These authors,
however, did not give a definite interpretation of
the spectra. We show here that they result from
a Ti 3> ion on a Sr 2 + site. The titanium ion is not
found at an ideal lattice position but is moved off
center towards one of the 12 surrounding oxygen
ions. The assignment of the center was accom-

plished by investigating the spectra above and below the cubic-to-tetragonal phase transition of
SrTi03 at Tc'" 105 K 2 and by observing the change
of the EPR spectra when external electric fields
were applied.
It is seen that the orthorhombicity of the centers
observed in the tetragonal low-temperature phase
is caused by the tiltint of the oxygen octahedra.
However, in contrast to the response of all other
paramagnetic centers in SrTi03 , this orthorhombicity does not follow the order parameter <p but
changes to zero at Tc in a rather abrupt manner.
This is a consequence of the more indirect coupling
between center and lattice and gives the opportunity
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to compare the number of Ti 3+ surroundings where
a tilting larger than a critical angle CPo prevails for
a certain time with those where cp < CPo. Because
of the fluctuations in the order parameter, both
types of Ti3+ environments are simultaneously
present in the crystal from near To up to Tc + 40 K.
This result is compatible with other information on
the structural phase transition of SrTi03 • Z-t
The center reported is a member of a class of
defects in perovskite-type crystals which all show
low symmetry although the nominal site symmetry
in the high-temperature phase is 0h' A comparison with such centers is given at the end of the paper.
II. EXPERIMENTAL

The nominally pure SrTiOa crystals used in this
study were obtained from the National Lead Co.
Some of the specimens were cut in a form yielding
a monodomain behavior below Tc. 5 They were
irradiat€;u with fast neutrons (E '::0.1 MeV) to a
total flux of -10!7/cm z. During irradiation the
crystal temperature was (125 ± 5) °C.
The EPR spectra were taken at 9 and at 20 GHz.
The resonances treated here could be enhanced by
a factor of about 2 by shining the Ught of a highpressure mercury lamp, filtered with a 4-mm
Schott KG 1 filter to reduce the ir content, onto
the crystals. (By this procedure the signal intensity of the substitutional Fe 3+ impurities, also present in the crystals, was reduced. )

2987

domain axis and/or reflexion at the [001] mirror
plane of the crystal structure. Twelve lines are
observed in a 3D crystal because of the equivalence
of the three possible domains.
The hyperfine (hf) splitting was best resolved for
line b in Figs. 1 and 2. Here A!7 = 13. 50(5) x lO-t
cm -1 for Tit7 (I = i; 7.75% natural abundance) and
A!9= I3.4(5)xIO- t cm-! for Tit9 (t-; 5.51%). The
other parameters are A~7 = I6.4(4)x10- t cm-1 ; A!7
=2.7(I)xlO- 4 cm-1 • The parameters given in Ref.
1 have to be multiplied by g/2.0023 to be consistent
with those listed here.
The intensity of the Ti 46.48,50 (I = 0) line relative to
the hf-split resonances allows the conclusion that
there is hf coupling with only one Ti nucleus in each

Fe 3 + Cr3+
Ti 3 +

! I
0

(0)

no uv

a

(b)

uv (Hg-Iamp.
ir filtered out)

b

III. EXPERIMENTAL RESULTS

A. T<T,

In a three-domain (3D) crystal the spectra [see
Fig. 1(a) for an example] consist of 12 lines for a
general orientation of the static magnetic field lFig.
2(b). Four of these resonances are strongly enhanced in a monodomain (ID) crystal. If the magnetic field is rotated in a plane perpendicular to the
domain axis, they appear as those marked heavily
in Fig. 2(b). The angular dependence of the center
in the ID crystal can be best understood by assuming an effective spin S' = t. In a 3D specimen one
thus deals with 12 equivalent centers showing orthorhombic symmetry with g. = 1. 9945(5), gx
= 1. 9228(5), g. = 1. 8530(5). As concluded from the
angular dependence in a 1D crystal, the z axis of
a representative member among these 12 centers
nearly coincides with a pseudocubic [100] axis lying
perpendicular to the domain axis. It is tilted from
this direction by 2.5 0± 0.10 towards the domain axis
[001]. This tilting angle is independent of temperature if T < Tc (Fig. 3). The y axis includes this
same angle with the domain axis [001] while x lies
along [010]. In one domain there are three more
magnetically inequivalent centers originating from
the one described by fourfold rotation around the

c

,~
I

3200

I

3300

3400

3500

H (G)

FIG. 1, ESR spectra of a monodamain SrTiO a crystal,
irradiated with fast neutrons, for H 11 [100] (perpendicular
to domain axis), v =9.1 GHz. (a) 77 K, no uv irradiation.
The origin of the lines is indicated by the following symbois: Fe 3+: +! - -! transition of substitutional Fe 3+;
Ti s-: Ti 3+ on a Sr2+ site; er3+: resonance of substitutional
er3+; x: different neutron-induced centers. (b) Same
spectrum at 77 K after uv irradiation. (c) Same spectrum
at 111 K after uv irradiation. Lines b and 0' are shown
separately, taken with higher modulation amplitude.
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FIG. 2. Angular dependences of the resonances of Ti s+on a Sr2+ site for a rotation of H in a (001) plane. (a) Axial
part of spectrum observed at 113 K with a monodomain crystal. (b) Orthorhombic spectrum taken at 77 K. The strong
lines mark resonances which are strongly enhanced in a monodomain crystal.

center.
If an electric field is applied to a 3D crystal along
a pseudocubic [lOOl-type axis parallel to the static
magnetic field, the intensity ratio of lines b and a
in Fig. l(a), Ib/I., decreases with increasing field
at 77 K in the manner shown in Fig. 4. The ratio
Ie/I. falls down in a similar way, but the decrease
is significantly steeper.
B. T>T

c

On'raising the temperature to Tc and above the
lines become broad and a new line, Ci in Figs. 1(c)
and 2(a), appears between band c for HII[IOO],
which belongs to a center having axial symmetry
around the, now ideally, cubic [iOOl-type directions
of the crystal [see Fig. 2(a)l. The g values of these
centers are gil = 1. 9940(30) and gJ. = 1. 8905(10).
Whereas the line at g. = 1. 9945 was not observed in
the low-temperature spectra and for H along the
domain axis, the corresponding value got = 1.9940 is
now also seen for this orientation of the static field.
While these new axial spectra appear, the intensity of the orthorhombic ones decreases. The intensity ratio of lines band 01, Ib/lo., is shown in
Fig. 5. The coexistence of both types of centers
near T. can be seen by inspecting Fig. 6. It is
seen that line Ci, though rather broad, is present
below Tc already. Near To, line b is seen to split
into two components, one of which, (3, shows a de-

creasing g value. At present, the origin of this
line is not understood. In the range Te < T < To + 2 K
the structure between lines band Ci cannot be resolved definitely into separate components.
IV. INTERPRET AnON
A. Model of Center

As already pointed out by van Engelen and Henning,l the resonances are due to Ti 3+(3d1 ); the lines
are too sharp to belong to the non-Kramers configuration Ti2 + (d 2 ). The possibility of a Tf ion is
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FIG. 3. Temperature dependence of the tilting angle
,. as compared to that of the mean value of the order
parameter 'P.
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FIG. 4. Dependence of the
intensity ratio of lines a and b,
IblI. (Fig. 1) and a and c, Ie/I.,
on a static electric field E applied along a [100 J axis of a 3D
crystal at 77 K. The ratios
were normalized to unity for
E=O. The full lines are leastsquares fits of the given expressions (see text) to the data. The
relative orientations of E, H, and
the domain axes D are shown on
the right-hand side.
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ruled out because in the configuration d S , g values
near 2 can be explained only if the noncubic crystal fie-ld is small. But then a zero-field splitting
should have been observed. From the angular dependence (Fig. 2) one must clearly conclude that
the ion is subject to a crystalline environment of
orthorhombic or lower symmetry, which lifts all
orbital degeneracy of the 3dl orbitals. For a d l
ion, a g value of - 2, as found for g. (1.9945), occurs only if the unpaired electron occupies a 3z 2 - ~

orbital and if the external magnetic field H pOints
along the axis of this orbital. In the other two
prinCipal directions, the g values will be shifted
from 2, to first order bye
/lgx=-6x/E y.,

tlgy=-6X/E .. ,

(1)

where X is the spin-orbit coupling constant of Ti 3+
and E,. and E .. are the energy differences between
the ground state and the yz and xz orbitals, respectively. Since the g. value appears in the spec-

lO

0.8

+

(Ib/I() )

0

linewidlh

40

0

il
c:

0.6

0.4

30

20

0
00 0

0

0

0

0.2

~1

10

120

130

140

T (K)

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

FIG. 5. Temperature dependence of the intensity ratio of
lines band Q, Ib/I", , above Te.
The intensities were calculated
by multiplying the square of the
linewidths with the signal heights.
The dots show the temperature
dependence of the width of line
Q (right-hand scale).

96

2990

0.

~.85
~.86

F. SCHIRMER AND K. A. MULLER

7

I

+--I~I+I~I~I~I~~I--~I-------4I---c
I

{87

~i

~.88

~.89

FIG. 6. Temperature dependence
of the observed line positions for
H II [100] near Te' The bars indicate
the uncertainty of the line positions.

-rI-Ir--!~"""Z-"'.-------rI-- a

~.90
t9~
~.92

~!3

~-=~~~~~~
__~L-~I~.~~~----------+-----~OO

b

~o5T;
T(K)

..

tra taken with a monodomain crystal for a rotation
around the domain axis, as shown in Fig. 2, we
conclude that the z axis of the centers nearly coincides with pseudocubic axes perpendicular to the
domain axis. For the rotation shown, the line
originating at g. is seen to continue to g. = 1.9928.
This value thus describes the position of the resonance if H is perpendicular to both the domain axis
and the 3z 2 - y2 axis. The third principal value,
gy, which is only weakly observed in a ID crystal
for the rotation shown, therefore corresponds to H
parallel to a domain axis and perpendicular to the
orbital occupied by an electron 3z 2 - y2.
In order to establish a microscopic picture of the
center, the observation is important that the orthorhombic spectra start to vanish near T e where new
axial spectra appear instead. Therefore the lowsymmetry configuration of the centers is caused by
the distortions present in the tetragonal phase of a
SrTiOs host lattice and not by the association of a defect
with the Tis+ ion. Neither does the axial symmetry
perSist above Te due to such an aSSOCiation, since
the domain directions, forbidden for the z axes of
the centers below T e , now become allowed in a
very small temperature range near Te. It is not
conceivable that the mobility of a defect, possibly
aSSOCiated with Ti s+, should have such a pronounced
temperature dependence.
Thus the Ti s+ ion sits at an unperturbed site in the
crystal, surrounded by the lattice ions in such a
way that the 3z 2 - y2 orbital is lowest. These conditions are fulfilled by a Ti s+ ion replacing a Srz+
lattice ion. At such a site, the axial or orthorhombic fields can be caused if the Ti s+ ion sits slightly
off center towards one of the surrounding 0 2 - ions
(Fig. 7).

We now show that this model is sustained by all
additional observations, especially by the features
of the center in the low-symmetry phase of SrTiOs
and by the effect of external electric fields on the
resonances. To this purpose we consider the distortion of the surroundings of a Sr 2 + ion in the
tetragonal phase of the crystal (see Fig. 7). Ti s+
has an ionic radius of 0.76 A, smaller than that of
the replaced Sr 2+, 1. 10 A. Since the Tis+ is less
repelled by its Oz- neighbors than a Srz+ ion it is
likely that the Ti 3+ sits off center. It is most plausible to assume that it adheres to one of the Ozions next to it (ions a or b in Fig. 7). At such a
position the crystalline environment has only a
mirror plane as a symmetry element, which is
compatible with the orthorhombicity exhibited by
the low-temperature spectra. For electrostatic
reasons, the Tis+ orbitals should roughly be oriented
as shown in Fig. 7. The negative charge in the
lobes of the 3z 2 - r2 orbital is attracted by the Sr2+
neighbor and repelled by the 0 2 - charge. Furthermore the zy orbital shown dashed in Fig. 7, whose
admixture into the ground state by spin-orbit coupling is responsible for !!..g., is energetically higher
than the zx orbital. Taking Eq. (1) into account,
this can explain the observed sequence of the g values. In Fig. 7, the z axis is tilted by the angle T
away from the [lOOJ axis. There are analogous
Sr2 + sites in a lD SrTiOs crystal in its low-temperature configuration for which it is tilted upwards,
and other ones where the ion sits off center along
the [OlOJ direction, making a total of four magnetically inequivalent centers for each domain, as indicated by the insets in Fig. 4. Apparentlv. it is
energetically unfavorable for Ti s+ to move off center along the [OOlJ domain axis.
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FIG. 7. Model of the paramagnetic center originating from a
Tis. ion substituting for a Sr2+
Ion in a SrTi0 3 lattice. The
angle 'P indicates a momentary
value of the order parameter; T
Is the tilting angle of the center.
The ground-state wave function
is sketched in full lines, the
dashed orbital Is the yz state responsible for the g shift for H
perpendicular to the plane of the

figure.
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B. Electric Field Effects

The change of the ESR spectra under applied
static electric field (Fig. 4) proves unequivocally
that the Te' sits off center. To understand these
effects, let us first assume that the electric field
E is applied perpendicular to a domain axis in a
1D crystal parallel to H, both pointing along [100];
see the two uppermost inserts in Fig. 4 (for experimental reasons the electric field effects could be
measured in 3D crystals only). The energy of Tis,
ions sitting off center along E (one-half of the full
arrows in Fig. 4) will be lowered by - eEd with
respect to the on-site position [here E is the local
value of the static electric field which can be approximately calculated from the external field by
multiplying with the Lorentz factor t(E: + 2)::: 530 for
SrTi03 at 77 K 7; e is an effective charge of the TiS'
ion and d the off-center distance from the on-site
position]. Ions moved into the opposite direction
have their energy increased by eEd while those
moved perpendicular to E (light arrows in Fig. 4)
are unaffected. (It is always assumed that the
crystalline potential is changed only weakly by the
applied electric field.) If only the domain directions
corresponding to the two upper insets in Fig. 4
were present, the intensity ratio of lines a and b
IbII. (see Fig. lor 2), should behave as Ib II. 0: '
l/cosh(eEd/kT) with temperature T. In a 3D crystal,
however, also the third type of domains (lowest
inset in Fig. 4) is found. For these the motion
'
of the Ti 3• ions into the domain direction
is hindered
by a potential E:, as discussed above. If E is strong
enough for eEd to become comparable with this en-

ergy E:, an appreCiable fraction of Ti 3• ions will be
pulled into the direction of E. In this position, a
g value comparable to that of line a will be measured for the given orientation of H with respect to
the crystal axes. The intensity I. will thus be increased by e o./ kT cosh(eEd/kT). Adding this to the
denominator in the expression above, one arrives
at

!J.o:
I.

1

(1 + eO, lliT) cosh(eEd/kT) •

If this is normalized to unity for E = 0,

( IbJ

-:-7-1~

T;).lOrm= cosh(eEd/kT)

•

This expression has been fitted by a least-squares
procedure to the experimental data in Fig. 4, yielding ed=O.le A. If e is taken to be three elementary changes, this leads to an off-center distance of
roughly O. 03 A.
In calculating the intensity ratio Ie II. , one has to
consider that a fraction e O'/ kT cosh(eEd/kT) is
withdrawn by E from the intensity of line c and
added to line a:
~o: 1 - e o./ kT cosh(eEd/kT)
I. (l+e°./IiT)cosh(eEd/kT)·

Again normalizing this to unity at E = 0,

_ l-eo./kTcosh(eEdlkT)
(!£\
I.}~orm - (1 - eO' liT) cosh(eEd/kT)

•

A least-squares fit of this relation to the relevant
data in Fig. 4 gives E: = 11 ± 3 meV, which is 1. 7
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times higher than k x (77 K). This can explain why
the Ti 3+ ion is not observed going off center along
the domain axis spontaneously at 77 K.
C. Orthorhombicity of Centers

We now discuss the relation of the orthorhombicity of the centers, independent of temperature in
the range 4.2-103 K (Fig. 3) to the distortion of
the environment of a Sr 2+ site in the tetragonal
phase of SrTi03 described by the order parameter
cp. These two phenomena are clearly related to
each other, as can be seen by the fact that the orthorhombic centers start to vanish near Tc. The
tilting angle T, however, can depend on cp in an indirect way only, as revealed by their quite different
sizes and temperature dependences (Fig. 3). We
assume that the only effect of a nonzero cp is singling out certain 0 2- ions of those surrounding the
Ti 3+ ion by shifting them closer to the ideal lattice
site than the remaining ones. As discussed above,
the Te+ ion will adhere to one of these ~- ions
closest to it. The interaction, however, is mutual,
and it is likely that the Ti 3+ also pulls its 0 2- partner towards the empty Sr2+ site, decoupling the 0 2ion in this way to some extent from the surrounding
lattice. The geometry of the resulting Ti 3+_02'
complex will then determine the tilting angle (see
Fig. 7). (We must exclude the possibility that the
Ti 3+ 3z 2 - V orbital is engaged in a a-type molecular orbital with 0 2 -; the resulting antibonding
orbital would then not be the lowest state and the
unpaired electron would not be found in an orbital
of 3z 2 - r2 symmetry.) The stabihty of the tilting
angle T also points to the fact that the Tt3+ ion is
bound by one definite energy as long as it adheres
to one 0 2 - ion. This will happen if the local-order
parameter cp is larger than a certain critical value
cp c •
If cp is smaller than this critical angle, the four
0 2 - ions in a certain [100l-type direction become
equivalent and the Ti 3+ ion will start to hop between
them. This will lead to an averaged aXial spectrum
around such a llOO] direction if the hopping frequency 1/Th is high compared to the difference of
the resonance frequencies t.v. which the Ti 3+ shows
if it is locked to one of the 0 2 - ions to which it
passes during the hopping motion. The position of
the average line, of course, is given by the average of the g values in the locked position.
Take, for example, the configuration shown in
Fig. 7. If H is perpendicular to the plane of Fig.
7, the Ti 3 + ion will give rise to line b in Fig. 1.
The same will happen if it adheres to O~- after this
has become equivalent to 0;-. If the Ti 3+ is locked
to either one of the 0 2 - ions shown dashed in Fig.
7, the situation is similar to that giving rise to
line c in Fig. 1 (H perpendicular to z and parallel
to a domain axis). It is thus expected to find the
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new line near the average position of lines band c.
For this average one calculates i(l. 9228 + 1. 8530)
= 1. 8879; the line is observed at g= 1. 8905(10).
With this interpretation we can calculate the frequency difference t.v = (1. 9928 - 1. 8530)IJ. B H = 3. 3
X 10 6 Hz at a typical X -band magnetic field of 3.4
kG.

As stated above, among these axial centers there
are also those belonging to the Ti 3+ going off center along a (former) domain axis [horizontal line
in Fig. 2(a)]. A cubic spectrum, resulting from
a hopping of the Ti 3+ among the several [100]-type
directions, equivalent at least above To, is not
observed even at higher temperatures. Apparently,
the barriers between the four 0 2 - ions grouping
around one [100]-type direction are much lower
than those between the several [100] axes. Excessive line broadening due to an increased spinlattice relaxation time might prevent the observation of an isotropic (cubic) spectrum at higher temperatures.
A hopping frequency high compared to the frequency difference of the lines to be averaged is a
prerequisite to observe ideally motionally narrowed
lines. If this condition is not fulfilled, the lines
will still become narrower upon raising the temperature, for this increases the hopping frequency.
In our case, however, the width of line O! did not
change appreciably during heating above T c (see
Fig. 5).
This must not necessarily be traced to the fact
that line O! is ideally motionally averaged; broadening due to other reasons, such as inhomogeneous
linewidths, lifetime broadening, etc., might overlay the motional narrowing. Since the observed
width of line a, however, is still small compared
to the distance of the averaged lines band c, we
can conclude that the hopping time for line a is
short compared to 1/ Co. v .6
This is not the case for line b. Apparently, kT
is not sufficiently large near Tc to let the locked
orthorhombic centers participate in the averaging.
This is demonstrated by the fact that near Tc these
spectra are still observed, not shifted from their
former positions, simultaneously with the axial
averaged spectra. From this argument one can also derive that there are essentially only two potential states available for the Ti 3+: one deep level,
if it is locked at a displaced 0 2 - ion, and a highenergy state, equally found at all four eligible 0 2 ions if cp is smaller than the critical angle q; c •
If there were a continuum of states between these
two, one should also expect a continuum of hopping
times with the Th corresponding to the averaged
line C/ as a lower bound. Thus, not completely
averaged lines should also be observed; the superposition of which would cover the entire range between the positions of the lines to be averaged.
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This, apparently, is not the case. This argument,
pointing to the existence of a rather sharply defined energy in the "locked" state, is consistent
with the observation that the tilting angle does not
vary in the entire regime T < T c •
D. Fluctuations near Tc

What then is the reason for the coexistence between the orthorhombic and the axial averaged
spectra? Apparently, simltaneously there are regions in the crystal where cp is higher and regions
where it is lower than CPc. A natural explanation
is the existence of fluctuations inthe order parameter, especially large and nearly static, close to
T c • Do our results yield any information on the
fluctuation spectrum? From the above discussion
it is apparent that cp >CPc will give an orthorhombic
spectrum only if this angle prevails longer than the
reciprocal frequency difference 1/ Av between lines
band c; otherwise these lines would be averaged.
(As we have seen, the hopping time Th being shorter
than 1/ Av is not the critical time.) The fraction
of orthorhombic spectra then gives a quantity
proportional to the number of Ti 3· ions on a Sr 2•
site for which at least one of the surrounding 0 2'
ions is tilted by more than cp c for a time longer
than 1/ Av. All other Ti 3+ ions yield averaged
spectra. Figure 5 shows that this is qualitatively
consistent with experiment. Near T c, where the
deviations from (cp )=0 (for T >Tc) are large, a
high number of orthorhombic centers is observed.
This quantity decreases relative to the axial spectra upon raising the temperature, both because the
fluctuations become smaller and last a shorter
time.
From Fig. 5 it is seen that still at Tc + 40 K there
is a sizable portion of Ti 3+ surroundings whose
fluctuations last longer than 1/ Av = 3 X 10'9 sec.
Such a far extending fluctuation range has also been
observed in other experiments, such as the investigation of paramagnetic linewidths,2 centralmode neutron scattering, 3 and intrinsic optical
absorption of SrTi03 • 4
While a quantitative explanation of the curve in
Fig. 5 is still lacking, we ascribe the marked
change of slope near Tc + 4 K to the fact that at this
temperature the fluctuations described by the central mode 3 • 9 start to last shorter than 1/ Av and
thus no longer contribute to I b • As has recently
been shown, the width of the central peak r c is about
70 MHz at Tc+ 1 K.IO Since it varies with temperature l l as
rc=r~ [(T-Tc)/Tcl',

where y = 1. 28, 120ne calculates rc'" 4. 2xl0 8 Hzfor
T =T c + 4 K. This is about the size of Av. The
linewidth broadening of the Fe 3+- V 0 center lO and
Ib/lo (Fig. 5) is seen to vary up to 150 K. This
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shows that a sizable quasistatic order-parameter
variation prevails up to this temperature.
V. HYPER FINE INTERACTION

The ground state of the Te+ ion can only approximately be described by a 3d (32 Z - rZ) orbital. In
the low symmetry of the ion site, the wave function
will contain admixtures compatible with 3z z - ~,
in self -evident notation:
$= N

[(3z z - rZ)+ O!(x z -l) + /3(zy)
+y(4P.}+o(4P.)H(4s)].

As shown in Ref. 1, only X Z - y2 contributes to the
hf interaction in first order of the admixture coefficient o!. Using the above wave function, the formalism of Abragam and Pryce l3 leads to the following description of the prinCipal values of the hf
coupling tensor:

A. =A + <p[4- -

-h (Agx+ Ag)],

A.=A+<P(-~+Ag.-fi Agy -t/3eL),

A.=A +<P(- ~+ Ag. + -h Agx + t 13 eL),
Agj

= gj

-

(2)

2.0023.

A describes the contact hf interaction; <P= gg "tlni3 (r").
These expressions are identical to those derived in
Ref. 1 except for the + sign in front of the last term
of Ay (the - sign at this place in Ref. 1 is evidently
a printing error) and the terms multiplied by h.
These arise from a more complete evaluation of the
formulas in Ref. 13. As in Ref. 1, we assume all
AI> O. Comparison of Eq. (2) with the experimental
parameters then leads to
A= (9.8±0.4)xlO-4 cm'l,
(J'= - (12.4±0. 5)x10'4 cm'l,
0!=-0.45±0.25.

The value of A corresponds to a hyperfine field of
- 61.2 kOe per electron. This value is much
smaller than the core polarization field reported
for Ti 3< in a tetragonally distorted sixfold oxygen
environment, - 90 kOe. 14 A field of that size is
also expected from an extrapolation of the hf fields
derived from data for the isoelectronic Crs< IS and
V4+ ions. 18 An analogous statement holds for the
magnitude of <P; it corresponds to (r- 3 ) = 1.2 a.u.
For an isolated TiS. ion, one calculates 2.55 a. u. 17
Both facts can be attributed to a strong delocalization of the unpaired electron, which is to be expected in a tightly bound (TiOt "molecule." An admixture of 4s character to the ground-state wave
function could also playa role.
VI. COMPARISON WITH OTHER NONCENTROSYMMETRIC
CENTERS IN PEROVSKlTE-TYPE CRYSTALS

The center discussed here belongs to a class of
defects conSisting of ions sitting on sites nominally

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

100

2994

0. F. SCHIRMER AND K. A. MULLER

having Oh symmetry in perovskite AB03 -type lattices, but which still show lower-than-cubic symmetry. We list them here for comparison with the
present results. Since we are interested only in
centers whose low symmetry arises from local
disturbances, we omit those whose symmetry is
lowered by the polarization field in ferroelectric
crystals, as in BaTi03 •
The centers to a certain extent similar to that
treated in the present paper are Mn 4' 18 and Cr 5 • 15
on Ti4+ sites in SrTi03 • In both cases an axiality
of the spectra was found in the cubic phase. Since
the radii of these ions are smaller than that of the
replaced Ti 4 +, it is likely that they go off center
and thus reduce the symmetry of their surroundings. This has been proved for Cr 5 .; Its tetragonal
axis is rotated by cp on going below T c • 15 This can
only be explained if Cr 5• in the surrounding oxygen
cube is shifted towards one of the corners not lying
on the cube rotation axis.
Other noncentrosymmetric centers arise in perovskite-type crystals doped with transition-metal
ions having a lower valency than the replaced B
ions. Charge compensation is achieved by forming
neighboring oxygen vacancies. This results in
strong tetragonal fields at the site of the transition-metal ion. Examples are Fe 3+,_ V o ' Co z+- V o ,
and Ni 3. - V 0 in SrTi03 , Fe S ' - V 0 in BaTiOs , and
C0 2·-vo and Mn2+-Vo in KTaOs. 19 There is a
similar center in BaTiOs, showing axial symmetry around a [100] direction with gil = 1. 939, gl
= 1. 911, and Ti hyperfine-structure (hfs) interaction of All =19.6 x 10-4 cm -1. A, could not be
measured. This center was, assigned earlier to
an F center (one electron at an oxygen vacancy).
The spectrum, especially the hfs interaction and
g shifts, shows that the xy state of a Ti 3' is occupied. Because of several counterdoping experiments it was thus reassigned to the straight complexes Ti 3'-Vo -Las, and Ti3'-Vo_Ba2'.2o
Except for the center reported in this paper there
is only one originating from a transition-metal ion
on an A site having lower-than-cubic symmetry.
Hannon21 identified a high-spin Ni s, ion (3d7 , S = ~)
on this site in KTaOs with symmetry (gil = 2. 216, gl
=4. 423). No reason for the axial-site symmetry
was given. Since Hannon also observed spectra

i p. P. J. van Engelen and J. C. M. Henning, Phys.
Letters 25A, 733 (1967).
2K. A. MUller, in Structural Phase Transitions and
Soft Modes, edited by E. J. Samuelson, E. Andersen,
and J. Feder (Universitetsforlaget, Oslo, Norway, 1971).
ST. Riste, E. J. Samuelsen, K. Otnes, and J. Feder,
Solid State Commun. 9, 1455 (1971).
4S. M. Shapiro, J. D. Axe, C. Shirane, and T. Riste,
Phys. Rev. B 6, 4332 (1972).
5K. A. MUlle-;, W. Berlinger, M. Capizzi, and H.
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resulting from Fe s, ions on K' sites seeing cubic
symmetry, a size effect resulting in axial Ni 3' appears highly unlikely. A straightforward explanation
would be a Ni 3' ion next to a K' vacancy. This is
compatible with the observation of axial Fe 3 • ions
on A sites. A Ni 3+ clamped on an interstitial site
is improbable, both because a charge excess of +3
is unlikely under normal chemical conditions and
because of ionic size considerations.
VII . SUMMARY AND CONCLUSIONS

We have analyzed spectra originating from Ti 3'
on a Sr2 ' site in SrTi03 • The Ti ion, which is
knocked from its original position by fast-neutron
irradiation, sits off center in a direction towards
one of the surrounding oxygen ions. This was
proved by the effect of an external electric field on
the ESR spectra of the center. To our knowledge
this is the first time that the eccentricity of an ion
has been investigated using ESR. The orthorhombicity of the center depends on the order parameter
cp in a rather indirect way, but it yields evidence
for the fluctuations of the order parameter near and
above Tc. It was possible to estimate the frequency
spread at T < Tc+ 4 K to be of the order of .a.1J = 3. 5
X 10 8 Hz corresponding to the width of the central
mode.
Because of the high dielectric constant of SrTi03
at low temperatures, nearly complete orientation
of the TiS' ions should be obtained on applying rather low external electric fields, possibly to be used
for paraelectric cooling. The zero-field splitting
of the Ti 3' system should be rather small. First,
the high dielectric constant of SrTi03 screens the
Ti 3' dipoles against each other. Second, the Ti 3'
ions are stabilized against tunneling by the corresponding small zero-field splitting due to their high
mass and by the interaction with the lattice. Observations can again be made with ESR.
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From SrTi0 3 doped with Al or Mg, ESR signals are identified arising from
holes captured in 02-p (1T) orbitals near Al 3 + or Mg2+ ions substitutional on
Ti 4 + sites. These centers are involved in photochromic processes in SrTi0 3 .
PHOTOCHROMIC processes in SrTi0 3 are generally
accompanied by the creation and subsequent trapping
of holes. 1- 4 Only limited information, however, is
available on the chemical nature and the structure of
such centers .1. 2 • 5 Here we report an ESR analysis of
holes trapped at 0 2- ions next to Mg2+ and A1 3 + ions
substituting for Ti 4 + in SrTi0 3 crystals showing photochromic behavior due to Fe 4+ and Fe s+. 3 The hole center
near the Al 3 + is different from that ascribed earlier to a
hole trapped near an aluminium acceptor by Ensign and
Stokowski (ES).1
SrTi0 3 crystals, from National Lead Company and
doped with Mg (0.3%) or Al (0.1%), showed characteristic ESR spectra after irradiation with suitably filtered
light of a 450 W Xenon arc at 4.2 K [see Figs. I(a) and
l(b) for examples]. For Al 3+ the best results were
obtained by filtering the Xenon arc light by a 386 nm
Balzer's interference filter, whereas in the case of
SrTi0 3 : Mg, full and continuous Xenon light was applied.
The angular dependence for a (00) rotation of
SrTi0 3 : Mg is shown in Fig. 2, the resonances in
SrTi0 3 : Al behave analogously.
Neglecting the small splittings of the branches in
Fig. 2, the angular dependence of the spectra is described
by the g- and A-tensors given in Table I with principal
axes along (lOO)-type directions. The small tiltings away
from these directions, as evidenced by the branch splittings in Fig. 2, have not been analyzed. The corresponding angles, however, are partly larger (3.2 0 for
SrTi0 3 : Mg; Fig. 2, upper right) than the largest cube
rotation angle of SrTi0 3 ,6 2.10 at 4.2 K.
Depending on temperature and irradiation conditions, two additional trapped hole centers can be
observed with SrTi0 3 : AI. After stopping the irradiation

N

'"

800J

(a)

I

50 G I

Fig. I . (a) ESR spectra of irradiated SrTi0 3 : Mg at 4.2 K
and 19.48 GHz for H along (00) and (110). The lines
marked x belong to the Fe 3 +- Vo center. (b) Corresponding spectra of SrTi0 3 : AI. The "combs", the positions of which are partly extrapolated, mark the resonances of the AI center beside those of the unidentified
II center.

at 4.2 K, holes trapped at SrTi0 3 : AI either recombine or
wander to an 0- center of unknown structure, previously
called I l ' 3 Upon heating the crystal up to near 77 K, the
* Work performed while working at the IBM Zurich
Research Laboratory.
holes are also freed from II and at least partly end in the
center ascribed to AI-O- by ES.1
1505
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Table 1. Resonance parameters of several related O-p(1T) hole centers

SrTi0 3 :Mg
2.0098
2.0233
2.0477

gl
g2

g3

IA tI (MHz)
1A21 (MHz)
1A31 (MHz)
a (MHz)
b (MHz)

SrTi0 3 :Al

YAI0 3 :X'

Si0 2 : Alb

2.0100
2.0175
2.0515
16.3 ± 0.3
16.1 ±0.3
14.3 ± 0.3
- 15.6 ± 0.3
0.6 ± 0.3

2.0049
2.0163
2.0511
12.3±0.3
12.7 ± 0.3
10.3 ± 0.6
-11.8 ± 0.7
0.7 ± 0.4

2.0024
2.0091
2.0614
17.34±0.10
17.34 ± 0.10
14.08 ± 0.05
- 16.25 ± 0.10
1.09 ± 0.05

a

Taken from reference 7.

b

g.tensor from reference 8, A-tensor from reference 9.

o
OooJ

10

20

30

40

e

Fig. 2. Angular dependence of the SrTi0 3 : Mg center for
a rotation of H in a (001) plane.
The most decisive information regarding the analysis of the centers lies in the hyper fine interaction
observed from SrTi0 3 : AI, which otherwise is comparable to the hole center in SrTi0 3 : Mg. It first shows that
the hole interacts with one A12? nucleus (J = 5/2; 100%
abundant). A1 3 + and Mg2+ on Ti 4 + sites in SrTi0 3 can
capture holes in their neighborhood, and so it is natural
to assume that the hole is localized at one of the 0 2ions next to Al 3+ and Mg2+. This is supported by the
comparison of the isotropic, a, and axial, b, parts of the
hyperfine tensor with those observed in comparable
cases, see Table 1. The first of these concerns holes selftrapped or caught near unidentified defects in the
slightly distorted perovskite YAI0 3 ,7 the second the
smoky quartz center in Si0 2 : Al. B,9 It is seen that a and
b are of comparable magnitude and sign in all three

cases. The size and negative sign of a is typical for a
nodal plane superhyperfine interaction caused by exchange polarization. lO In SrTi0 3 : Al the Al ion thus lies
near to or on a nodal plane of the 0- p-orbital accommodating the hole, as firmly established for YAI0 3 and
Si0 2 : AI.
The large orthorhombicity of the g-tensor and the
magnitude of its components are also comparable to
those of the examples given, demonstrating the similarity of the centers. It should be noted, however, that
the prinCipal directions in SrTi0 3 are along (100),
whereas the gl and g2 axes are close to (lIO)-type
directions in YAl0 3 (g3 aX1S along the axis of the h.f.
tensor. i.e., along the 0-_AI 3 + direction in both cases).
We attribute this difference to the fact that in SrTi0 3
the 0- p-orbital accummodating the hole resonates or
hops between two equivalent directions approximately
lying in (110) directions, see Fig. 3, whereas in the
similar YAI0 3 case the (] 10) direction is stabilized by
the distortion of the structure making all four y 3 +
(analogous to Sr2) sites inequivalent, or by an associated defect. In SrTi0 3 above the 105 K phase transition,
on the other hand, all four Sr 2+ ions are equivalent and
an 0- p-orbital would not be stabilized in the plane of
the Sr 2+ ions at any angle. Below 105 K the Sr 2+ sites
remain pairwise equivalent with respect to the surrounding 0 2- site (Fig. 3 shows an example) and an equal
contribution of the two equivalent p-orientations is
therefore expected.
The superposition of these two orientations is also
demonstrated by the gl values of SrTi0 3 : AI and: Mg,
"" 2.0100. This value means that the' magnetic field in
these directions is not parallel to the axis of the p-Iobe ,
for in this case g-values close to the free spin value would
be expected. Since, on the other hand, gl is a principal
value, only superpositions of the kind shown can explilin
the findings. This also means that there is no stabilizing
defect charge in the gl - g2 plane, which would stabilize
the p-orbital in a definite direction.
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Fig. 3. Model of the SrTi0 3 : Mg and: Al centers.
The relative sizes of the g-shifts, flgj, are given by
the energies E; needed to make a virtual transition of the
hole to one of the excited 0- p-orbitals: flgj = - 2A/E;.
Less E j is needed to excite the hole from its ground state
to the p-orbital pointing towards the defects (Mg 2+, AI 3+)
in the case of Mg2+, twofold negative with respect to the
lattice, than in that of AI 3+, which lacks only one posi·
tive charge; therefore flg2 (Mg) > flg (Al). No charge
attracting the hole sits at an A1 3+ site in Y Al0 3 ; flg2
thus is smaller there.
flg 3 is determined by the energy needed to move
the hole between two perpendicular 0- p·orbitals in the
gl -g2 plane. This energy is rather small because of the
near equivalence of the Sr 2+ ions, and therefore the flg3
are rather high.
It is interesting to note that in SrTi0 3 : Al and: Mg
the hole ground states are not a orbitals pointing to·
wards the defects but rather IT orbitals perpendicular to
these directions. The same is true for the two corresponding cases considered. A point charge crystal· field
calculation shows that in spite of the attraction of the
hole by the defect charges, a IT orbital is energetically
more favorable in the AB0 3 perovskite structure be·
cause the A(Sr, Y) ions are farther apart from 0- than
the B(Ti, AI) ions. In SrTi0 3 this trend is increased
because of the charge difference between the A (+ 2)
and the B (+ 4) ions. The IT orbital is most favorable in

1507

Si0 2 both because of the high Si (+ 4) charges and be·
cause the analogues of the Sr2+ or y 3 + ions are lacking
in Si0 2. Therefore it takes more energy to excite the
hole from its ground state to the AI3+-0-(a) bond than
in the other cases, and consequently the lowest flg2 is
observed in this case.
The tilting angles observed are not directly related
to the cube rotational angle of SrTi0 3, as shown by
their larger size (see above). We attribute this tilting to
the asymmetry broUght into the neighborhood of the 0by replacing one Ti 4+ by Al 3+. In the corresponding case
of smoky quartz this leads to sizeable tiltings of about
8°. 8 The tilting in the present case can, however, be
triggered by the structural distortion of SrTi0 3, be·
cause in the straight, high-temperature Al +-0--Ti 4+
configuration there is no preference for tilting into any
specific direction, unless there is a spontaneous distortion of the ions away from their high symmetry posi·
tions.
It remains to discuss the relation of the SrTi0 3 : Al
center reported here to the center ascribed by ES! to a
hole captured in AI 3+-O-a·bonds. It is characterized by
its near isotropy (gil = 2.0137,gl = 2.0124), and its
average,g= 2.0127, is close to theg·value of Fe s+ in
SrTi0 3, 2.0130. This center is not a high-temperature
averaged modification of the present one, firstly be·
cause the average of the g·values reported here, 2.0260
is larger than 2.0130, and secondly because the ES
center can be observed without change at low tempera·
ture (4.2 K) after irradiation at 77 K and cooling in the
dark.! Since it is impossible that both the a· and IT·
orbitals can be hole ground states at the same time, the
ES center must be attributed to another model. Because
of the closeness of its g-values to those of SrTi0 3 : Fe s+,
we tend to ascribe it to an Fe s+ ion next to an Al 3+ on a
neighboring cation site, the charge of which is highly
screened by the common 0 2- ion. This will explain the
observed axiality in a natural way. It is possible that the
axial fine·structure transitions 13/21 -'> 11/21 are not
observed because of strain broadening. Neither are the
corresponding transitions of isolated Fe s+ observed in
the axial field caused by the low· temperature tetragonal
structure of SrTi0 3. In order to corroborate this ten·
tative model, an investigation of SrTi0 3 : Al codoped
with Fe S ? (I = 1/2) is planned in order to prove the
presence of Fe in the ES center by its hyperfine interaction.
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A new photochromic hole centre in SrTi03, trapped at an oxygen anion
site near an iron impurity and thermally stable below 35 K, is reported. The hole
is characterized by S
and has been studied by means of EPR. The hole is
of orthorhombic local symmetry and its spin-Hamiltonian parameters are given as:
91
2.0071 ± 0.0005, 9z
2.0180 ± 0.0005 and 93
2.0515 ± 0.0005, the magnetic
main axes being along the [110], [liO] and [001] crystallographic directions. Hyperfine
interaction with a nuclear spin of I =
in a 221 % natural abundance was also resolved.
19.6 ± 0.5 MHz, IAzl
16.9 ± 0.5 MHz
The hyperfine splittings are given by IA11
and IA31 = 11.5 ± 0.5 MHz. The hole is identified as the Fe2+ -0- centre. Under the
influence of applied static electric fields the hole centre main axes undergo a reorientation.
From the measurements, an electric dipole moment of Jl.
5.07 X 10- 4 e A at 20 K was
determined. Upon the application of uniaxial stress the hole centre main axes are also
reoriented. From the measurements at 30 K, a differential stress coupling coefficient of
1'[0011 = 3.48 x 10- 24 em 3 could be determined.

Abstract.
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1. Introduction

Previously, EPR investigations in SrTi03 have shown the presence of hole centres
of tetragonal symmetry trapped at (jl- sites near Ti4+ [1] and substitutional V5+
[2]. Holes of orthorhombic symmetry and trapped at 0 2 - ions neighbouring Mg2+
and A13+ impurities have also been found in SrTi03 [3]. Here we report on an
EPR investigation of a new hole centre, of orthorhombic local symmetry, in SrTi03 •
The characteristics of this hole centre have been studied under the influence of
applied electric fields and uniaxial stresses. The experiments show that under the
influence of these external fields the magnetic axes of the hole centre undergo a
reorientation. This can be concluded from changes in the relative intensities of the
EPR lines, representative of the six magnetically inequivalent hole centre sites, upon
the application of the external fields. The intensity effects are analogous to those
previously found elsewhere in EPR studies of the 02 molecular ion in alkali halides

[4].
2. Experimental details

Single crystals of SrTi03 containing vanadium (60 ppm) and iron (16 ppm) were
purchased from Semi-Elements Inc. EPR measurements were made by means of a
@ 1993 lOP Publishing Ltd
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Varian E-6 spectrometer operating at X-band (9.33 GHz). The signals were obtained
utilizing 100 kHz modulation. The sample was mounted in an optical transmission
cavity. Hole centre EPR spectra could be recorded at temperatures between 1.8 K
and 35 K fur the EPR measurements at liquid helium temperatures, a stainless steel
cryostat with a quartz tip was used. fur higher temperatures, a variable temperature
accessory was used. The hole centre discussed below was obtained after illumination
of the sample with light from a Philips SP 500 W high-pressure mercury arc lamp in
line with a 396 om interference filter of 0.9 om bandwidth.
Uniaxial stress experiments were performed with the help of a device, which
transforms the hydrostatic pressure in a gas chamber through a connection with
a stainless steel rod into a uniaxial stress exerted on the crystal [5]. Uniaxial
stresses were applied perpendicular to the magnetic field direction. Stresses up to
10 x loB dyne em- 2 were achieved.
Static electric fields were applied across the crystal by connecting a DC high voltage
power supply with copper electrodes, which were mounted to gold electrode coatings
on the crystal. Static electric fields up to 13 kV em-I were applied.

3. Results
After continuous illumination of the SrTi03 crystal with light at a wavelength of
396 om, we observed at 30 K, in addition to the EPR spectrum of the V4+ impurity
ion [5,6], four new EPR lines. In figure l(a), part of the total EPR spectrum is
displayed, showing the magnetic field region where the four new resonance lines are
observed, as indicated by the arrows, for a magnetic field H oriented in an (001)
plane and about 40° from the [010] crystallographic axis. In figure 2, the angular
dependence of the EPR lines is shown when the magnetic field is rotated in the (001)
plane of the crystal. The experimental data (as indicated by points) show a good fit
with the computer simulations (as indicated by the full curves) for an S = centre
of orthorhombic local symmetry, for the 9 values given in table 1, column 2. The
orientation of the main axes of the six orthorhombic sites are as labelled in figure 3.
The intensity ratios of the EPR lines are as indicated by the numbers in parentheses
in figure 2.

t

b.

3275

3286

3304

3321

__ H(G)

3275

3266

3304

3321 -H(G)

Figure 1. (a) The EPR spectrum of the Fe2+ -0- hole centre in SrTiOJ after illumination
of the crystal with 396 nm light. H is oriented in the (001) plane and about 40° from
the [OlD] axis, T = 30 K (b) The influence of [001] stress on the intensities of the EPR
lines of Fe2+ -0- at T = 30 K; 00[0011 = 2.37 x lOs dynes cm- 2 •
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Figure 2. The angular dependence of the EPR lines of Fe2+ -0- in SrTi03 with H
rotated in the (001) plane. The points represent the experimental data. The numbers in
parentheses represent the relative intensities of the lines.

Zl Z2

@o~

Z5
Z6

500J
Figure 3. Labelling of the Fe2+ -0- hole centres and the directions of the principal
centre axes. x = 91. Y = 92 and z = 93 .

The signal-to-noise ratio of the EPR lines improved considerably when an electric
field was applied. As a result, hyperfine interaction with an I =
nuclear spin in
only a 221% abundance could now also be observed. An illustrative example is given
in figure 4. With a spin Hamiltonian of the form

!

1i = Il-BH . g .

s + s .A•I

(1)

the g- and A-tensor elements giving the best fit values to the experimental data are
summarized in column 2 of table 1. No additional splittings due to the 105 K
structural phase transition [7,8] could be resolved. When the temperature was
increased, the intensities of the hole centre EPR lines decreased until above 35 K
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Table

1. 9 and A values for orthorhombic 0- p( 7r) hole centres in Srfi03.

91
92
93
IAII (MHz)
IA21 (MHz)
IA 31 (MHz)

a (MHz)
" (MHz)
e (MHz)

Fe2+-O-

Al 3+-O-

Mg2+-O-

20071
2.0180
20515
19.6±0.5
16.9±0.5
11.5±0.5

2.0100
2.0175
2.0515
16.3±0.3
16.1±0.3
14.3±0.3

2.0098
2.0233
2.0477

-16.0±0.5
-15.6±O.3
2.25±O.5
0.6±0.3
1.35±0.5

Figure 4. Hyperfine structure as obselVed for the EPR line at H
Fe2+-O- centre, due to the 57Fe (I
isotope.

= i)

=

3318 G of the

the spectrum could no longer be observed. Concomitantly, the EPR spectrum due
to the II centre [9] appeared above 35 K At temperatures higher than 50 K, the
latter spectrum also disappeared and the EPR spectrum of the Fe5+ impurity centre
is observed [10]. These observations are analogous to those reported in [3].
Upon the application of uniaxial stress along the pseudo-cubic [001] axis, with the
magnetic field H in the (001) plane and perpendicular to the stress, the following
changes in the EPR spectrum are observed. The intensities of the EPR signals due to
sites 1 and 2 are enhanced relative to the intensities of the EPR signals associated
with sites numbered 3,4 and 5,6. The effect is illustrated in figure 1. When a stress of
2.37 x lOS dynes em- 2 along the [001] direction is applied, the spectrum of figure l(a)
is changed into the spectrum of figure l(b). Clearly, in this case the relative intensities
of the resonances at 3304 G and 3321 G (due to sites 1 and 2) are enhanced. No
line shifts were observed.
Upon the application of a static electric field E along the pseudo-cubic [010]
axis, with the magnetic field H in the (001) plane, the following changes in the EPR
spectrum are observed. The intensities of the EPR lines due to sites 1 and 2, and
3,4 are enhanced in intensity relative to the intensities of the EPR lines associated
with sites 5 and 6. The effect is illustrated in figure 5. When an electric field of
10.5 kV em-I at 20 K is applied, the spectrum of figure 5(a) is changed into the
spectrum of figure 5(b). In this case the relative intensity of the resonance at 3257 G
(due to sites 5 and 6) is lowered. Again, no line shifts were observed.
 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

110

EPR

of photochromic Fel +-0- in SrTiO3

365

b.

a.

,

3257

33013301

3318

~

H(GI

3257

3301 3307

!

3318

_

H(GI

Figure S. (a) The EPR spectrum of the Fe2+-0- centre for H oriented in the (001)
plane and about 20° from the crystallographic [1(0) axis, T = 20 K. (b) The same
spectrum, but now for the crystal in an electric field EII[OIO) , E = 10.5 kVem- l .

4. Discussion
4.1. Characterization of the centre
fur an arbitrary orientation of the magnetic field in the (001) plane, the observed
orthorhombic EPR spectrum consists of four lines with an intensity ratio of 1:1:2:2
(cf figure 2). Our assignment that the new lines are due to a hole centre is largely
based on the positive 9 shifts. Furthermore, the 9 values show a large similarity to
those found previously for the Al3+ -0- and Mg2+ -0- [3] hole centres in SrTi03
(cf table 1). We tentatively assign the paramagnetic entity to a hole trapped at an
oxygen site. However, the 0- hole centre reported here differs from the Al 3 +-Oand the Mg2+ -0- hole centres in SrTi03 as regards the orientation of the magnetic
main axes in the crystal, namely [110], [liO] and [001] versus [100], [010] and [001],
respectively. fur the Al3+ -0- and Mg2+ -0- centres, a hole trapped in the p( 7r )
orbital, the latter being perpendicular to the Al3+ -0- or Mg2+ -0- bond direction,
was assumed. Th explain the fact that the magnetic main axes are along the {100}
directions, it was proposed [3] that the hole is not localized in either of the two
possible equivalent p( 7r) orbitals (pointing to the [110] and [liO] directions) but
rather is involved in a rapid hopping process; for the hole centre reported here such
a hopping need not be invoked.
The acceptor defect causing the trapping of the hole most likely is diamagnetic
(S = 0), since the S = hole centre does not exhibit magnetic interactions with other
electron spins. The two small hyperfine lines around each main EPR line (figure 4)
are attributed to a hyperfine interaction with 57Fe (l
natural abundance 2.21 %).
Iron is nearly always present in SrTi03 , even in nominally 'pure' crystals. Due to the
large dielectric constant of SrTi03 , iron can be present in a large variety of valence
states ranging from 1+ to 5+ [11-13]. In particular, Fe2+ is likely to trap the Iightinduced hole centre observed here for a number of reasons. Firstly, one expects that
0). Secondly, Fe2+ will be substitutional for
Fe2+, if present, is diamagnetic (S

t

= t,

=
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n4+, since the ionic radius of Fez+ is 0.61 A [14], which is almost equal to that of
Ti4+ (with an ionic radius of 0.64 A [14]). Finally, Fez+ due to its negative charge with
respect to the n4+ ion that it replaces could readily act as a trap for the positively
charged hole. The p orbital which accommodates the hole is then stabilized by one
of the dzlI ' dllz or d zz orbitals of the ground state of the Fe2+ ion (cf figure 6). In a
LCAO-MO description of the Fe2+ -0- hole centre, the hole is trapped in a MO which
is a linear combination of a p( 11") orbital originating from 0- and one of the tzg
orbitals of the Fe2+ ion. The result is six inequivalent sites in the crystal, as indeed
observed in the EPR experiment.

[ooil

)J~'~:'-~;'-'~y
[100]

- - Ex

Ag(001]._~

_ _ Ey

Ag~i<il._2A

--E.

Ag(jl0]aO

Ex

Figure 6. A model of the hole trapped at an 0 2- ion, the Fe2+ ion being at the centre
of the SrTi03 unit cell.

The proposed model is also supported by comparison of the isotropic Fermi
contact interaction a of the orthorhombic Fe2+ -0- hole centre with that of the
Al3+ -0- hole centre in SrTi03 (cf table 1, columns 1 and 2). With the help of the
following expressions [15]:

A3 = a +2b

A2

=a -

b- e

Al = a -

b+ e

(2)

we calculated the isotropic Fermi contact interaction a, the axial dipolar interaction
b and the orthorhombic dipolar interaction e (see table 1, column 1). Because
IA31 < IAzl, IAII, a has to be negative. The magnitude and negative sign of a is
consistent with the model of a diamagnetic Fe2+ ion lying near a nodal plane of
the pz orbital, causing superhyperfine interaction by eXChange polarization of the
diamagnetic Fe2+ ion closed shells [16,17]. A hole centre with similar 9 values
(gl
2.010, gz
2.020 and g3
2.070) and similar orientations for the principal
axes has been found in BaTi03 [18]. However, in the latter case the acceptor defect
causing the trapping of the hole has not been identified.

=

=

=

4.2. Electric field and stress effects

detailed in section 3, upon the application of a static electric field along the
[010] crystallographic direction, changes in the relative intensities of the EPR lines
stemming from the six magnetically inequivalent hole centre sites are observed. The
results are readily understood assuming a six-fold orientational degeneracy of the

A<;

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

112

EPR

of pho/achromic Fe2+ -0- in SrTiOJ

367

electric dipole associated with each hole centre in zero field. Under the influence of
the applied electric field the degeneracy ~ partially lifted into a four-fold degenerate
lower level and a two-fold degenerate higher level. Due to thermal equilibrium the
lower level is preferentially populated, resulting in differences in the intensities of
the EPR lines corresponding to the inequivalent sites. The EPR lines due to the hole
centres numbered 1, 2, 3 and 4 are enhanced relative to those of sites 5 and 6 (cf
figure 5). The reorientation effect ~ in favour of those sites with a component of
their Pol ( 1r) orbital along the electric field. This behaviour is comparable to the
reorientation behaviour of [U]O and Y- hole centres in Cao [19].
The electric dipole moment, p., associated with the hole centre was determined
by plotting IE / I versus E Ioc , where I E ~ the integrated line intensity due to sites
numbered 3 and 4, and I ~ the integrated line intensity due to sites numbered 5
and 6 (cf figure 7). The local electric field, E Ioc , 'seen' by the hole centre differs
from the macroscopic applied electric field and, in general, is larger than the applied
electric field [20,21]. fur SrTi03 , which is highly polarizable at low temperatures,
the internal local field is expressed in terms of the polarization as Eloc P / fO. The
polarization as a function of the external field at 20 K was obtained from [22]. In
accordance with Boltzmann's population distribution law, we find experimentally that
the EPR line intensities change as

=

IE / I = cosh(p.EIoc cos (J / kT)

(3)

where (J represents the angle between the hole centre dipole moment and the local
electric field directions. The drawn curve in figure 7 displays the best fit result for the
functional behaviour given by equation (3). We thus find p.
8.13 X 10- 32 C m
5.07 x 10-4 e A, which is smaller than the values found for the [Li]O and Y- centres
in MgO and Cao [19].

=

=
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Figure 7. A plot of the intensity ratio IEII versus E!oc:, where IE is the integrated
line intensity due to sites numbered 3 and 4, and I is the integrated line intensity due
to sites numbered 5 and 6, EII[OlO]. The ratio was normalized to unity for E
o. The
full curve is a least·square fit to a roth function.

=

We now turn to the reorientation effects under the influence of uniaxial
stress. When uniaxial stress is applied along the [001] crystallographic direction,
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Figure 8. A plot of the intensity ratio In(2Iu /1) versus the cctemal stress iT (iT 11[00 1])
for the ~+ -0- :SrTi03 ~stem. The full line is a least-square fit to a straight line.

the reorientation is in favour of sites 1 and 2, which have their pz ( 11") orbitals
perpendicular to the stress direction. This stress behaviour is analogous to that of the
[Li]U and V- hole centres in Cao [19]. The uniaxial stress apparently lifts a six-fold
orientational degeneracy into a two-fold degenerate lower energy level and a fourfold degenerate higher energy level. Thermal equilibrium maintains the preferential
population of the lower levels and hence one will find differences in the intensities
of the ErR lines corresponding to the different sites. In figure 8 the behaviour of
In(2Iq/1) is plotted as a function of the [001] uniaxial stress magnitude. A deviation
of the semi-logarithmic behaviour representative of non-linear behaviour effects is
found for stresses higher than 6 x lOS dyne cm- 2 •
In analysing the experimental data we make use of the idea of an 'elastic' dipole
[23]. In the classical continuum theory the energy of the elastic dipole is given as [24]
(4)

where (T is the stress tensor, e the strain tensor and i, j run over the Cartesian
components x, yand z. For a low concentration of defects the strain can be expressed
in powers of the defect concentration:
(5)

where n is the number of defects per unit volume. The (dimensionless) elastic dipole
tensor is defined by
(6)

From equations (4)-(6) we obtain
.6. U

= - VO>" •

(T

== {3 • (T

(7)

where {3 is the linear stress coupling tensor, with the dimension of a volume. The
>.. tensor can be divided into an isotropic part and an anisotropic part, >.', where >..'
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has zero trace [25]. For uniaxial stress along [001], the differential stress coupling
coefficient ,8[001] of an orthorhombic defect in a solid of cubic symmetry is given as

[23]
,8[001]

= Vo[ t(.\~ + .\~) -

.\~l

(8)

where .\~, .\~ and .\~ are the principal values of the )..' tensor. Under Boltzmann
equilibrium conditions, the intensity ratio of the EPR lines due to the elastic dipole is
(9)
where ItT is the integrated intensity of the EPR lines due to centres 1 (or 2) and I
is the integrated line intensity due to centres numbered 3 and 4 (or 5 and 6). In
figure 8 we plot the experimental values as a function of u. From the slope of the
least-square fit line we find ,8 = 3.48 X 10- 24 cm3 • This value is of the order of the
values found for the Y- centres in MgO and Cao [19].

5. Conclusion

In conclusion we report the observation of a new photochromic hole trapped on an
02- p( 7r) orbital next to an Fe2+ ion substitutional for Ti4+ in SrTi0 3 • The centre
has orthorhombic local symmetry and has its main axes along the [110], [liO] and
[001] crystallographic directions. As is well known, hole centres are liable to exhibit
reorientation effects when perturbed by externally applied uniaxial stress or static
electric fields. For the hole centre of concern in this paper such effects could also be
observed. This is further support for the existence of the hole centre. Furthermore,
from the stress experiments the elastic dipole moment, .B[OOl]' could be determined,
whereas the EPR data in the presence of static electric fields yielded the electric dipole
moment, 11-. The hole centre is attributed to the Fe2+ -0- species which probably
has been produced (with 396 nm light) from Fe2 +-0 2 - . It is noteworthy that the
photo-reduction of y5+ into y4+, reported previously to occur in the same sample
[5, 'lJj, 27], could be the charge compensating counterpart of the photo-production of
the Fe2+-O- defect centre in SrTi03.
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In BaTiO J the alkali ions Na and K. replacing Ba, lead to acceptor levels about 50 me V above the valence
band edge. The structure of these defects can be studied by electron spin resonance, after light induced
valence-band holes have been captured at neighboring 0 2 - ions. Hyperfine interaction with Na, Ba, and Sr
impurities, adjacent to the paramagnetic 0-, is identified. The holes are trapped stably below - 50 K. Their
level position is determined by the temperature dependence of the relaxation rate of the light-induced nonequilibrium excess hole population. Photostimulated small polaron transfer between 0 2 - sites equivalent with
respect to Na or K leads to a strong optical-absorption band with peak at 1.3 eV, corresponding to a stabilization energy of the bound hole polaron of about 0.65 eY. The Na+ -0- dipoles can be reoriented under
uniaxial stress at 4.2 K; a differential stress coupling coefficient of 1.23 x 10- 4 mJ is derived. Several 0centers associated with partly unassigned acceptors on Ti sites are identified. Their properties are compared to
those of the Ba site acceptors. Vibronic g shifts are accounted for by a dynamic Jahn-Teller effect involving the
twofold degenerate 0- 11' orbitals.

I. INTRODUCTION

BaTi0 3 usually contains a sizeable concentration of extrinsic acceptors, strongly influencing the defect chemistry
and the conductivity properties of the material.! Alkali ions,
e.g., Na or K, incorporated on Ba sites, form an important
subgroup among such acceptors. The structure and hole
binding energies of these defects were not known so far.
Here we report on the determination of these and related
properties using electron spin resonance and complementary
techniques. It is found that the (Na +)' and (K+)' centers,
charged negatively with respect to the lattice, are transformed at low temperatures into their neutral states by capture of holes, created by optical excitation of valence-band
electrons to deep levels, such as Rh 4 + /3 +. The holes are
metastably trapped at one of the equivalent 0 2 - ions next to
the alkali acceptor core. The structure of the resulting
Na+ -0- and K+ -0- centers will be described; it will turn
out that these defects are rather shallow, their levels lying
about 50 meV above the valence-band edge. The centers are
connected with strong, wide optical-absorption bands,
caused by light-induced polaronic hole transfer between the
0- sites equivalent with respect to Na+ or K+. The bands
dominate the low-temperature light-induced coloration of
such crystals. Alkali acceptors have been identified in all
BaTi0 3 crystals which we have investigated so far.
Acceptor defects on Ba sites have to be contrasted to
those replacing Ti, such as (Al~+)' .2 Comparisons between
the features of these two types of centers will be made
throughout this paper.
A short account of the properties of the alkali centers has
been given previously.3 Here we intend to present a rather
complete overview. These defects turn out to be prototypes

of several related ones, which have been identified in oxide
perovskites. 4 - 8 They have similar ESR signatures as the alkali acceptors; in some cases definite submicroscopic models
still are lacking.
The photosensitivity of the alkali acceptors is a feature
shared with many transition metal dopings, which are involved in light-induced charge transfer processes in BaTi0 3
and which can be incorporated to stimulate the photorefractivity of the material. The present investigation is part of a
project devoted to identify defects optimally sensitizing the
photorefractive efficiency of BaTi0 3 .
After presenting information on experimental details, the
results of ESR, optical-absorption, and uniaxial stress investigations will be reported. From these studies the structural
and energetical properties of the centers will be derived. A
final section is devoted to a discussion of the identified facts
within a wider context.

II. EXPERIMENTAL DETAILS

The investigated crystals were grown by Dr. H. Hesse and
co-workers at the Crystal Growth Laboratory of the University of Osnabriick. Unpoled, nominally undoped specimens
with the typical size 2 X 3 X 4 mm 3 were used as grown. A
Bruker ER 200 D-SRC 9 GHz spectrometer served to take
the ESR spectra, usually at temperatures between 10 and 100
K, i.e., in the rhombohedral phase of BaTi03 . In order to
measure light-induced absorption changes simultaneously
with corresponding changes of the defect charges, as monitored by ESR, we have built a glass fiber based, fast multichannel spectrometer, covering the wavelength range 300 to
1100 nm, which allows us to take 20 ms snapshots of lightinduced absorption spectra covering the full wavelength
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TABLE I. Resonance parameters of the alkaIi-O- acceptors and
related defects. All hyperfine parameters in 10- 4 cm -1 x: could
not be determined; *: rotation by T around [001] direction
811

[001]

[ 110]

[110]

Na+ -0-

~

g

IAe3 Na)I
IAC 35 Ba)1
IA( 137 Ba)1
IA( R7 Sr) I
K+-O-

320

al

315

g

2.0962(3)
1.203(5)
2.5
2.8
1.5

2.0077(3)
1.284(5)

1.9998(3)
0.56(1)

x
x
x

x
x
x

2.1013(3)

2.0093(3)

1.9993(3)

2.0742(3)
0.7 (I)
2.31 (5)
2.58 (5)
1.6 (I)

2.0275(3)
0.9 (I)
2.52 (5)
2.87 (5)
1.6 (I)

2.0051(3)
0.7 (I)
2.34 (5)
2.62 (5)

2.0280(3)

2.0075(3)
[110] + T

W+ -0g
g[0011

o
J

[100]

10

20

30

40

50

60

I

[110]

70

80

90
I

[010]

angle (degrees)

FIG. I. Angular dependence of the resonance fields of
O--Na+ in BaTi0 3 (1'=9.14 GHz, T= 10 K). The line positions
defining the principal values of the g tensor are indicated at the
right side. The arrow marks the field direction at which uniaxial
stress measurements (Fig. II) have been performed.
range. The input end of the spectrometer is identical to the
quartz rod holding the specimen in the center of the ESR
cavity. The simultaneous measurement permits to correlate
the ESR and optical phenomena in a simple way.

IA( I95Pt) I
IAC 35 Ba)1
IA( 137 Ba)1
IA( 87 Sr)1
1-0g

2.0640(3)

II-O-

[ITO] +

x

T
T=

g

2.0708(3)

I1I-0-

[ITO] +
20640(3)

,

2.0080(3)
[110] + T

7

T=

g

18 0

2.0275(3)

2.0270(3)

18 0 *

2.0070(3)

Also interaction with Sr nuclei (87 Sr, 1=9/2, 7.0%),
present as a background impurity, is identified. The stick
diagrams interpreting the hyperfine structures, using the values in Table I, are indicated in the lower part of Fig. 3 . It is
A. Electron spin resonance spectra
seen that each of the four N a lines is accompanied by a set of
In nominally undoped BaTi03 crystals, ESR signals with
further structures. The sum of these sticks, convoluted with
g values in the range 1.99 to 2.11 arise after illumination at
the widths of the Na lines, leads to a rather detailed coinciT"",25 K, their intensity depending on the photon energy in a
dence between observed and measured spectra.
way to be described below. The angular variation of the resoAfter K doping (1000 mol ppm K 20 in the melt) new
nance fields of a prominent one among these centers is given
resonances with topologically identical angular dependences
arise after illumination; their parameters are also listed in
in Fig. I. It can be described by .3ff= f-LBBgS with S= 112,
the principal directions of g being indicated in Fig. 1 and the
Table 1. Representative spectra of 0- -Na+ and 0- -K+ are
principal values in Table I. These g-tensor components are
compared in Fig. 4. Since the magnetic moment of K 9K,
typical for 0- trapped hole centers. 9 Since the g values clos1=3/2, 93%) is only 0.18 times that of Na, the hyperfine
est to g e' the free electron g value, are expected for B along
splitting of K is not resolved. The additional structure beside
the symmetry axis of an 0- p lobe, the model in Fig. 2 is
the main K line in Fig. 4 can be attributed to further hyperconsistent with the observed angular dependence. Further
fine interaction with three Ba ions next to 0- .
support for this model will be given below.
Besides these fundamental defects several other ones of
Higher resolution of the spectra leads to information on
similar structures have been discovered. The parameters of
the most prominent one among them are likewise given in
the surroundings of 0-. In Fig. 3 hyperfine splitting into
four intense strong lines is seen, caused by interaction with a
Table 1. A typical spectrum is shown in Fig. 5. In addition to
the outer hyperfine lines, assigned as indicated, there is the
nucleus with 1= 3/2, 100% abundant. Among the possible
strong central structure, attributed to an element with a mixchoices (Be, Na, As, Tb, Au) Na is the most likely one, its
presence in the (10-100) ppm range generally being proved
ture of nonmagnetic and magnetic (l = 1/2) isotopes, the latter with an abundance between 20% to 40%. There are two
by chemical analysis of nominally undoped BaTi0 3 . Table I
such elements in nature: 195pt (1= 112, 33.8%) and 207Pb
also contains the Na hyperfine parameters.
In Fig. 3 further hyperfine lines outside of the Na quartet
(l = 112, 22.1 %), the remaining isotopes having 1 = O. It turns
are discerned. Their most likely interpretation is based on the
out that the assumption "Pt" leads to a somewhat better fit of
the spectra. Pt is expected and found 2 to replace Ti in
assumption that 0- is surrounded additionally, as expected,
BaTi0 3 . The ESR analysis demonstrates that 0- next to Pt
by Ba2+ ions ( l37 Ba, 1=3/2, 11.2%, gn=0.63; 135Ba,
a 1T-orbital
ground state as shown in Fig. 2, i.e., the
1=3/2,6.6%, gn=0.56).
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[110]
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,

I

o~~

[010)

p,

,
I

[001]
Z

p lobe of the ground state does not point to the acceptor

defect, Ptli' The charge state of Pt in 0- -Ptli is not yet
known.
Table I also collects information on three similar further
defects in BaTi0 3 . To this group there belong two types,
"II" and "III," having their g axes tilted away from the
(110) type axes by 18° in both cases, as indicated in Table I.
Except for this rotation the g tensors of these defects are
similar to center "I" and to Pt-O- . The concentration of the
tilted centers increases under reduction. It should be remarked that none of the alkali centers (Na+ and K+) has a
tilted counterpart.
In this context we add that spectra now attributed to
Na+ -0- have also been reported by Schwartz et a/.lO Hyperfine interaction was not resolved and resonances were not

0
CJ

+

Na
2+

Sa

FIG. 2. Orbital model of 0- next to Na;.,
with the designations used for further reference.
The ground state, shown dark, is aI ways assumed
tobepx '

4+

5

Ti

0

0

2-

detected for some essential directions of the magnetic field ;
therefore the underlying center was erroneously claimed to
be axially symmetric.
B. Analysis of ESR data

We shall show that the observed Zeeman and hyperfine
interactions of Na+ -0- and K+ -0- can be understood on
the basis of the orbital level scheme expected for 0(2pS,L= I), situated on the axis between two Ti4+ ions in
BaTi03 and weakly perturbed by a neighboring Na;. acceptor core; see Fig. 2. The symmetry of the unperturbed 0site is D 4h, neglecting minor influences which might be
caused by the slight deviation of the low-temperature rhombohedral phase of BaTi0 3 from a cubic structure.
The crystal field Hamiltonian for this situation is
(I)

Bali03 : (Na +-0-)

where the orthorhombic perturbation by the Na acceptor and
by spin-orbit interaction is taken into account, and the axes

T= 15 K
B II [100)

!I I
J

I 1

::
It

135

I

.,

V ::
.,

Ba
23 Na

.,

V
87 Sr

~

i.
i.

I.

01

,I

I.
I,

316

, i,

,j

317

01

314

318

energy: 2.88 eV).

316

318

B (mT)

B (mT)

FIG. 3. Na, Ba, and Sr superhyperfine interaction of Na+ -0and their simulation (v= 9.291 GHz; modulation amplitude:
24 JLT; microwave power: 5.1 mW; light intensity: 30 W/m2; light

315

FIG. 4. Comparison of the Na + and K+ resonances obtained
with an as grown and with a Na-deriched, K-enriched sample
(v=9.265 GHz, modulation amplitude: 24 JLT; microwave power:
5.1 mW; T= 9 K; BII[ 100J ; light intensity: 30 W/m2; light energy:
2.88 eV).
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TABLE II. Crystal field parameters D and E (in em - I) , derived
from goOi and gilo (Table I), and comparison of experimental and
predicted values g 110'

o--PtX+
811[110]. T=20 K

119

1=0

E

D

•

325.5

327.0
•

87Sr

B (ml)

.137 Ba _Pt

,,.Ba-PI

FIG. 5. Superhyperfine structure of 0 - assumed to be associated with PtTt. The assignments of the components are indicated. A
simulation of the experimental spectrum is given (v = 9.258 GHz;
modulation amplitude: 24 itT; microwave power: 5.1 mW; light
intensity: 30 W/m2; light energy: 2.88 eV).

p,.

are oriented as given in Fig. 2. An orbital singlet.
is
highest in the hole picture. separated by D from a doublet.
which is split by 2(E 2 + A2/4) 112. In the case of vanishing
spin-orbit coupling the doublet orbitals are Px and Pv' In
Fig. 2. Px has been assumed to be the ground state. .
1. g tensors

We can make use of the similarity of the ESR features of
the present centers to those of the
molecule in the alkali
halides. 11 In the latter case a hole moves in an orbitally twofold degenerate fIg orbital of the strongly axial molecule.
The two components of fIg correspond to the Px and Py
states in the present 0- centers. Since the 0; axis extends
along a (110) direction in an alkali halide crystal. the symmetry of the molecule is orthorhombic and the degeneracy of
the fIg orbitals is lifted.
If the spin-orbit mixture of the two lowest levels is exactly taken into account and the admixture of the highest one
up to second grder, one arrives at

0;

Na+-0K--OPt-O1-0-

39000
30500
11000
11100

1600
1500
2100
2400

gllo(exp)

g lIo(pre)

1.9998
1.9993
2.0051
2.0075

2.0003
1.9999
2.0013
2.0016

the first order terms; see Table II. We assume that g I = I,
since orbital reduction by admixture of orbitals of neighboring ions can be neglected for the two lowest states (see Fig.
2), which give the decisive contributions to Eq. (2) .
Using these expressions, the E and D values in Table IT
have been determined from gOOI and g 110, as referred to Fig.
2. The g 110 values predicted on this basis coincide with the
experimental ones for 0- -Na+ and 0- -K+, Table II. For the
remaining centers the experimental g 110 values are always
somewhat larger than predicted. Reasons for these slight discrepancies will be discussed below in Sec. IV.
2. Na hyperfine interaction

Table I contains the parameters of the Na-hyperfine interaction. We know from the analysis of g that the ground state
p orbital points along the x direction; see Fig. 2. Since the
symmetry of the center is orthorhombic, the hyperfine tensor
A has the same principal axes as g. All components of the
hyperfine tensor have the same sign; only under this assumption can the hyperfine structure of the spectra be reproduced
by a theoretical simulation. 13 Large differences to the experiment are found especially for directions of B deviating from
the principal directions of A, if different signs for the components of A are assumed.
Decomposing A into its isotropic (a), axial (b), and
orthorhombic (e), parts
A llo =a+2b,

AOOI=a-b+e,

one
arrives
at
Ia I= 1.02(1 ), Ib I= 0.23(1 ), and
lei = 0.04(1) X 10- 4 cm- 1, the axis pointing along [110]; see
sign(b). BeFig. 2. Since IAllol<IAI101, IAood, sign(a)
cause the Px ground state lies in the region, where the axial
hyperfine interaction, b oc (Pxl(3 cos2 ,'}-I)IR 3 Ipx) is positive
(,'}: polar angle with respect to the Na + -0- direction) , the
g 110= g e cos2a- g I(AI D)( cos2a+ I - sin2a) - C ,
isotropic hyperfine interaction, a, must be negative.
Since in a multielectron system all isotropic hyperfine
g 110= g e cos2a- g tC"AID)( cos2a- I + sin2a) + C,
interactions with electron spins are proportional to
(L ij lifiJ(r)12-Lnlifij(r)12), where r means the site of the
(2)
nucleus whose hyperfine coupling is probed, where l' is the
spin direction of the main unpaired electron and where the
with tan(2a)=AI2E and C=g e(A 2 /4D 2 )(1-sin2a).
sums are over all orbitals having finite amplitude at r, a<O
These expressions are identical to those of Zeller and
means that the spin density at the Na nucleus is opposite to
Kiinzig, II except that here the terms C, being of second orthat of 0- Px ' This is astonishing, since Px has finite overder in "-I D, are included. It turns out, however, that the latter
lap with Na +. The situation differs from that where the inare always smaller than 5 X 10- 5 , using "-0- = - 150 cm- I
teracting nucleus Iies on a nodal plane of the ground state
(see, for example, Ref. 12) and the D values derived from
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Na;' 35

cpYl'~%2p
(110)

L~8/
0- 2px

(100)

-12L...-------------~----.J

FIG. 6. Orbital scheme used to illustrate direct and indirect

0.0 I

0- -Na+ overlap. The ground state orbital2px transfers i to the Na
nucleus by direct overlap, path I. The shown 0 2 - 2p orbitals represent two out of a total of four such ions pairwise lying above and
below the (ITO) plan containing (0 - -Na +). The indirect overlap of
0- 2p x along paths 2 and 3 decreases the i density at the Na
nucleus. I? Exchange polarization of the i and 1 Na s orbitals then
leads to a 1 majority at the Na nucleus.

orbital, populated by the main unpaired electron. It is well
known that in this case, exchange core polarization of paired
electrons in innershell orbitals having nonzero density at the
relevant nucleus can lead to a<0 . 14.15
In the present geometry we encounter the fact that the
strong overlap of the 0- Px orbital with the Na nucleus
would produce a large positive a . For a similar situation,
0- -Li+ in MgO, CaO, SrO,16 we have demonstrated
earlier l7 that the density of the main unpaired electron at the
Li nucleus, corresponding to the Na nucleus in the present
situation, can be strongly reduced by destructive interference
between the electron amplitudes along path I in Fig. 6, describing the direct overlap of the Px orbital with the Na s
shells, and along paths 2 and 3, taking account of indirect
overlap. In this way a situation is produced similar to the
case of a nucleus lying on a nodal plane. Exchange core
polarization of the Na s orbitals can then lead to a<O. This
has been demonstrated in the case treated earlier,17 and not
only the sign, a<O, but also the amount of a has been predicted in almost quantitative agreement with observation.

0.03

0.04

0.05

0.06

1fT (11K)
FIG. 8. Decay rates e(T) of nonequilibrium hole populations,
introduced by near bandgap illumination at low temperatures for
various 0- centers. The designations are related to those given in
Table I. A corresponding plot including a correction by T2 (see text)
is not shown.

The size of the axial hyperfine interaction parameter, b,
contains information on the distance, R, between nucleus
and 0- site. Considering, as a boundary case, the situation
that the 0- orbital shrinks to a point, we have
b(R) = (f-Lo/4TT)g ef-LBg nf-LK(R- 3 ). Comparison with the experimental b yields R = 0.312 pm, - 10% longer than the
distance expected for an undistorted lattice, 0.285 pm. The
elongation of the 0- -Na+ distance can be understood as
follows : The 0- ion is attracted more strongly by its twofold
positive neighbors, Ba2+ (or Sr2+) than by the onefold positive Na +. It must be added that corrections for the finite size
of the 0- Px orbitals will not change this result decisively.
C. Thermal stability of the neutral state of the alkali acceptors

Using the method of isochronal annneal, i.e. , heating to a
gi ven temperature, holding this for 2 minutes and fast cool-
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FIG. 7. Temperature dependence of the ESR intensity of the
0- and Fe3+ centers, determined by isochronal anneal, after pumping by near bandgap illumination at 25 K.

FIG. 9. Parallel rise of 0- -Na+ ESR and optical absorption,
simultaneously measured at 15 K under illuminations with light of
increasing energies, starting at 0.5 e V. The deviation between both
curves. being guides to the eye. near 2.3 eV is caused by an overlapping band decreasing in intensity under illumination with light of
this energy. The inset shows the 0- band along with its theoretical
reproduction.
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TABLE III. Binding energies E b , in meV, of hQles at shallow
acceptors in BaTi0 3 .
Acceptor

Eb1meV

Eb1meV

(incl. T2 corr.)
K+
Na+

w+
II

FIG. 10. The twelve oxygen ions surrounding Na;a one of the
0 2 - has been transformed to 0- (dark) by capturing a hole. Lightinduced polaronic hole transfer can take place to the nearest 0 2 neighbors (grey). The tetragonal distortion, QI, can be assumed to
lead to a stronger decrease of energy than Q2; the latter affects only
the rather long and therefore weak Na +_0 2 - bond.
ing to 25 K, where ESR is measured, the signal heights given
in Fig. 7 were obtained. Holes captured near the alkali acceptors are thermally ionized already at 50 K; the Pt-Oacceptor is more stable, losing its hole only near 85 K. Also
the temperature dependence of the Fe3+ signal, present as a
further impurity in the crystal, is shown. A close correlation
to the intensity of Na + -0- is seen. Apparently the holes
thermally ionized from Na + -0- are captured at Fe3+, forming Fe4+. This may be caused by a spatial proximity between Na + and Fe 3 +. It is not known why such a correlation
is not observed for K + -0 -. Also the centers I, II, and III in
Table I have a high thermal stability, comparable with that of
0- -Pt. This might indicate that these defects likewise contain acceptor ions on the Ti site. In this context it should be
remarked that also AI3+ -0- is thermally ionized near
100 K. This ion certainly replaces Ti; its structure, however,
is somewhat different, the hole being shared by two 0ions. 2 Because of the shorter distance between 0- and an
acceptor ion on a Ti site, such defects are expected to be
more stable than 0- -Na;a and similar centers.

36
46
60
150
230

(4)
(4)
(5)
(30)
(30)

32
41
53
150
230

(4)
(4)
(5)
(30)
(30)

The right-hand side of Eq. (3) is dominated by the exponential, since the product yc(T) can be estimated to be at most
proportional to T2: In simple cases the valence-band effective density of states is ex T3/2. The root mean square velocity
with which the valence-band holes can be assumed to arrive
at the acceptor site, having a temperature independent capture cross section, scales as TlI2. Because it is uncertain
whether these estimates are applicable also for BaTi0 3 ,
where strong hole phonon coupling is expected, we have
evaluated the slopes in Fig. 8 by alternatively including and
neglecting the T2 correction; see Table III. The depths of the
Na+ and K+ acceptors, -45 meV and -34 meV, do not
depend significantly on this extra factor. Both levels are very
close to the valence-band edge. Shell model calculations 19
predict for the K+ acceptor in BaTi03 a level energy of 120
meV, for Na+ 60 meY.
E. Optical absorption

Under the illuminations which create the 0- ESR also a
strong optical-absorption band with maximum near 1.3 eV
appears; see inset in Fig. 9. Its intensity is correlated to that
of the Na+ -0- ESR in Fig. 9.
The features of the absorption band-large width, high
intensity, peak in the visible or near infrared, correlation with
0- ESR-are characteristic for light-induced hole transfer
between 0 2- ions equivalent with respect to the acce~tor
core, Na + in the present case. In the past this model 20 . 1,18
has successfully explained 0- -related absorptions in many
materials [e.g., MgO:V- and similar defects,21 Si0 2 :AI3+
(smoky quartz),22 light-induced absorption in YAl0 3 , 4 Zn
D. Energy levels
vacancy in ZnSe 23 ].
The low temperatures at which the acceptors are therThe hole can be self-trapped at each of the equivalent
mally ionized (Fig. 7) suggest that their energy levels are
0 2- sites, and optical transfer to a neighboring site then
close to the valence-band edge. They were determined by
occurs under Franck-Condon conditions. Therefore the enmonitoring their hole emission rates, e(T), as depending on
ergy of the band maximum is identical to the Franck-Condon
temperature. This was possible since it was noticed that durshift, initial and final ground state energies being identical.
ing high intensity illumination of the crystals the hole popuBecause of this fact there is also a correlation between band
lation of the acceptors was higher than in the equibrium situposition and width: No phonon-broadened absorption band
ation, attained at long times after illumination. Apparently
can be wider relative to its peak position. These features are
these acceptors have rather large capture cross sections. The
characteristic for small polaron optical absorption.
rates of the return of the excess population to equilibrium,
Since the intensity of the optical transfer transition dee(T), are plotted in Fig. 8. Exponential decays of e(T) are
pends on the square of the energy overlap integral,20 J,
observed. This is predicted by the following arguments. Dewhich is a function exponentially decreasing with distance,
tailed balance requires 18 that
only the nearest neighbors of an initial 0- ion are eligible as
final sites. Among these there are the four 0 2 - ions indicated
(3)
e(T) = yc(T)exp( - Eb IkT),
in Fig. 10, which are characterized by their equivalence with
respect to Na+. Since the (0- _Ti4 +) distance is shorter than
where y is the ratio of the degeneracies of the valence-band
(0- -Na+),
the former bond can be assumed to be more dethe capture
rate.
edge and the acceptor, and c( T) representsﻣﺘﺎﻟﻮﺭژﻯ
ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ
- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
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FIG. II. Change of 0- ESR under (100)
uniaxial stress (a), B being directed as indicated
in Fig. I. (b) Relative orientations of the 0ground state orbitals, indicated by arrows, and the
stress direction. (c) Relation between relative
0- intensities and stress.
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cisively influenced by capture of a hole at 0-. Therefore the
excitation of valence band electrons to the Rh4 +!3+ leve1. 24
In some specimens the corresponding hole photo ionization
self-trapping energy will be mainly determined by the axially
of Fe4+ is dominant.
symmetric distortion Ql along the (0- _Ti4 +) direction. For
this situation it has been demonstrated earlier,21 that the
maximum of the optical-absorption band, resulting from the
F. Reorientation of the Na + ·0- axes under uniaxial stress
light-induced polaronic hole transfer between both sites, is at
2EJT, where EJT is the decrease in energy by coupling the
Upon application of uniaxial stress at 4.2 K along a
hole to the axial (0- _Ti 4 +) distortion QI' It can be shown
pseudocubic [001] axis, with the magnetic field perpendicular to the stress direction, relative intensity changes of the
that the absorption band would be peaked at E~, if the
Na +-0- hole ESR lines are observed; see Fig. II. The lines
(Na +-0-) distortion, Q2' was decisive, E~ being the corredo not shift or become wider under stress. The experimental
sponding stabilization energy. The shape of the absorption
results can be explained by assuming that the sixfold orienband is given by aocexp[ -w(E-2EJT )2] with w- I
tational degeneracy of the Na +-0- axes is partly lifted, ac= (4E JTIi wo), where Ii Wo is the energy of the interacting
cording to Fig. Il(b), into a twofold degenerate set of lower
lattice vibration. It is seen in the inset of Fig. 9 that the band
energy and a fourfold set with higher energy levels. As exis well reproduced with EJT=0.65 eV and Iiwo=0.12 eY.
pected, sites with their p x orbitals perpendicular to the stress
The latter value is of the order of magnitude of the highest
direction are favored. This stress dependence is analogous to
lattice vibration energies in BaTi0 3 . EJT is comparable to
that found for the Fe2+ -0- hole center in SrTi0 3 . 5 In Fig.
the values found 21 for MgO:V- (0.97 eV) and MgO:Na+
11 (c) In[2(/1 +12)/(/3 +14)] is plotted as a function of the [001]
(0.67 eV). In contrast to the present situation, where the hole
stress, where the intensities have been labeled according to
is in a 7r - orbital, in these cases it is localized in a u bond,
Fig. 11 (a). In making these measurements the Na hyperfine
more strongly affecting the bond strength.
structure was wiped out by using overmodulation. For
Figure 9 compares the changes of the intensity of the
stresses higher than 2 X 108 Pa a deviation from the linear
0- band with those of the Na+ -0- ESR under illumination
dependence is found. Also small hysteresis effects, due to
with a series of increasing light energies. These measureresidual strains, were observable after applying stress.
ments were made simultaneously, using the setup described
The stress-split levels are populated according to Boltzin Sec. II. It is seen that both phenomena are correlated to
mann's distribution. Their ener~l difference is described by
means of an elastic dipole.
The dipole energy is 26
each other, supporting the assignment of the absorption band
~
U
=
VoXp=
f3p,
where
13
is
the
linear
stress coupling tensor
at 1.3 eV to Na+ -0-. The slight discrepancy between both
(with the dimension of a volume) and p is the stress tensor.
curves in Fig. 9 near 2.3 eV is caused by the decrease of a
The anisotropic part of the A tensor, A', has zero traceY For
strong and wide band, peaked at 2.3 eV, overlapping with the
a uniaxial stress along the [001] direction, the differential
0- band. This absorption at 2.3 eV is connected with the
stress coupling coefficient 13[001] of an orthorhombic defect is
decrease of the ESR of Rh4+. The creation of the holes
7 f3[00i]=VoC10.. ; +A;)-A;J, where A;, A;, and
given- b/
leading to Na +-0- can be attributed in this
crystal
to
the
ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ
ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

123

0- HOLES ASSOCIATED WITH ALKALI ACCEPTORS IN BaTi03

123

FIG. l2. (a) Asymmetric vibration modes
coupling with the orbitally degenerate p x' P Ofbitals. (b) Lower energy surface (for E 1<0) resulting from the coupling desclibed in the text.
Parameters
used:
V3= 1, v4=0.5, K3=2,
K4= I; Q3 and Q4 vary between::!: 1.2.

11.3 are the principal values of the A' tensor. At thermal equi-

embedded cluster calculation of Fe4 + in BaTi03 (Ref. 28)
indicates that the ground state of this system rather is F4,+
+ 0-, where the 0- hole is in a 71' orbital.
As expected, the 71' orbital, however, is somewhat less
favorable energetically for acceptors on the Ti site. This is
seen from the D values of these defects in Table ill, which
are lower than those of the alkali acceptors replacing Ba. A
further distinguishing feature of the acceptors on the Ti site
IV. DISCUSSION
is the sizeable discrepancy between predicted and measured
gllO shifts (Table II). For these centers there is no symmetry
The detailed information on the alkali-O- centers, which
breaking charge in the plane of the 71'- orbitals, and P.t and
is available now, invites their comparison with other 0- hole
P y will be essentially degenerate. These levels are then excenters in oxide perovskites and in related compounds, such
pected to be split apart by a Jahn-Teller effect (see Appenas the cuprate superconductors. Also in these materials the
dix). If this is dynamic, there will be strong vibronic deviaholes introduced into the CUOl planes by doping with acceptions of the ground state orbital from the [11 0] direction.
tors situated outside of these planes, have their highest denBecause of the resulting finite root mean square excursions
sity at the 0 2 - sites, forming 0-. However, because of the
of the Px lobe from this direction, there will be a sizeable g
high Cu2+ -0- covalency, holes are found in O'-type orbitals,
shift measured for B along [110]. According to the evaluaconnecting Cu2+ and 0-, whereas in the 0- centers in the
tion given in the Appendix, vibronic excursion angles of up
perovskites the hole is in 'IT-type orbitals, avoiding the neighto 20° are likely.
boring Ti4 + sites. In stabilizing this orbital the attraction beThe comparison of the several 0- centers in the oxide
tween the alkali ion on the Ba site and the 0- hole does not
perovskites demonstrates the great flex ibility of the correseem to be decisive. In fact, there are also acceptors on the Ti
sponding structures. The holes can be in 1T-type orbitals, as
site, in principle attracting the hole, for which the ground
reported here. They can be shared by two such orbitals.
state is still a 7T orbital. This has been shown previously, e.g.,
forming an O~- bond between two 0- ions neighboring
for AJ3+ and Mg2+ (Ref. 8) as well as Fe2+ (Ref. 5) in
each other along [110] directions, as for BaTI03 :Alt+. 2
SrTi03 • Also the centers attributed here to Pt-O-, and to I,
II, and ill (Table ill). although not yet definitely identified,
Such a bond can also accommodate two holes, forming a
can be assigned to acceptors on Ti sites, as will be discussed
hole bipolaron. 29
shortly. They also have 7T ground states. Apparently this orThe Ba vacancy has often been invoked as an intrinsic
bital is mainly stabilized by the charge of Ti4+, being at least
acceptor in BaTi03 . The present investigation allows us to
predict the ESR signature of the Ba vacancy. This defect
one of the 0- neighbors, and by its lacking hole covalency
results
picking out the Na ion from the center shown in
with TI4+. In this context it should be remarked
that
a
recent
 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ-from
ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
librium

the

ESR

line

intensity ratio becomes 2
(/1+I2)1(l3+14)=exp(f1r.ool]plkT). From the slope of the
least square fit line we find .B[()(ll) = 1.23 X 10- 30 m3 at 4.2 K.
This value is of the same order as that found for the Fe2 +
-0- center in SrTi03 (.B[OOI] = 3.48X 1O- 30m3 at 30 K).5
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Fig. 2. The angular dependence of the corresponding ESR
spectra should thus be similar to those of the alkali defects,
with g values closer to g e' No such spectra have been identified. 0 - centers in SrTi03 have lower maximal g shifts
than those in BaTi0 3 . This can possibly be attributed to the
lower ionic radius of Sr2+ as compared to Ba2+. Stabilizing
relaxations after hole capture can thus be stronger in
SrTi0 3 , leading to larger energy splittings and thus lower g
shifts.
Finally, we want to point out that one of the most important features of the alkali centers in BaTi03 is their low
acceptor level. Doping with such acceptors should allow one
to lower the Fermi level to a position close to the valenceband edge. It should be noted that in spite of their levels
lying very near to the valence band the alkali acceptors can
be treated in the localized hole picture and not with an effective mass model. This, of course, is caused by the strong
hole-lattice coupling, favoring localization.

with tan(2cp)=(V4Q4)/(V3Q3) ' The energy surface described by Eq. (7) is demonstrated for EI <0 in Fig. 12(b).
The minima along the Q3 direction, stabilizing either Px or
P y , cause the orthorhombic splitting, parameter E in Eq. (I) .
For 0- in BaTi03 the IT minima are expected to be rather
flat, as indicated in Fig. 12 (b), because the Ba2+ ions, limiting the angular excursions of the P lobes are rather distant
from 0-. Outside of the Q3 axis the eigenstates are mixtures
of Px and p y . This observation will be used to explain the
observed g values for B along the x axis. We think that the
deviation between predicted and observed gllo values in
Table II is caused by the vibronic nature of the ground state
Eq. (8), allowing admixtures between Px and Py . In an
analogous way g shifts resulting from a vibronic mixture
between the (3z 2 -r2) and (x 2 _y2) orbitals of, e.g., Cu2+
in an octahedral crystal field have been derived by 0'Brien 32
For the vibronic ground state '¥ g the expectation value of
the Zeeman operator Yrf, = f.1..BBgS, is given by
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Since the vibration of the lattice surrounding the 0- ion,
causing the finite angular excursions, is fast compared to the
Larmor frequency, the time average of (.'1ff,) is observed:

APPENDIX: JAHN-TELLER EFFECT
OF THE 0- '1T ORBITALS

The 0 2- site in ideal perovskites is axially symmetric,
local group D 4h . The hole ground state is twofold degenerate, if spin-orbit splitting is neglected. This is the basis for a
simple Iahn-Teller situation. A structurally equivalent case
has been treated by Estle 30 in a lecture introducing to the
Iahn-Teller effect. Among the vibrational modes of the planar "five-ion" molecule, 0- surrounded by four Ba2+ ions
[Fig. 12 (a)), there are two low symmetry oscillations which
can couple 31 to the twofold degenerate orbital ground state
and
symmetry, reS(D 4h ). These vibrations have
spectively. They are visualized in Fig. 12 (a). Quantifying the
heuristic arguments used by Estle 30 we arrive at the IT
Hamiltonian:

r

rr

r;

The mixed term, coscp(t)sincp(t) , is zero, coscp(t) and
sincp(t) being even and odd functions of the angle cp(t). The
latter can be assumed to vary sinusoidally around zero, thus
being an uneven function of time.
In order to arrive at an estimate of sin2cp(t), (PxIYrf,lpy)
and (pyl.'1ffzlpy) must be known. The former can be identified with gIlOf.1..BBIIO, where gllo is the calculated value for
gllo in Table II. An estimate for (p y l.5'41,(B llo )lp y ) can be
obtained, if it is considered that this is-by symmetry (see
Fig. 2)-roughly equivalent to (PxIYrf,(B 110)lpx)' We thus
have ilg 110,exp""cos 2cp(t)ilgII0,calc + sin2cp(t)ilgjjo . Here
it is considered that the vibronic correction to ilg 110 will be
small compared to ilg 110 (Table I), whereas it is essentially
the only contribution to ilg 110'
Using cos 2cp(t) = I-sin 2 cp(t) we obtain

Operating on the Px' Py base (Fig. 2), the electronic operators It} and 64 have the structure

1t3 =(~ ~J 1t4=(~ ~) .

(A2)

ilg llO,exp"" 6.g 1I0,calc + (6.g 110- 6.g llO,calc) sin 2 cp( t)
or

The eigenstates of 1t3 are Px and Py , respectively; those of
1t4 , (Px±p,, )Ifi,. The eigenvalues of YrflT are
(A3)
and its eigenvectors

The experimentally determined difference ilg 1I0,exp
- ilgllO,calc corresponds to .;q;r"" 20° for 0- oPt, which appears
to beﺍﻳﺮﺍﻥ
reasonable.
( ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯA4)
ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ
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Characterization of Particle Orientations in
Ceramics by Electron Paramagnetic Resonance
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It is shown that electron paramagnetic resonance spectroscopy provides an accurate method for measuring the preferential orientation of axial crystallites in
ceramics. Since the physical properties of ceramic materials are correlated with
the degree of this orientation, EPR can be a convenient and useful tool for the
characterization of ceramics.

THIS communication illustrates that the
electron paramagnetic resonance (EPR)
technique is a very useful microscopic tool
for determining the preferred orientations
of crystallites (particles) in ceramics. EPR
is the study of induced transitions by microwave radiation between the energy levels
of paramagnetic ions (for an introductory
account, see Ref. I) The energy level separations, arising from interactions with
neighboring ions, are modified by varying
an external magnetic field to bring them
into resonance with a fixed microwave frequency. In contrast to x-rays which only
penetrate a few micrometers of a sample,
microwaves penetrate its entire volume.
Thus, EPR determines the distribution of
the particle orientations in the whole volume of the sample.
We use, as an example, polycrystalline AI,O, . Crystals_of AI,O, have
space group symmetry R 3c(D~d). Small
amounts of Fe impurities are usually
present in this oxide. Paramagnetic Fe'+
substitutes for diamagnetic AI'+ in a trigonal site with 3(C,) point group symmetry. The EPR spectra of Fe H ions in
single crystals of AI,O, are well known. ,.,
The ground state of this ion has a 3d', 6S",
(orbital singlet, spin sextuplet) configuration. Because the orbital angular momentum is zero, the spin lattice relaxation
rate is small and the spectra are conveniently observable at room temperature.
A unique axis of symmetry, the c axis,
is associated with a single crystal of AI,O,.
The EPR spectrum of AI,O,:Fe H depends
on the relative orientation of this c axis
with respect to the .direction of the applied
magnetic field. The magnitude of the resonance magnetic field has extrema for certain orientations of the field direction with
respect to the c axis. These orientations
primarily (but not always) are those where
the c axis is either parallel or perpendicular
to the external field.
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Some alumina powders consist of single disk-like crystallites with the c axes
perpendicular to the discs. In a perfectly
random powder all orientations of the c
axes are equally probable. The spectrum in
this case consists of all the lines which originate from the particles whose c axes are
oriented in the vicinity of those directions
in space where the resonance field goes
through extrema.
A typical room temperature powder
spectrum of AI,O,:Fe3+ at a microwave frequency of ""9 GHz (x band) is shown in
Fig. I. If the directions of the particle c
axes in space are completely random, this
spectrum will be independent of the orientation of the external magnetic field. In
polycrystalline ceramics, the spectrum's
individual line intensities depend on the
external magnetic field direction. This
dependence gives information on the distribution of the orientation of the c axes in
the material.
We now concentrate on the two
strongest lines in the spectrum of Fig. I
which we have designated as lines I and 2.
These lines, respectively, originate from
those particles whose c axes are parallel
and perpendicular to the magnetic field.
Figure 2 shows the variations of the intensities of these two lines in a flat sheet of
ceramic containing AI,O,:Fe3+, as functions of the external magnetic field direction with respect to the line normal to the
sheet. Of the two lines, line I ("" 1.6 X 10-'
T wide) is much narrower then line 2
(""5.0X 10-' T wide) and its intensity can
be more precisely measured. It is useful,
however, to look at both lines as an internal
check to make sure that the intensity variations are not instrumental artifacts. No
changes in intensities were observed when
the magnetic field was rotated in the plane
of the sheet. These variations show that the
c axes of the particles are preferentially
oriented perpendicular to the plane of the
sheet and that their orientation distribution
can be described by an ellipsoid of revolution with the major axis normal to the plane
of the sheet. We may define the ratio of the
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line I (i.e. the ratio of the major to minor
axes of the distribution ellipsoid) as the
"anisotropy coefficient" of the ceramic. A
randomly oriented powder is a completely
disordered (isotropic) material and has an
anisotropy coefficient of one (i.e. the orientation distribution is spherical). A perfect
single crystal is completely ordered and has
an anisotropy coefficient of infinity, (i.e.
the ellipsoid collapses into a straight line).
In manufacturing of powders into sintered pieces, the anisotropy coefficient increases from unity for a random powder to
(2.0~O.I) for a typical tape4 cast alumina
green sheet, to 2.4~O.1 for pressed laminates of the tape cast sheets, and 3.5~O.1
for the sintered tiles. Thus, in each stage of
this process the material tends toward
"order".' This means that there is an increasing tendency for the crystallites to
pack together with their c axes perpendicular to the sheet (i.e. the planes of the disk-

05

10

MAGN£TIC f'lfLO (testa)

Fig. I.

EPR spectrum in a powder of AI,O,

(= 1% Fe 3 +) at room temperature and microwave

frequency of 9.1545 GHz. Lines I and 2, respectively, arise from crystallites whose c axes
are parallel and perpendicular to the external
magnetic field.
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Fig. 2. Variations in intensities of lines I and 2
of Fig. 1 in a flat sheet of ceramic containing
Al,O,:Fe H as functions of angle between external magnetic field and normal to plane of sheet.
Line I directly gives the distribution of particle
e axes in a cross-sectional ellipse of the particle
orientation distribution ellipsoid of revolution,
with the maximum and minimum proportional le-

the major and minor axes of the ellipsoid.
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like particles align parallel to the surface of
the sheet). As the physical properties of
ceramics are dependent on the degree of
this "order", the measurement of the EPR
anisotropy coefficient can be a practical
and reliable method for characterizing the
material at each stage of processing.
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II. Transition-Metal Ions in Pyramidal Oxygen Coordination

IIA. The Observation of Me- Vo Centers
In cubic SrTi03, a strong axial paramagnetic resonance spectrum along (100) directions
had been observed in the early '60s. This spectrum, with an effective gyromagnetic value
between gil ~ 2 and gl. ~ 6, was thoroughly investigated while KAM was at the Battelle
Memorial Institute in Geneva with Dr. Roy Rubins. Its magnetic field anisotropy could be
assigned to a spin S = 5/2 center in a large axial crystal field, and the axial splitting constant
determined by measuring at X- and K-band frequencies was found to be D = 1.4 cm -1. It
was assigned to an Fe3+ impurity on a Ti 4+ site with a next-neighbor oxygen anion missing
on the surrounding ligand octahedron: In short, an Fe 3 + - Vo pyramidal center [IIA1]' Its
EPR spectrum and the domains present were further analyzed in the tetragonal phase of
SrTi0 3 [IIA2]'
Still at Battelle, two axial EPR centers in nickel-doped SrTi0 3 were investigated. They
are related to the Fe3+ -V0 center, because all three exhibit the same rotation angle away
from a [100] axis below the structural phase transition (SPT) at Tc = 105 K, i.e., 1.4 times
smaller than the intrinsic one (note that the SPTs are reviewed in Chap. VII). Both centers
result from the association of a Ni3+ impurity with a nearest neighbor oxygen vacancy Vo.
One is a thermally stable center and is observed when the oxygen vacancy is empty. It is a
Ni3+ - Vo pair center. The other center is light-induced and is created when two electrons
are trapped near or at the vacancy. It thus is aNi 3+ -V0-( - 2e) pair. In the stable Ni 3+ -V 0
center, the EPR is due to the single unpaired e- type electron of the low-spin Ni 3+ occupying
a 3z 2 - r2 orbital along the pair axis. In the Ni 3+ -V0-( - 2e) center, the Ni electron is in
an e-type x 2 - y2 orbital directed away from the near neutral Vo-( -2e). This was the first
time in solid-state physics that the charge state of a lattice defect, the V 0, was monitored
by means of the different electronic configuration of an associated defect, namely of the
Ni3+ [IIA3]'
That type of Me-V 0 center was later also found in experiments with Prof. Ortwin
Schirmer, in the doubly charged state of Fe 4+ -V0, the Fe3+ -V 0 being singly charged with
respect to the lattice. The identification was from both the EPR signature and optical
absorption [IIA4]' Then the same kind of centers were observed in manganese-doped SrTi03
in a study together with two US collaborators [IIA5]: a neutral Mn2+ -Vo, a singly positively
charged Mn 3+-Vo, and the doubly charged Mn4+-Vo. The Mn 2+-Vo center with S = 5/2
has an effective g-value varying between gil ~ 2 and gl. ~ 6, whereas that of the Mn4+ - Vo
with S = 3/2 varies between gil ~ 2 and gl. ~ 4. Mn3+-Vo is interesting because, like the
isoparamagnetic Fe4+ -V0, it has a total integer spin of S = 2, with an S = ±2 ground-state
doublet lying lowest in the axial crystalline field of the vacancy. Therefore their observed
g-values vary between gil ~ 2 and gl. ~ 8. The observation of Mn3+ and Fe4+ ions by EPR
has remained quite unique until now. Owing to the large variation of resonance magnetic
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fields, the observed anisotropy of the hyperfine splitting of the 55Mn nucleus with I
is also interesting. Later also EPR of Fe4+-Vo in BaTi03 could be observed. 2.l

= 5/2
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Strong Axial Electron Paramagnetic Resonance Spectrum of Fe3+ in
SrTi0 3 Due to Nearest-Neighbor Charge Compensation
E. S. KIRKPATRICK,· K. A. MULLER,t AND R. S. RUBINst
Battelle Memorial Institute, Geneva, Switzerland
(Received 3 February 1964)

An axial electron paramagnetic resonance (EPR) spectrum in iron-doped (cubic) strontium titanate has
been observed at 3.3 and 1.85 cm wavelength with effective gvalues gl·=5.993±O.OOI and gl'= 5.961±O.OOI,
respectively, and gll·=gll=2.0054±O.OOO7. The same spectrum was found after charge displacement due
to heat treatment in the dark or by reduction in crystals which contained, in addition to iron, other transition metal ions. The spectrum is attributed to ~M=1 transitions of the S,=±! level of FeH (3d') in a
strongly tetragonal electric crystalline field produced by local charge compensation at a nearest-neighbor
oxygen site. The theory is developed for ions of half-integral spin in an axial field much greater than the
Zeeman splitting. By applying the theory to the special case of S=! and using the measured effective gl'
values and resonance magnetic fields gl=2 .0101±O.OOO8 and a zero-field splitting parameter J2DJ of
2.85±O.15 em-I is obtained. This is the largest splitting which has so far been observed for FeH in any
inorganic crystal and could be useful for submillimeter maser applications.
I. INTRODUCTION

I

T has been shown by Watkins,! for Mn2+ in NaCI,
that impurity ions substituting for ions of different
valency attract charge compensating defects in the
lattice at temperatures at which the ions become mobile.
The majority of reported EPR studies of transition
metal ions in the three oxide crystals SrTiO a,2 BaTiO a,3
• Present address: Harvard University, Cambridge, Massachusetts.
t Present address: IBM Zurich Research Laboratory, RUsch!ikon-Zurich, Switzerland.
t Present address: Hebrew University, Jerusalem, Israel.
I G. D . Watkins, Phys. Rev. 113, 79 and 91 (1959).
, K. A. MUller Proceedings of the First International Conference

and rutile (Ti02),4 have indicated that there is no
definite evidence for local charge compensation when
divalent or trivalent transition metal ions replace the
tetravalent titanium ion. It seemed possible that this
might be due to the high dielectric constant of these
crystals, which is 100 or more at room temperature. At
about 1000oK, when the ions in these oxide crystals
become mobile, the dielectric constant is still an order
on Paramagnetic Resonance, Jerusalem, 1962 (Academic Press Inc.,
New York, 1963), p. 17.
• A. W. Hornig, R. C. Rempel, and H. E. Weaver, Phys.
Chem. Solids 10, 1 (1959).
• H. J. Gerritsen, Proceedings of the First International Conference
on Paramagnetic Resonance, Jerusalem. 1962 (Academic Press
Inc., New York, 1963), p. 3.

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

132

STRONG AXIAL EPR SPECTRUM

A87

of magnitude higher than in normal inorganic dielectrics
(e.g., NaCl, MgO, etc.), and the Coulomb interaction
between defects is accordingly much lower.
The first indications of possible local charge compensation have come from recent EPR studies on Cr3+
in Ti0 2,' and on nickel in SrTi03.5 Further study on the
SrTi0 3 : Ni system 6 has shown that the axial spectrum
observed in Ref. 5 is due to NiH in a field of tetragonal
symmetry. As a cubic NiH spectrum is also present in
these crystals, it appeared likely that the tetragonal
field is produced by local charge compensation, although, due to the high polarizability of Ti4+ sites, the
possibility that the NiH ion sits in a corner of the octahedron could not be excluded.
In this paper we report a strongly axial EPR spectrum found in iron-doped strontium titanate. The same
axial spectrum was obtained by heating nickel and
chromium-doped SrTi0 3 crystals (which contained
Fe H in cubic sites) in the dark to 80°C, and also by a
reduction experiment described in this paper. In the
former case, the axial FeH spectrum disappeared on
exposure to light. By considering the general theory of
the effective g values of ions with half-integral spin in
an axial field much stronger than the Zeeman splitting,
we are able to show conclusively that the spectrum is
due to FeH (3d 5) in a strong tetragonal field. The only
possible explanation for such a strong field is that local
charge compensation takes place at a nearest oxygen
si te in the octahedron.

The g Values of Ions of Half-Integral Spin (S ~~)
in a Strong Positive Axial Field
It is convenient to consider the crystal axis as axis of
quantization. If the magnetic field H lies in the xz plane,
making an angle 8 with the z axis, the spin Hamiltonian
may be written
JC=D(S.2_1)+gllfJHS. cos8+g,f3HSz sin8.

The factor -1 is included in the crystal field term in
order to make this term zero for the S.= ±t doublet.
In computing the Zeeman splitting to the third order,
only S.= ±t and S.= ±j levels need be considered, as
there are no matrix elements between S.= ±t and
higher S. states. The matrix elements within the
S.=±t and ±~ levels are then as shown below.

It)

I-t)

!)

A

B

I-t)
I !)
I-j)

B

m

I-j)

Fel+

with
A=tgllf3H cos8,
B= tmg,f3H sinO, m= [S(S+ 1)+1J I / 2 ,
C=tng,f3H sin8, n=[S(S+1)-iJI/2,

and D»A, B, C.
We begin by neglecting second-order effects and
diagonalizing the 2X2, S.= ±! matrix. The first-order
solutions are:
(1)

for the energy levels
W=±(B2+A2)1/2;

(2)

for the wave functions

h)=al +!)+f3I-t),

15)=al-!)-f31 +t),

where
f3=(A2+ B2 )1/2_ A )1/2

a=(A2+B2)1/2+A)1/2,
2(A2+B2)1/2

2(A2+B2)1/2

Using I'Y) and 15) as basis vectors the matrix given
above transforms to

I'Y)
15)
I!)

m

I'Y)

15)

(A2+B2)1/2

0
_ (A2+B2)1/2

0

I-~)

II. THEORY

OF

aC

-f3C

f3C

aC

I-!)

aC

f3C

-fJC

aC

2D+3A

0

0
2D-3A.

Terms obtained from second-ordet perturbation
theory do not split the I'Y) and 15) levels further. The
relevant third-order terms are contained in the
expression

,

IJCmn l2

n(r'm)

(E m -E")2

L

[JCnn-JCmmJ,

where m is the ground level.
For the I'Y) level they give an energy shift
3AC2
C2
AW=--(a2-tJ2)---(A2+B2)1/2
(2D)2
(2D)2

and for the 15) level - AW. The experimental g value is
then obtained by means of the equation
gefJH= 2(W+AW).

The factor (a2-tJ2) simplifies to A (A2+B2)1/2j(A2+ B2),
so that

C

0

-A

0

C

0

C
0

ge{3H=2(A2+B2)1/2[1_~(B2_2A2)] .

2D+3A

0

C

0

2D-3A

The general expression for g' may now be written.
This is

• R. S. Rubins and W. Low, Proceedings of the First International
Conference on Paramagnetic Resonance, Jerusalem, 1962 (Academic
Press Inc., New York, 1963), p. 59.
• K. A. Muller and R. S. Rubins (to be published).

(2D)2 B2+A2

g'=[g 2_L(m2a2_a
II

r

. 1>"

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

1>"

2)Sin20Jl/2[1-~
(g,f3H)2 F (8)] ,
4 (2D)2

133

KIRKPATRICK,

MULLER,

where

F(O) = sin20[

(m2g1+2g,,)Sin20-2g,,]
(m2g1- gll)sin20+ gl

AND
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9
.

As gil and gl are in general nearly equal in systems
with S~~, they may be equated in the expression for
F(O) which simplifies to

F(O) = sin20[

(m2+2)Sin20-2]
(m2-1)sin20+ 1

.

If S=!, then m=2 and n=vJ; and the expression for
ge(o) reduces to that derived by Geusic et al,7 For S=~,
m=3 and n=2V1, and for S=i, m=4 and n= (15)1/2.
If in the general expression for g'(O) one replaces
(g,J3H)2 by (hv/m)2, which is allowed for large enough
D's, and again assumes gl = gil, g' reduces, noting that
m=S+!, for 0=0°, to gil', and for 0= 90° to g/, as given
in Eq. (5.6) by Ludwig and Woodbury.8
0"
100

1lI. EXPERIMENTAL RESULTS

Axial lines were observed in samples cut from a crystal
of SrTiO a grown by the Verneuil process with 0.03%
Fe203 added to the feed. By the use of x rays, alignment was achieved by machining the sample faces to
within 0.3° of the (100) plane. Except for a gl' value
determination at the Ku-band using a balanced bolometer reflection spectrometer, the measurements were
made at 3.2-cm wavelength and room temperature on
a superheterodyne spectrometer. Apart from the intense
cubic spectrum of Fe3+, which has been reported in detail by Muller,9 a spectrum was observed consisting of
three axially symmetric lines with mutually perpendicular tetragonal axes. The intensities of the axial lines were
about 0.15 times that of the central (S.= -!~S.= +!)
transition of the cubic spectrum. Measurements were
made with the constant magnetic field parallel to a
(100) plane of the crystals as a function of the angle.
The effective g values of the axial lines are plotted in
Fig. 1. The solid lines refer to the theoretical curve
(see below).
Introducing into the general expression for g'(O)
derived in Sec. II S=! (m= 3; n= 2V1), one obtains

F(O)=sin20' [

(9g1+2gll)Sin20- 2gll]
(9g 1 - gll)sin20+ gl

'

for
0=0 gll'=gll

and for 0=90° gl'=3g{ 1

2(g,J3H)2].
(2D)2

, J. E. Geusic, M. Peter, and E. O. Schulz-du Bois, Bell System
Tech. J. 38, 291 (1959).
• G. W. Ludwig and H. H. Woodbury, in Solid State Physics,
edited by F. Seitz and D. Turnbull (Academic Press Inc., New
York, 1962), Vol. 13, p. 261.
P K. A. Miiller, Helv. Phys. Acta 31, 173 (1958).
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FIG. 1. The behavior of the three lines of the axial Fe!+ spectrum
in strontium titanate on rotation of the magnetic field in a (100)
plane of the crystal. Circles represent the experimental points, and
the theoretical curves are given by the solid lines. The measurements were made at room temperature and 9091 Me/sec.

Therefore, by measuring gl' (H.l..Z) at two different
resonance magnetic fields HI and H 2, i.e., at two different frequencies (X- and Ku-band) gl and 12DI can be
obtained. Let a=gle(1)/gJ. e(2) and tJ=(HI/H2)2, then
gl= g'l(1) ~(a-tJ)
3 a 1-tJ

and

From these formulas one sees that in order to obtain
a value of a large Stark splitting (several cm-I ) with an
accuracy of some percent, the ratio ~1 + f of the two
effective g values gl' (1) and gl' (2) has to be determined
precisely. Their absolute values or gl can be known with
moderate precision, i.e., the microwave frequency need
not be known with the same accuracy as a.
We determined this quantity in the following way:
The klystrons at X- and Ku-band were locked to the
sample cavities. Then the ratio of the resonance magnetic fields of the axial line H (ax) (g",6) and the cubic
M = +! ~ -! FeH line H(cub) were measured by proton resonance.!O The effective g factor of the latter line
is independent of the microwave frequency to second
order for H parallel to the cube edges of SrTi0 3.9 With
the ratios obtained in the two bands, a was obtained
10 The stability of the microwave frequency was controlled by
periodic H(eub) measurements.
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from their ratio, i.e.,

OF

H2 (ax)/H2(cub)

With this method we get

12D 1= (2.85±0.15)cm-1 and gl = 2.0106±0.oo08.

(+~ - DH= ~o +~(1-5~);

As gil and gl were found to differ less than 1%, ~he
theoretical curve in Fig. 1 was computed by puttmg
-g ie
g-g
1 - II, • • ,
2 (gf3H)2
g(eff) = g(l +8 Sin2(1)1/2[1---F«(1)] ,
(2D)2

K A MUller Arch. Sci. (Geneva) 11, 150 (1958).
K: A: MUller: Phys. Rev. Letters 2, 341 (1959).
"A. Linz, Phys. Rev. 91, 753 (1953).
12

5

a2

144

(g{3)2

--(3-72~+28W)-H-I

,

(+~~-D H=~O -458(1+22~-75~2)(;)2H-I,

(+~~
was used and in fact all the experimental points fell well
within 1% of the theoretical values (see Fig. 1).
The same axial FeH spectra were observed in SrTi0 3
after two different types of treatment. In the first
experiments nickel- and chromium-doped crystals,
which both showed cubic Cr3+ 2,1l and FeH spectra, were
heated in the dark at various temperatures. After about
fifteen minutes heating at or above 80°C, axial FeH and
cubic MnH 12 spectra were observed. The Cr3+ spectrum
decreased in intensity by a factor of 2 in the crystals
doped with 0.05% Cr3+, and vanished com?letel~ in the
nickel-doped crystals, in which the Cr3+ mtenslty was
an order of magnitude smaller. The axial FeH lines were
in these experiments an order of magnitude less inte~se
than the central cubic FeH line. Prolonged heatmg
produced no further changes i~ the spectra. After
several minutes' exposure to daylight, the new spect.ra
vanished and the Cr3+ spectrum was restored to Its
initial intensity.
In a second experiment, a reddish-brown transparent
nickel-doped crystal which showed a cubic FeH spec,
. I N'3+
trum about three times
as intense as an aXla
1
spectrum, 6 was heated in a hydrogen atmosphere at
lOoo°C for three hours until it became opaque bluegrey and semiconductin~.13 It was then heated in air for
30 min at 700°C, after which it became yellower tha?
the untreated crystal and fairly transparent. ThIS
. I N'H
treatment caused the ,disappearance of the axla
1.
spectrum and brought stro~g ~ial FeH spectra, m
which the intensity of each aXlallme was a quarter that
of the central cubic FeH line.
Finally, mention should be made in this secti?~ of
previously unreported "forbidden" AM = 3 tranSItions
which were observed in the cubic FeH spectrum of the
iron-doped crystals. When th~ magnetic. field was
directed parallel to the [Ol1J aXIS, a weak lme was observed 18 G below the line of the axial spectrum (at
11

Fe a +

g= 5.993) isotropic in the (100) plane (see Fig. 1). From
Kronigand Bouwkamp'scalculation14 for the parameters
of the spin Hamiltonian for FeH in a cubic field, ~he
three possible AM = 3 transitions occur at the followmg
fields:

HI (ax)/HI (cub)
a=

SPECTRUM

-D

H=

~O -~(1-5~);

cos2(1 if HI/ to a (100) plane and
the published value obtained from the
AM = 1 transitions. 9
The lowest of these, the +! ~ - ~ line, should be
found 17 G lower in the field than the axial line when H
is parallel to the [Ol1J axis. The other two lin:s lie 5
and 17 G higher, and are totally obscured by the mtense
axial line. The intensities of the lines decrease as the
magnetic field is rotated aw~y from the ~0~1] ~xis. .
Most of the possible "forbIdden" tranSItiOns m CUbIC
FeH have been observed by Weaver. 15 ,16 The line
assigned by him to the (+! ~ -i) transition appears
to be in fact the axial line isotropic for rotations in the
(ool) plane. The two axial lines he reported with ge
varying from 6 to 2.2 and 2.0 would appear to be the
other two lines of the axial FeH spectrum, the extreme
value of 2.2 being due to slight misalignment of the
crystal.

where

~= sin 2(1

a/g{3= 206 G,

IV. DISCUSSION

In the previous sections we have shown that the
spectrum we observed must be due to a center having a
total spin S=! in a strong axial field. No hfs is observed,
and as the spin lattice relaxation time is long, the only
possible assignment which can be made is th~ S-state
ion FeH • This is consistent with the fact that m all the
crystals investigated, a cubic FeH spectrum was present,
and that the intensity of the axial spectrum was greatest
in the samples with the largest iron doping.
A stronger axial FeH spectrum has been observed
R. de L. Kronig and C. J. Bouwkamp, Physica 6,290 (1939).
H. E. Weaver, Internal Quarterly Varian Report, 1959
(unpublished).
. .
IS.:lM =3 and .:lM =4 forbidden lines of Fe8+ at cubiC sItes of
MgO have been observed as well [1. H. E. Griffiths and J. W.
Orton, Proc. Phys. Soc. (London) 73,948 (1959)].
14

16
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FIG. 2. Schematic diagram of the (100) plane of the cubic
perovskite structure (SrTiO,) containing a Fe'+-oxygen vacancy
pair. The relative size of the ionic radii of the ions has been taken
into account.

only in hemoglobin17 in which the FeH is surrounded
by five nitrogen ions at nearly octahedral sites, the
sixth site being occupied by a molecule such as CO 2 or
H 20. The measured g values of this spectrum are
g!'=6.0 and gll'=2.0, and the zero-field splitting 12DI
has been estimated to be greater than 10 cm-1•
A tetragonal Cr3+ spectrum observed by Wertz and
Auzinsl8 in MgO with 2D=O.I64 cm-l has been attributed to charge compensation produced by a next
nearest MgH vacancy. The magnitude of the zero-field
splitting A of Cr3+ in tetragonal fields has always been
found to be similar or greater than that of FeH ; for
example, in rutile (Ti0 2), A= 1.44 cm-l for both
Cr3+ 19,20 and FeH ,21 and in MgW04, 12DI = 1.59 cm-1
for Cr3+,22 and 1.34 cm-1 for FeH •23 As the zero-field
splitting of FeH in SrTiO a is more than 10 times larger
than that of Cr3+ in MgO, we conclude that charge
compensation must occur nearer in the titanate, and
this can only be at a nearest oxygen site. As no super11 J. E. Bennet, J. F. Gibson, and D. J. E . Ingram, Proc. Roy.
Soc. (London) A240, 67 (1957).
13 J. E. Wertz and P. Auzins, Phys. Rev. 106,484 (1957).
,. J. Sierro, K. A. MillJer, and R. Lacroix, Arch. Sci. (Geneva)
12, 122 (1959).
20 H. J. Gerritsen, S. E. Harrison, H. R. Lewis, and J. P. Wittke,
Phys. Rev. Letters 2, 153 (1959).
21 D. L. Carter and A. Okaya, Phys. Rev. 118, 1485 (1960).
.. V. A. Atsarkin, E. A. Gerasimova, I. G. Matveeva, and A. V.
Frantsesson, Zh. Eksperim. i Teor. Fiz. 43, 1272 (1962) [English
trans!.: Soviet Phys.-JETP 16, 903 (1963)].
2S M. Peter, Phys. Rev. 113, 801 (1959).
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hyperfine structure has been observed, it is improbable
that charge compensation is achieved by a monovalent
ion replacing an ()2- ion. (Compensation by an 0- ion
is excluded by the fact that this ion would show an
EPR line.) Therefore, it is most probable that local
charge compensation is produced by an oxygen vacancy.
In Fig. 2 an oxygen vacancy next to a substitutional
FeH ion is shown for a (100) plane of the cubic perovskite structure where the relative size of the different
ions has been taken into account. The presence of the
axial Fe3+ spectrum after heat treatment is most likely
due to a hole trapped at a neutral complex containing
an FeZ+ ion and an ()2- vacancy (instead of a tetravalent titanium ion without a vacancy).
It was mentioned in the introduction that the attraction of defects and impurity ions in crystals having a
high dielectric constant should be low. We have shown
here that local charge compensation at nearest-neighbor
ions does exist, but no evidence has so far been found for
defects lying on next-nearest neighbors. 24 This indicates
that charge compensation centers are indeed poorly attracted to the impurity ions at the diffusion temperature, but once they are at a nearest site tend to form a
stable complex, probably the neutral FeZ+-()2-vacancy
pair, which does not dissociate.
While this paper was being prepared for publication,
D. J. A. Gainon26 informed us that he has observed a
strong axial spectrum at 8.8 Gc/sec due to FeH in
ferroelectric tetragonal PbTiO a with gll= 2.oo9±O.005
and g!"=5.97±O.02. Due to the rather large uncertainty in gl" we are unable to compute 12D\ from his
results (assuming g! = 2.00) and therefore compare it
wi th our case.
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The paramagnetic resonance spectrum of the iron oxygen-vacancy (Fe 3+-Vo) pair in the
tetragonal 14/ mcm phase of SrTi03 at 78 oK is analyzed in detail. The spectra observed at
K band are fully accounted for using the accepted structural properties of the crystal in the
low-temperature phase. Whereas in the high-temperature cubic
phase the Fe 3+-Vo spectra
are axial, in the Dl~ - 14/ mcm phase second-order perturbation terms of an orthorhombic
E(T)(S~-S~) term have to be taken into account with E(T) =1. 82<p2(T) cm-I, <peT) being the intrinsic rotational (order) parameter of the transition measured in radians. The analytically
well understood spectrum justifies its use for the analysis of the structural phase transition
observed in SrTi03 under applied stress and for the investigation of critical phenomena.

01

1. INTRODUCTION

In this paper a detailed analysis of the paramagnetic resonance spectrum of the Fe 3 +- Va centera charge-compensated Fe 3 + impurity-in strontium
titanate at 78 0 K is presented. The resorolnce of
this center has been attributed to a three-valentiron impurity substitutional for a Ti4+ ion with a
nearest-neighbor oxygen vacancy, and analyzed
previously in the cubic phase by Kirkpatrick,
MUller, and Rubins, 1 hereafter referred to as KMR.

The analysis consisted essentially of the Fe 3+ground-state splitting in the presence of a large
axial crystal-field term D[S~ - tS(S + 1)] with the
z axis parallel to one of the three equivalent (100 >
crystal axes. It has subsequently been refined by
two groups by taking into account fourth-order terms
in the spin Hamiltonian yielding agreement with the
essential point of the KMR investigation. 2, 3 Since
then the center was also observed in Ba Ti0 3 4 and
KTa0 3,5 and the same kind of centers have now also
been observed for other transition-metal ions such
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as Ni 3+ - Va 6 and Co2 + - Va 7 in SrTi03 , and Co 2 +_ Va 8
and Mn 2+ - Va 9 in KTa0 3 • The Fe 3+ - Va center has
recently proved to be extremely useful in the analysis
of the behavior of SrTi03 below the cubic-to-tetragonal phase transition. The additional splitting of
some resonance lines of the Fe 3+ - Va spectrum below the transition temperature Ta = 105 oK has been
measured as a function of temperature. Some of
these splittings are directly proportional to the rotational order parameter rp(T), 10, 11 others to the
square of rp(T). 12 The splittings proportional to
rp(T) yielded the temperature dependence of rp(T)
with a precision of about -do of an angular degree 13
due to the small linewidth of some 3 G and the large
splitting value. For the same reasons these results
are about a factor 2 to 3 more accurate than the
ones obtained from the non-charge-compensated
Fe 3+. As a function of uniaxial [111] stress the
axis of the rotational motion ~ deviates from the
(100) axes. These deviations in terms of the (100)
components and the magnitude of ~(T) were also obtained using the Fe 3+ - Va spectra and the onset of
first- and second-order phase transitions to the
trigonal R3c phase with [111] stress investigated
below and above Ta. 14 The full analysis of the
Fe 3+ - Va spectrum at a fixed temperature T < Ta
given here shows that its paramagnetic resonance
data can be used for structural studies.
In Sec. II very detailed experiments on multiand monodomain samples are reported from which
an identification of all observed lines was possible.
In Sec. III the theoretical analysis is presented extending the work of KMR and others 2, 3 by introduction of an orthorhombic term E(S~- S;) into the spin
Hamiltonian and by use of the accepted structural
properties of SrTi03 of alternately rotating octahedral units and c-axis elongation. The paper concludes with a discussion on the temperature dependences of the orthorhombic E(T) term as well as the
measured cp(T) rotation of the Fe 3 + - Va pair with respect to the intrinsic rp(T) rotational parameter and
the structural information obtainable by the Fe 3+ - Va
resonance spectrum (Sec. IV).

4325

the local lowering of symmetry and domain formation. Different domains are characterized by their
tetragonal axes pointing in either of the three pseudocubic [100], [010], and [001] directions.
We used the same experimental arrangement as
KMR, i. e., rotating the scanning magnetic field
in a plane perpendicular to the cubic [001] crystal
axis in the high-temperature phase. The first set
of samples used were multidomain crystals usually
cylindrical in shape with a diameter between 1 and
1. 5 mm and 2-4 mm in length, the cylinder axis
being parallel to a (100) direction. When the alignment between these crystals and the magnetic field
is not exact within O. 1° then below T a the axial resonance lines of the Fe 3+ - Va center split smoothly
into a set of five lines. Figure 1 shows this resonance pattern at g- 2 for the magnetic field close
to a pseudocubic [100] axis at 78 0 K. If the crystals are aligned very carefully then two of the five
lines collapse for all directions of the magnetic
field in the (001) plane. The line which at high
temperature appears isotropic at g- 6 splits into a
set of three lines below Ta. III Fig. 2 the angular
dependences of the lines for the magnetic field close
to the [100] direction are depicted for both reso-

[100]

II. EXPERIMENTAL RESULTS AND IDENTIFICATION OF
RESONANCE LINES

The experiments were carried out with a superheterodyne single-side-band EPR spectrometer at
K-band frequencies. The crystals were grown by
the National Lead Co. using the Verneuil flamefusion technique. To the powder feed 0.03-wt%
Fe203 was added. In the cubic phase, besides the
cubic spectrum of non-charge-compensated
Fe 3+ 10, 11, 15 the resonance showed the strongly
axial spectrum described and analyzed by KMR and
others. 2, 3 At Ta= 105 °K, SrTi03 undergoes the
cubic-to-tetragonal phase transition. Therefore,
below Ta some of the resonance lines split due to

I

5°

0°

,

5°

a -FIG. 1. High-field Fe 3+-Va lines in a multidomain
sample at 78 OK for a rotation of the magnetic field H in
a pseudocubic (001) plane with improper alignment.

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

138

VON WALDKIRCH,

4326

MULLER,

nances at g- 2 and g- 6. The doubly degenerate
lines are indicated by boldface curves. The references are identification codes defined later.
Figure 3 shows the resonance with the magnetic
field around [110]. It appears that the angular behavior of three lines near g- 2 reported by Unoki
and Sakudo l l resulted from incomplete alignment
of the crystals.
The split lines observed can be understood by
considering the details of the cubic-to-tetragonal
phase transition and the accepted microscopic
structure of the pair center as proposed by KMR.
The crystal transformation consists of alternate
rotations of nearly rigid TiOs octahedra around Ti
positions. Along the c axis consecutive (100) octahedral layers show alternate rotations as concluded
by Unoki and Sakudo ll from EPR Gd 3+ data yielding
a structure of 14 / mcm. The rotation axis may be
parallel to any of the three equivalent cube edges.
In a macroscopic region of the crystal this is the
tetragonal domain axis. The rotation angle cp, being
the generalized order parameter of the tranSition,
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FIG. 3. Same resonances as in Fig. 2(a) for H near
(a) Angular dependence of the resonance fields.
(b) Resonance pattern with H parallel to [110].
[110].

(0)

4°

3°

2°

~o [100]

~o

2°

3°

is a function of temperature and for T= 78 OK has a
value of (1. 53 ± O. 05)0 as determined from EPR
spectra of Fe 3+ ions in ordinary lattice positions
(not charge compensated) (Fig. 4). For the
Fe 3 + - Vo center below Ta the miSSing oxygen ion can
be located along the c axis of the domain or in the
plane perpendicular to it. Figure 5 depicts schematically both cases showing some distortion around

4°

<Pq;+

(b)
r i oo

® Fe3 +

0

0 0

2-

r010
~5°

~OO

5°

5°

~Oo

~5°

•

Ti 4 +

Q-

FIG. 2. Fe 3+-Vo resonances in a well-aligned multidomain sample with ii in the pseudocubic (001) plane at
78 OK. (a) Experimental and theoretical angular dependence of the high-field resonances near [100]; (b) for lowfield resonances (g - 6). Boldface lines indicate degenerate resonances.

FIG. 4. Oxygen octahedra rotated around tetragonal
c axis (domain axis) in SrTi03 below Ta. The presence
of a non-charge-compensated Fe3+ substitutional impurity is indicated.
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(0)

0

Vo

® Fe'+

~

0

0 2-

•

Ti 4 +

( b)

FIG. 5. Schematic representation of rotated and distorted oxygen octahedra near an Fe 3+-Vo pair for T < Ta.
(a) Center axis parallel to rotation axis, yielding the axial
o lines. (b) Center axis perpendicular to rotation axis.
Situation for the orthorhombic spectra.

transition causes a symmetry change from axial to
orthorhombic.
For the first type of centers with their axes
parallel to the domain axis the transition-induced
tetragonality of the order of 10- 3 cm- 1 adds to the
intrinsic large center axiality of 1. 4 cm- 1 (which
is by itself temperature dependent). However, this
small correction does not yield a measurable change
in the effective g factor. Furthermore, the rotation of the oxygen complex occurs around the center
axis and thus is not observable either. Therefore,
the resonance pOSitions of the Fe 3 + - Vo pairs with
their axis along the three possible domain axes are
not affected by the phase transition, but correspond
to the high-temperature lines analyzed by KMR.
We call these lines zero lines (Figs. 2 and 3). The
resonance fields of the split lines in the multidomain
samples were checked with respect to these zero
lines. In Fig. 6 the results for a rotation of the
magnetic field parallel to a (001) plane are shown
together with the theoretical curves as described in
Sec. III. Figure 7 shows the splittings between the
zero and the other lines.
In order to identify the split lines resulting from
the orthorhombic centers samples were used which

(0)

0.08
0.06

Fe 3 +

the
due to relaxing neighbor ions from their
ordinary pcsitions. It is seen that the first type of
centers remains axial, whereas for the second type,
the transition-induced tetragonality is perpendicular
to the main center axis, thus for these centers the

.

0.04

'"
<l
0.02
0

(b)

+0.01

2.0

0
3.0

..

~

..

-0.01

'"
<l

4.0

-0.02
-0.03

5.0

O·

60·

30·

90·
[010J

[100J
6.0
Q-

00
[100]

10 0

30 0

20 0

a-

40 0

50 0
[110]

FIG. 6. Experimental data and theoretical curves of
the Fe3 + - Vo resonances in strontium titanate at 78 OK for
a rotation of the magnetic field in a pseudocubic (001)
plane of the crystal at a microwave frequency of 19.34
GHz.

FIG. 7. Differences of the effective g factor between
the orthorhombic and the corresponding axial lines as a
function of magnetic field direction within the pseudocubic (001) plane (a) for the <P _ lines, (b) for the rn
lines. Between C\' = 50 and 25 0 the orthorhombic rn and
axial 0 lines are not resolved. Solid lines represent the
theoretical curves.
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(a)
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[~OOJ

20
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(b)

~5 0 ~Oo

[100]

a --

(e)

50 G
H-

FIG. 8. Similar data as in Figs. 2 and 3 (b) , but measured in a monodomain sample with domain axis parallel
to the pseudocubic [001] direction. These results were
used for the identification of the lines.

below Ta transform into a monodomain crystal.
Two methods have been developed to achieve this. 16
The first consists of machining flat rectangular
(110) plates thinner than 0.3 mm. The larger basis
of such a plate is parallel to a [001] direction and
typically 7 mm long, the other basis is parallel to
a [110] edge. Below Ta such a sample transforms
into a {001} monodomain, where the symbol {001}
denotes a domain with c axis parallel to the (001)
direction. In the second method uniaxial [110] stress
is applied to a thick sample which for sufficiently
high pressures (-1 kg/ mmZ) becomes near monodomain along {00l}. If stress along a (001) direction is applied the sample consists of {lOa} and
{0l0} domains. All these effects result from the
fact that the ci a ratio is larger than unity. 17
The thin samples obtained by shaping are inherently strained along the [110) direction due to
the grinding of the surfaces. This strain causes
the monodomain effect, and has recently been found
to fade away in the course of some months. It also
disappeared by annealing the samples for 6 h at
1550 0C. In the present experiments such (110)
flat plates were aligned with their {00l} monodo-
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main axis parallel to the rotation axis of the magnet, i. e., Ii lies in the tetragonal (001) plane. For
further identification of resonance lines flat (001)
plates containing {lOa} and {Olo} domains due to
their "built-in" strain were also used, aligned with
their (001) plane parallel to the magnetic field
plane.
For a monodomain {001} sample with Ii rotating
in the (001) plane, the resonance pattern as shown
in Fig. 8 was observed [compare Figs. 2 and 3(b)).
The zero line at g - 6 results from the axial Fe 3+ - V 0
pairs parallel to the {001} domain axis. The lines
denoted by rp + and -;p. belong to orthorhombic
Fe3+-Vo pairs in the (001) plane, rotated by ±cp
away from the respective a axis as indicated for
one center in Fig. 5(b). In the region near g- 2
these two spectra cp. and cpo correspond to pairs
located in two inequivalent octahedral sub lattices
rotated against each other by 2cp. They are clearly resolved near g - 2, whereas in the region near
g - 6 this is not the case due to the weaker depen dence of the resonance field strength on field direction. Due to the presence of the oxygen vacancy
and the resulting local distortion of the oxygen
pyramid around the Fe 3+ ion, rp is smaller than cp
and at 78 0K was determined to be cp = (0. 95
± O. 05)0 14 [Fig. 5(b)). We note that for Ii parallel
to the pair axis the orthorhombicity does not enter.
Thus, the maximum of the resonance field for rp+
and rp. is the same as for the zero line at g = 2. 0037
[see Fig. 2(a)), whereas near g - 6, where Ii is
perpendicular to the pair axis, the orthorhombicity
causes a shift to lower fields with respect to the
corresponding zero line [Fig. 8(b)). For Ii parallel
to [110] the rp+ and rp. lines are the two outmost
ones [Fig. 8(c)].
After the identification of the zero, rp +, and rp.
lines, the origins of the remaining lines in the
multidomain resonance pattern (Figs. 2 and 3) are
easily recognized. They result from Fe 3+ - Vo pairs
located in {lOa} and {01O} domains. This was verified by using thin (001) plates which, due to their
"built-in" [001) strain, contained only{lOO} and
{01O} domains. For these measurements Ii was
rotated in the (001) plate plane. The axial zero
lines again result from centers parallel to the domain axes. Near g- 2 [see Fig. 2(a)) the line denoted by m for "mirror" is due to centers with axes
tilted by ±rp out of the (001) plane. For these centers the (001) plane is a mirror plane, therefore
they yield one degenerate line for H in the (001)
plane. Near g- 2, where Ii is nearly parallel to the
center and hence the orthorhombicity does not enter Significantly, the difference between the maximum of the magnetic resonance fields of the m
line and the zero line is entirely due to the inclination of the centers by ± rp with respect to the magnetic field. In the region near g - 6 two lines are
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observed. They are due to Fe 3+ - Va pairs with their
axes tilted by an angle 7p from the [001] direction.
The tilt is either ±(j5 towards the [100] direction
for centers in a {Olo} domain or ± (j5 towards the
[010] direction for those in a {100} domain. Within
one domain, the centers tilted by ±(j5 are again degenerate as they are related to one another by the
inversion operation and the (001) mirror plane.
Therefore the two orthorhombic lines at g - 6, denoted by rl OO and r010 ["rhombic," Fig. 2(b)] are
again doubly degenerate and correspond to centers
belonging to {100} or {0l0} domains and tilted by
±(j5 away from the [001] direction. It may be noted
that in this case where Ii is nearly perpendicular
to the center axis the difference between rlOO and
r010 and the corresponding zero line is essentially
due to the orthorhombicity, since the effect of the
inclination is negligible as demonstrated by the
collapsing of the (j5 + and (j5 _ lines near g - 6.
III. THEORETICAL ANALYSIS

i) + do F [355: -

305(5 +1)5;+ 255;+

the Fe 3+ - Va center observed can be divided into
two groups: those resulting from centers with axes
parallel to the domain axis and those with their
axes perpendicular to it. The former centers see
an axial local symmetry and are thus analyzed by
the axial spin Hamiltonian used earlier. 1-3 For
the second group, the local symmetry is orthorhombic which requires an extension of the axial
Hamiltonian to include orthorhombic crystal-field
and Zeeman terms. Calling the main center axis
z and taking it as axis of quantization, JC may be
written
JC= tDOg+ rtoFO~+ doa(O~+ 50!)
+EO~+G.H.S.+GxHxSx+G.H.S.,

with G;= !lBg; (!lB = Bohr magneton) and the usual
definitions of the
operators. 18 Using e and 0 as
the polar angles of the magnetic field with respect
to the main axis z of the local center, (1) is reexpressed in terms of the spin operators 5., S.

Or

W] + rh a[35S! -

305(5 + 1) 5;+ 255; +

W+irS! + S~) ]

+ ~E(S:+S~) + !lBH[g.S .cose +~ g.(S+ + SJ sine coso - hg.(s+ - SJ sine sino].

It should be noted that in (2) the constants tD,
-~F, and -a have been added to the first three

terms of (1) in order to yield a zero shift for the
magnetic ±~ doublet for which the resonance transitions are observed. This simplifies the calculations.
Comparison of the results obtained in the hightemperature phase by perturbation calculation l and
by direct computer diagonalization of the S =%matrix 3 yielded a negligible error of 0.004% at X
band, where hv is of the order of 25o/c of the crystal-field energy 12DI. Henderson et al. 19 determined the g tensor and the crystal-field parameters for the case of charge-compensated Fe 3+ in

1%)

I~)

I~)

1-~)

1-~)

<%1

5A -~a

,jrtlB*

,j(10)E

0

,j(i)a

(~I

,j( t)B

3A -%a

,f(-H- )B*

,j(18)E

W

,j(10)E

,j(18)E

<-~I

with
A = ~g. !lBH cose ,

(2)

MgO by both methods with hv of the order of 70%
of 12D I, finding again negligible errors caused
by perturbation calculation. Therefore, it is correct to proceed by perturbation theory in our case,
too, where hv/I2D1 is smaller than 50%.
The first two terms in (2) are taken as zero-order Hamiltonian JC o and the other crystal-field
terms and the Zeeman splittings are treated as perturbation JCl • In terms of the magnetic eigenstates
S.= I±%), I±~), and I±~) the matrix of JeD is then
diagonal with the eigenvalues 6D -tF, 2D -iF,
and 0, respectively. The matrix of the perturbation Hamiltonian on the same basis is given by

JCl

0

(1)

=S.± is.:

As discussed in Sec. II, the resonance lines of

JC= D(S; -

4329

0

1-%)
0
,j(i)a

,j(t )B

A

B*

,j(18)E

B

-A

,j(t)B*

,j(10)E

0

<-~I

~(i)a

0

,j(18)E

~(t)B

-3A -%a

,j(t )B*

<-% I

0

,j(i)a

0

,j(10)E

,j(t)B

- 5A -~a

B = ~!lBH sine(g. coso + ig. sino) ,
B*=~!lBHsine(g.coso-ig.sino) ,
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lo)=-j3I~)+(l!*I-~) ,
Il B = Bohr magneton.

(3)

Since the eigenvalues of JCo are doubly degenerate
and 3C1 couples via Band B* between eigenstates
within the same eigenspace with energy zero, the
basis of this eigenspace has first to be adapted to
the perturbation such that the submatrix of 3C 1
within this eigenspace I±~) becomes diagonal.
This diagonalization, carried out by KMR for real
B's only, in our case of complex B terms leads to
the following complex eigenfunctions I y) and 10):

3C1

I~)

I ~)

(~ I

5A -~a

..j(~)B*

GI

..jmB

3A -~a

( yl

a..j(18)E - Mt)B

(- il

..j{-f)a

0

a..j(18)E +

M t)B

If E differs from zero, second-order perturbation

terms split the I y) and 10) levels further, whereas in the work by KMR, E= O. The additional split
is only caused by the admixture of I ± i) leve ls
into the ground states I y) and I 6) and is given by
- D8, tlE(aB*+a*B)
4E BB+B*B*

= - Ii' (A 2 + B* B)l) 2
=

-36E
0

. 2
Il B Hsm e

g~cos26 -g;sin 20

x

[g~cos2e+9sin2e(g;cos26+g;sin26)1172

,

(5)

with 2D' = 2D -iF. In third-order perturbation
t>.W~3) and t>.W~3) have been fully evaluated 2o :

t>.W~3) =m,>,o
6
+

I JC"m l 2 "
(Em -Ey)

L;

L;

-j3..j(10)E

(~ m -

JC,,)
(6)

~1/2

a*..j(18)E + N(t)B*

j3..j(10)E

a..j(t )B* - j3..j(18)E

a..j(10)E

-3A -~a

..j(~)B*

..j(~)B

- 5A -~a

a*..j(t)B - j3..j(18)E
..j(10)E

From these third-order splittings we retain only
those which are cubic in the Zeeman terms A,B,
and B*, since the Zeeman energy is of the order
of 1 cm -1 at K band, whereas a and E are of the
order of 10- 2 and 10- 3 cm _1, respectively. Within
this approximation the terms which couple between
the I ± ~) levels and the ground states do not contribute. Therefore, the same result is obtained by
perturbation calculation starting from the I± i ),
I± ~) submatrix only, as in KMR. In this case we
may incorporate the cubic a-field term, which
within these substates is diagonal, into the unperturbed Hamiltonian 3C o. The eigenstates of Hoare
then (2D-ia -iF) and zero for the I±i), I±~)
doublets, respectively, and for the axial case
treated by KMR we obtain the result quoted by
Baer et al., 2 Pontin et al., 3 and Henderson et al. 19
The general expreSSion for the experimental g
value g" 1 in the orthorhombic case is now given by
ge = (g!cos 2e + 9gfsin 2e)1/

m'>,O I>*m,y,6 (Ey -Ep)(Ey -Em)

36E

Considering only terms which contribute to the
splitting of the I y) and 16) levels the first term
yields numerators proportional to A I B 1 2, IBI 2
x(A2+ IBI ~1/2, aEB, aEB*, and E2(A2+ IBI ~1/2
divided by (2D')2 and (6D -tF)2, respectively. The
second term in (6) not considered by KMR gives
numerators proportional to BE2, B*E2, and aBE,
aB* E divided by terms of the order of 12D2.

..j(t)a

0

Y

3Cm .3Cpr

0

..j(t)a

0

O!*

I -~)

I-V

_(A2+ IBI

(3/(10)E

..j(t)a

t>.W~2) _t>.W~2)=

Note that due to the complex quantity B, a differs
by a phase factor (B* / B)l/ 2 from that in Eq. (2)
of KMR. The above matrix transforms within the
new basis:

(A2+ I BI2)1/2
0

(4)

Wy ,0=±(A 2 + IBI2)1/2.

a..j(t)B* +tl..j(18)E a* ..j(18)E - tl..j(t )B*

a* ..j(10)E a*..j(-~)B+N(18)E

,

and the eigenvalues

16)

a..j(10)E

-j3..j(10)E

0

2(A2+IBI~112

B

_ ( (A 2+ IBI2)1/2_A)I/2
j32(A 2+ IBI ~112

Iy)

(01

(-~I

_(B*)1/2(A2+IBI~1/2+A)1/2
a-

- IT

.

2

2

(1 _2(1~~f)2

g;cos 26 _g2sin 26

sm e (g;cos2e+9ifsin2e)1/2 ,

where
gf=g;cos 20 +g;sin 20 ,
2D" = 2D F(e) -
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(7)
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The reference axes of the polar angles e and II
of the magnetic field coincide with the local main
center axis which has C 2V symmetry, and with the
local domain axis, respectively (see Fig. 5). As
shown in Sec. II, below the phase transition the
different Fe 3+ - Vo centers in the crystal are tilted
in a different manner with respect to the magnetic
field according to the direction of their axes in the
high-temperature phase and to the local domain
axis, yielding the lines 0, (j5+, (j5_, m, rlOO, and
rOIO'
Thus, e and 15 have to be evaluated for each
of the lines. For the magnetic field in the pseudocubic (001) plane they are given in Table 1.
Equation (7) was numerically evaluated for the
five spectra at 78 a K on an IBM 1130 computer
using a 2250 display unit with (j5 = O. 95 0 . 14 gf, =g"
was found to be 2.0037 ± O. 0015, which is a little
smaller than the high-temperature value found by
KMR, but is equal to the value of the non-chargecompensated Fe 3+. This quantity is very sensitive
to misalignment of the sample, being easily shifted
to higher values. The difference between our gil
and the one found by KMR would imply a misalignment there of less than 0.8 0 . Assuming the g tensor to remain axial (see Sec. IV) and using g. = g.
=gl = 2. 010 obtained by KMR in the high-temperature phase by measuring at two different frequencies, the best fit to the experimental points was
achieved using the following values for I 2D" I and
lEI:
12D"1 =2.70±0.03 cm- 1

,

lEI = (1. 295±0.015)X10-3 cm- 1
(for the orthorhombic centers).

TABLE I.

Direction of tilt of Fe 3+-Vo center.

Fe 3 +-V o

CENTER . . .

4331

The value of I 2D" I is in good agreement with the
high-temperature values reported by KMR, Baer
et al. , 2 and Pontin et al. , 3 indicating that I 2D" I
is little temperature dependent. The calculated
curves are depicted in Figs. 2, 3, and 6. The
theory fits the experimental curves everywhere
within approximately O. 3%. For the evaluation of
the orthorhombicity EID" it is preferable to check
the theory for the differences between the orthorhombic and the corresponding axial spectra 0, as
done in Fig. 7, since then errors in the angular
dependence of ge due to neglection of higher-order
Zeeman-perturbation terms tend to cancel. In
Fig. 7(b), for O! between 50 and 25° the two resonance lines are so close together that they are not
resolved.
The good agreement between theory and experiment demonstrated by Figs. 2,6, and 7 shows that
the splittings of the Fe 3+ -Vo resonances below the
phase-transition temperature are well understood,
and indicates that the approximations made in the
third-order perturbation calculation are justified.
IV. DISCUSSION

A. Rotational Parameter

~ (T)

The rotation angle (j5(T) of the oxygen complex
around a charge-compensated Fe 3+ ion is somewhat smaller than the intrinsic rotation angle cp(T)
due to the distortion of the lattice by the miSSing
oxygen ion (Fig. 5). Both quantities were measured
directly. They were found to be proportional to
each other between 30 and 85 a K. In this range the
proportionality is given by14

O! is the angle

of the magnetic field with respect to the pseudocubic

[100] direction.
Center axis in hightemperature phase
[100]

Domain axis
[100)

cosO =cosO!

0

[010)

[001)

cosO =coscp sinO!

cosO = sincp sinO!

cosO!
coso=-sinO
m

coso = cosO!
sinO

[010)

Yl00

cosO = s incp cosO!

cosO = coscp cosO!
cosO == sina

sina
coso=-sinO
m

coso = sinO!
sinO
0

cosO = cos(O!±CP)

cosO = sin(O! ± <PI

coso =0

coso = 0

[001]

YOlO

cosO = 0
<p.

CPo
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rp(T)

=(1. 59 ± O. 05) iP(T)

MULLER,

•

Small deviations from proportionality occur at
lower temperatures. Due to the narrow width of
the Fe 3+- Va lines of 1. 3 G for H parallel [100) at
g- 6 and 2.7 G for the high-field line at 78 K and
the large splitting caused by iP(T) (the difference
between spectra iP+ and iPo is 81 Gat 78 OK) the center may therefore be used as a sensitive monitor
of the order-parameter rp(T) near the phase-transition Ta.
0

B. Orthorhombic E(T) Term

As seen from Sec. III, the present analysis
was done assuming an orthorhombic crystal-field
term together with the axial g tensor measured
above the phase transition. Essentially, the same
results , however, could be obtained using both an
orthorhombic g factor and an orthorhombic crystal-field term or even an orthorhombic g tensor
alone. In principle, experiments at two different
microwave frequencies are required to distinguish
properly between these two cases, as done for the
high-temperature phase by KMR. 1 Differences between both cases manifest themselves by mixed
terms between Zeeman and crystal-field energy in
third-order perturbation. In our case, however,
these third-order terms are too small to be measured by experiments at two frequencies.
Our assumption of an orthorhombic crystal-field
term E(T)(S; - S~ without change in the axial g tensor is based on the following arguments :
(i) In the high -temperature phase where the Fe 3+_
Va center is strongly axial, KMR found the g tensor
to be nearly isotropic with an axiality of less than
0.5% despite the very high local axial crystal field
D = 1. 4 cm _I. A significant change in the g tensor
would therefore not be rea dily explainable by the
very small structural change caused by the phase
transition, which yields for the non-charge-compensated Fe 3+ center a maximum axial D term of
only 1.1 X 10- 3 cm -I at 4. 2 ° K. 11
(ii) The temperature dependence of the rhombic
splitting of the Fe 3 +-Va resonances (see Fig. 2 of
Ref. 10) is proportional to the square of the rotational parameter iP 2 (T) (Fig. 3 of Ref. 12). If we
assume 2D" = 2D - %a -iF to be constant with temperature compared to the orthorhombic E(T) term,
then the temperature dependence of the rhombic
splitting is directly proportional to that of E(T)
[Eq. (7)). Due to the C 2V symmetry of the center
Ea: (c I a -1) a: rp2, we then have
E(T)=prp2(T) ,

with
p = 1. 82 ± O. 08 cm -I rad - 2

•

Therefore E(T) follows the same temperature dependence as the axial crystal-field term D(T) of
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the non-charge-compensated Fe 3+ ion. 10-12 furthermore, the size of E(T)Fe3+ovo is also of the
same order of magnitude as D(Th.3+, e. g., at
78 ° K, E(T) = 13 X 10- 4 cm -I and D(T) = 6. 3x 10- 4
cm -I. 11 If the deformation of the oxygen complexes
around the Fe3+ ions resulting from the phase tra nsition were equal for both cases., these two quantities should be related by 2EFe3+ovo=DFe3+. The
observed value of 2EFe3+ovaIDFe3+ = 4.1 therefore
indicates that the vacancy complex gets somewhat more distorted than the regular octahedron .
As pointed out by Alefeld l7 the ci a ratio of the rotated oxygen octahedra is given by the difference.
of a axis elongation due to the oxygen ions moving
along'a pseudocubic (100) direction and intrinsic
c -axis elongation. Thus, assuming the same intrinsic c -axis elongation for both centers, the difference in rotational parameter would yield a
1. 59 2 = 2. 5 times larger net elongation of the vacancy complex. The remaining difference to obtain 4.1 probably results frorp lattice or oxygenelectron-cloud distortion by the missing oxygen
ion.
C. Application of the Center for Structural Studies

As pointed out, the Fe 3+ - V 0 center provides a
sensitive tool for studying small structural rotational changes in the crystal. The highest sensitivity of the resonance fields with respect to angular
changes and therefore best accuracy for experimental g factors is achieved in the range of e between 10 0 and 30 0 , where e is the angle of the magnetic field with respect to the center axis. This
may easily be visualized by transforming the ge (e)
curve of Fig. 6 to the analogous magnetic field
curve. For many applications, however , the region near [110) is preferable, since here all different domain resonances are resolved, besides a
practically optima l angular dependence, and the
linewidth is somewhat narrower. Furthermore,
exact alignment is here easily reproducible since
at [110) the resonances of two mutually perpendicular centers coincide (Figs. 3 and 6). Near [100)
and g- 2, on the other hand, overlap with the strong
± %Fe 3 + line is often disturbing.
The splittings of the Fe 3+- Vo pair lines have been
used recently in an investigation of SrTi0 3 under
uniaxial [111] stress. 14 Above a critical stress
Pc, SrTi0 3 undergoes a phase transition to a trigonal (R3c) phase in which the octahedra rotate
alternately around a pseudocubic body diagonal.
For T < Ta the transition is first order in character, whereas for T > Ta it is second order. The
variable temperature cryostat allowed the application of stress only perpendicular to the external
magnetic field H. Under this geometry the EPR
spectrum of Fe 3+ substitutional for Ti4+ is insensitive to the octahedral rotation cp in the trigonal
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FIG. 9. Experimental and theoretical line shift of the
Fe3+- Vo resonances for stress p parallel to a pseudocubic
[111J direction and HII [HOJ at 78°K (taken from Ref. 14).
The shifts and splittings result from the change in direction of the rotational axis (see text).

phase.

From the present analysis we see that for
the splitting of the(ji. and (ji. lines resulting
from a {DOl} domain is given according to Eq. (7),

Ii II [110]

Alic = H('P. c) -H(iP.c)=42.5((ji+c-'P.c)=851'Pcl ,

where (jic is the component of rotation parallel to
the [001] pseudocubic direction (c axis of the domain) measured in angular degrees. Figure 9
shows the variation of the EPR lines with [111]
stress for H parallel to a [110] pseudocubic direction at 78 K. It is seen that Alic, i. e., the (jic
component decreases because cP is tilted away from
the c axis towards [111]. Similar behavior occurs
for the {100} and {OlO} domains, where cP is also
tilted towards [111]. Therefore, the pair centers
within these domains become inequivalent due to
the loss of mirror symmetry caused by rotation

4333

towards and away from Ii by proportionate amounts.
This effect splits the 0 and m lines by an amount
Alia indicated in Fig. 9. Alia here is proportional
to the (jiOOI components of cp in the {100} and {DID}
domains .
Above Pc the spectrum collapses into a pair of
slowly varying degenerate lines resulting from
±cp rotations around the [111] direction parallel to
stress. The crystal now consists of a trigonal
monodomain. We note that just above Pc, Alic(Pc)
=(1/13) AHc(O) (see Fig. 9). This means that within the experimental accuracy I cp I (i. e., the magnitude of the rotation) is constant but the direction
has rotated from the equivalent (100) directions into [111]11
For T < Ta this change oc curs discontinuously (Fig. 9) and for T > Ta continuously, as
discussed and analyzed in detail in Ref. 14, where
the phase boundaries have been determined over an
extended temperature range.
The Fe 3+ - Vo pair center lines have more recently also been employed to study the critical behavior
of the cUbic-to-tetragonal phase transition at
105 0 K. 13 As mentioned in Sec. I, the large splitting
for small rotation angle allowed the determination
of the temperature dependence for the rotational
parameter cp(T) close to T a , hence of the static
critical exponent f3 of the transition. A recent
analysis yielded f3=0.333±0.010. 13 Near T a ,
cp fluctuates: cp = (cp( T) + ocp. This causes a
broadening of the (ji. and (ji. lines for T approaching
Ta from above ('P+='PJ and below. This broadening, due to the local fluctuations, has been reported recently21 and considered theoretically by
Schwabl. 22 More accurate very recent experimental results and a theoretical analysis including
the effects of the E term (proportional to cp2) have
been made and the critical exponent v describing
the divergence of the correlation length E, near Ta
has been determined. This investigation will be
reported separately as it is not the subject of the
present paper but it employs the results obtained
here. 23

Pc'

0

lE. S. Kirkpatrick, K. A. Muller, and R. S. Rubins,
Phys. Rev. 135, A86 (1964).
2R. Baer, G. Wessel, and R. S. Rubins, J. Appl.
Phys. 39, 23 (1968).
3R. G. Pontin, E. F. Slade, and D. J. E. Ingram, J.
Phys. C~, 1146 (1969).
4D• J. A. Gainon, J. Appl. Phys. ~ 2325 (1965).
5D. M. Hannon, Phys. Rev. 164, 366 (1967).

ACKNOWLEDGMENTS

The authors would like to thank E. O. Schulz-Du
Bois for his contribution to the calculation of second-order terms in the theoretical part and a
critical reading of the manuscript, as well as
F. Waldner for discussions.
6K. A. M"tiller, w. Berlinger, and R. S. Rubins, Phys.
Rev. 186, 361 (1969).
1B. W. Faughnan, RCA Internal Report, 1969 (unpublished) .
8D. M. Hannon, Phys. Status Solidi 43, K21 (1971).
9 D. M. Hannon, Phys. Rev. (to be published).
10K. A. Muller, W. Berlinger, and F. Waldner, Phys.
Rev. Letters~, 814 (1968) .

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

146

4334

VON WALDKIRCH,

MULLER,

"H. Unoki and T. Sakudo, J. Phys. Soc. Japan 23,
546 (1967).

12J. C. Slonczewski and H. Thomas, Phys. Rev. Bl,
3599 (1970).

13K. A. Muller and W. Berlinger, Phys. Rev. Letters
26, 13 (1971).

-14 K. A. Muller, W. Berlinger, and J. C. Slonczewski,
Phys. Rev. Letters 25, 734 (1970).
15K. A. Muller, Helv. Phys. ActaQl. 173 (1958).
16K. A. Muller, W. Berlinger, M. Capizzi, and H.
Gdinicher, Solid State Commun. ~, 549 (1970).
"B. Alefeld, Z. Physik 222, 155 (1969).
IS D• A. Jones, J. M. Baker, and D. F. D. Pope, Proc.

AND BERLINGER

5

Phys. Soc. (London) 74, 249 (1959).
19B. Henderson, J.E. Wertz, T. P. P. Hall, and
R. D. Dowsing, J. Phys. C!, 107 (1971).
20See, for instance, E. U. Condon and G. H. Shortley,
The Theory of Atomic SPectra (Cambridge U. P.,
Cambridge, 1957), p. 34.
21K. A. l\ftiller, in Structural Phase Transitions and
Soft Modes, edited by E. J. Samuelsen, E. Andersen,
and J. Feder (Universitetsforlaget, Oslo, Norway, 1971),
p. 85.

22F. Schwabl, Phys. Rev. Letters 28, 500 (1972).
23Th. von Waldkirch, K. A. Muller, W. Berlinger,
and H. Thomas, Phys. Rev. Letters 28, 503 (1972).

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

147

Reprinted from THE PHYSICAL REVIEW, Vol. 186, No.2, 361-371, 10 October 1969

Observation of Two Charged States of a Nickel-Oxygen Vacancy Pair
in SrTi0 3 by Paramagnetic Resonance
K. A. MULLER AND W. BERLINGER
IBM Zurich Research Laboratory, 8803 Riischlikon, Switzerland
AND

R. S. RUBINS·
Department oj Physics, University oj Calijornia, Los Angeles, Calijornia 90024
(Received 17 March 1969)
The paramagnetic resonance of two tetragonal nickel spectra in the cubic phase of SrTiO, has been investigated below the structural phase transition at lOsoK. Both spectra show the same rotation angle
measured from the tetragonal directions as the iron-oxygen vacancy complex. This angle is 0.90±0.OSo at
77°K and 1.2S±0.1O° at 4.2QK. One of the axial nickel spectra is stable at room temperature and has been
reported before by Rubins and Low with gil = 2.029±0.01, gl=2.352±0.001 (gil <gl). It is now assigned
to a substitutional low-spin NiH ion situated next to an oxygen-vacancy with the unpaired spin in an
e-type, 3z2-r2 orbital directed towards the positively charged vacancy. The second spectrum is generated
by light and is thermally unstable at room temperature with gil = 2.375±O.00l ,gl= 2.084±0.001 (g1l>gJ,
and can be assigned to a low-spin NiH ion next to an oxygen vacancy associated with two electrons, the unpaired spin being in an e-type, x2_y2 orbital directed away from the near neutral vacancy. Observed titanium
superhyperfine structure supports these assignments. The importance of this first microscopic evidence
of two differently charged states of an oxygen-vacancy defect complex in high-dielectric-constant oxide
materials is emphasized. The difficulty of observing by EPR pairs when the defects are singly charged is
discussed.
I. INTRODUCTION
by electron paramagnetic resonance (EPR) for more
than a decade. The radius of the B ion is about half that
N this paper, part of the work that is summarized
of the A ion, the latter being comparable to that of
was carried out several years ago and its interpretaoxygen. Therefore size considerations lead to the expection has remained a puzzle until recently. It is the study
tation that the transition-metal ions with radii ranging
and analysis of two tetragonal paramagnetic-resonance
from o.s to 0.7 A are incorporated at B sites, and those
spectra with effective spin S =! in Ni-doped SrTi03.
of the rare-earth series with r~l A at A sites. Since the
One spectrum is thermally stable at room temperature;
lattice is well packed and an accommodation of interthe other is unstable and observed after light illuminastitials difficult, the above expectation has been verified
tion of the crystals. The most likely interpretation is
by EPR and optical methods for a considerable number
that both spectra are due to the same lattice defectof species, namely, MnH , Cr3+, FeH , NiH, COH, MnH ,
complex, with however different charge configurations.
and NiH on B sites and GdH , Ce3+, NdH , and EuH on
The spectra result from a three-valent Ni ion substiA sites.I- 3 However, under certain conditions of prepatuting for a TiH ion situated next to an oxygen vacancy
ration of the materials, exceptions are found. For
(V 0). The stable one is observed when the V 0 donor is
example, in reduced BaTi0 3 Takeda and Watanabe
empty, the other when two electrons are trapped near
observed the GdH ion to be in part substitutional at B
the oxygen vacancy. The difference between the spectra
sites. 4 The Yb H ion has probably also been observed on
arises because in the former case the single paramagB sites in SrTi0 3.2 For the transition-metal ions,
netic e-type electron orbital of low-spin NiH with conHannon 5 has shown unambiguously that FeH and NiH
figuration (t 26 ,e) is directed towards the Vo, which is
can be located at A sites in KTa03. The A-site preferpositively charged with respect to the lattice. In the
ence appears to be induced by co-doping the K 2C0 3
latter case the orbit is directed away from the near
flux-grown crystals with TiH ions.
neutral vacancy. The observation of different charged
I R. S. Rubins, W. Low, K . A. MUller, L. Rimai, and G. A. de
states of a lattice defect by the orientation dependence
Mars in Proceedings of the First International Conjerence on Paraof an electronic wave function of a next-nearest-neigh- magnetic Resonance, Jerusalem, 1962, edited by W. Low (Academic
bor impurity is quite a novel feature in solid-state Press Inc., New York, 1963), pp. 59, 17, and 51.
W. Low and E. L. Offenbacher, in Solid State Physics, edited
physics. Furthermore, the present investigation allowed by2 F.
Seitz and D. Turnbull (Academic Press Inc., New York,
us to gain deeper insight into associated defects, their 1965), Vol. 17, p. 135.
, The assignments of Mn2+ to A sites in BaTiO. by H. Ikushina
charged states, and stability in high-dielectric-constant
U. Phys. Soc. Japan 21, 1866 (1966)J and in CaZrO. by B.
materials of the perovskite family.
Henderson [Proc. Phys. Soc. (London) 92, 1064 (1967)J are not
In diamagnetic AB0 3 oxide " perovskite" crystals, likely to be correct because the isotropic part of the his constant
paramagnetic ions have been introduced and observed of Mn" observed in both cases is equal to 80.7XIO-< cm-I , and

I

• Supported in part by the National Science Foundation and the
U. S. Office of Naval Research, under Contract No. NONR233(88).

typical for octahedral coordination.
• T. Takeda and A. Watanabe, J. Phys. Soc. Japan 19, 1742
(1964); 21, 1132 (1966).
• D. M. Hannon, Phys. Rev. 164, 366 (1967).
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One purpose of this work is to show that the stable
axial NiH spectrum observed earlierl was indeed due to
a NiH-Vo defect. This could be accomplished by comparing the angular dependence of the NiH spectra with
that due to the Fe3+-V 0 defect below the phase transition
in SrTi03. Recently, understanding of the cubic-totetragonal phase transformation in SrTi0 3 was elucidated using paramagnetic resonance of S-state ions.
From the analysis of the angular dependences of the
FeH spectral2 .13 as well as those of GdH ions, the static
properties of the transformation were entirely determined. The transformation consists of alternate rotations of near-rigid Ti0 6 octahedra around TiH ionic
FIG. 1. Rotated oxygen octahedra around tetragonal c axis in positions along cube-edge directions. The rotation angle
cp is the order parameter of this phase transition,18.14
SrTiO. below T •. The presence of an Fe'+ substitutional point
defect is indicated.
which is characteristic for the perovskite structure.
Unoki and Sakudoi2 obtained the rotation angle cp at
The question of charge compensation in these double 77 and 4.2°K from uncompensated FeH spectra (see
oxides is a very interesting one. In flux-grown crystals Fig. 1), which are cubic above the transition temperathis is often accomplished by the incorporation of one or ture Ta= 105°K. The rotation angle ip of the chargeseveral components of the flux. In BaTi0 3 grown by the compensated defect FeH - V 0 is smaller by 40%, due to
Remeika method, Arendt made a quantitative chemical the missing oxygen ion, i.e.,
analysis.6 He found in crystals containing known concp(T) = 1.4ip(T)
centrations of FeH and C02+ ions, that charge compensation was achieved by the incorporation of F ions at at both temperatures at which they measured (Fig. 2).
oxygen sites. The amount of F- for a given concentraIf the assignment of Ni axial spectra to a NiH - V 0
tion of transition-metal ions was about twice as large defect is correct, then the same rotation angle ip(t)
for Co2+ as for FeH .6
should be observed as for the FeH-Vo defect; because
If crystals are grown by the Verneuil technique or by the ionic radius of NiH is very close to the one of FeH ,
pulling from the melt with a major substitutional the local distortion is also expected to be close.
The experiments from which this angular dependence
impurity present, which differs in charge from the substitute, compensation must be achieved in a way differ- is deduced will be described in Sec. II. The same data
ent from the one discussed above. It can occur by have also been taken for the light-generated axial Ni
intrinsic defects; an example is the addition of Fe 203 to spectrum, which was observed several years ago. l5 In
SrTi03. In this case a substantial part of the ion is Sec. III the theory is summarized and some empirical
incorporated as FeH at a TiH place, and oxygen systematics of g values for Ni l+ and NiH ions are given.
vacancies are formed. Evidence for this was first found In Sec. IV the stable axial spectrum is assigned using
by the observation of a strong axial EPR FeH spec- steric arguments, the crystal field, measured g shifts,
trum in SrTi03, which was attributed to an FeH-O Ti superhyperfine interaction, and the temperaturevacancy next-neighbor impurity pair. 7 This assignment dependent linewidth broadening. The same is done for
was confirmed using Mossbauer spectroscopy by Bhide the light-generated spectrum in Sec. V. The difficulty
and co-workers 8 and again by EPR.9 Recently, the axial of observing the neutral NP+-Vo-(-e) center is disFe spectrum reported by Hannon" in KTa03 was cussed in Sec. VI, and in Sec. VII; some thoughts on
analyzed by Wessel and Goldick,lO who obtained an other tetragonal spectra observed by others in KTa03
axial splitting parameter 12D I = 2.88 cm-I, very near and BaTi0 3 are expressed.
to the one deduced in SrTi0 3 of 12D I = 2.701 cm-l.ll
n. PARAMAGNETIC-RESONANCE SPECTRA
• H . Arendt, in Proceedings of the Internationai Meeting on
Ferroelectricuy, Prague, 1966 (Czechoslovak Academy of Science,
Prague, 1966), p. 231.
7 E. S. Kirkpatrick, K. A. Muller, and R. S. Rubins, Phys. Rev.
135, A86 (1964) .
• V. G. Bhide and M. S. Multani, Phys. Rev. 149, 289 (1966);
V. G. Bhide and H. C. Bhasin, ilnd. 159, 586 (1967).
, R. Baer, G. Wessel, and R. S. Rubins, J . Appl. Pbys. 39, 23
(1968).
10 G. Wessel and H. Goldick, J. Appl. Phys. 39, 4855 (1968).
11 A strong axial Fe spectrum with gl~6 has also been reported
by D. J. A. Gainon, J. Appl. Phys. 36, 2325 (1965). Although the
spectrum was not analyzed in terms of a D parameter, it has been
assigned to a Fe'+ - V0 pair by this author.

Paramagnetic-resonance spectra of nickel-doped
strontium titanate were observed at X- and K-band
frequencies for two different crystals, which we denote
H. Unoki and T. Sakudo, J. Phys. Soc. Japan 23, 546 (1967).
K. A. Muller, W. Berlinger, and F. Waldner, Phys. Rev.
Letters 21, 814 (1968).
"H. Thomas and K. A. Miiller, Phys. Rev. Letters 21, 1256
(1968) .
15 R. S. Rubins and K. A. Muller, in Proceedings of the Twelfth
Col/oque Ampere, Bordeaux, 1963, edited by A. Masson (Dunod
Cie., r~ris, 1964), p. 10.
12
13
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J and N . Crystal J was the same as that used by Rubins
and Low,1 and contained a nominal 0.15% NiO.
Crystal N contained a nominal 0.1% NiO. Both crystals
were obtained from the National Lead Co. Apart from
lines due to Cr3+ 13 and FeH 14 impurities, the following
Ni spectra were observed in crystal J near room
temperature: (a) an isotropic spectrum with g= 2.204
±0.001, characteristic of NiH in an octahedral site;
(b) an isotropic spectrum with g= 2.180±0.002,
attributed to NiH in an octahedral site; and (c) a
spectrum consisting of three axially symmetric lines
with mutually perpendicular tetragonal axes, and
principal g values
gll= 2.029±0.001, gl= 2.352±0.001.
In crystal N, the NiH spectrum (a) was observed only
at liquid-helium temperatures. The cubic NiH spectrum
(b) was considerably weaker, although the axial spectrum (c) was of similar intensity to that in crystal J.
The intensity ratio of (b) to (c) was approximately
1:2.5 for crystal J and 1:7.5 for crystal N. No significant changes in these values were observed as a function
of temperature.
Two experiments were undertaken in order to change
the valencies of the Ni ions present in crystal N. In the
first experiment, a portion of the crystal was heated for
2t h at l000°C in a hydrogen atmosphere, and then for
that 700°C in air. After such treatment, both spectra
(b) and (c) were almost indetectable, but a relatively
intense axial spectrum, attributed to Fe3-!- in a TiH site
with a nearest-neighbor oxygen vacancy, was observed. 7 In the second experiment, the sample was
illuminated with a 90-W xenon lamp for 3-4 min, and
then dropped without delay into liquid nitrogen. Spectrum (a), previously observed only in crystal J, was
present; spectrum (b) was enhanced by a factor of 6;
spectrum (c) was diminished in intensity. In addition,
a new "light-induced" spectrum, consisting of three
axially symmetric lines with mutually perpendicular
tetragonal axes, was observed, with principal g values
gil = 2.375±0.001, gl = 2.084±0.001.
This spectrum may be seen in Fig. 3, taken at 77 and
180 o K; spectra (b) and (c) are observed to be considerably broader than the light-induced spectrum. In
fact, in warming the crystal to room temperature, the
linewidth of the light-induced spectrum did not change,
in contrast to spectra (b) and (c), which broadened
considerably. At room temperature, the light-induced
spectrum slowly disappeared.
The linewidths of spectra (b) and (c) were measured
in the range 195-400 oK at X band. Within the experimental error of about 10%, the widths of the two
spectra were equal, and increased with temperature as
shown in Fig. 4. At room temperature, the widths at K
band and X band were equal, indicating that the width
is frequency-independent.

FIG. 2. Schematic representation of rotated oxygen octahedra
and oxygen pyramid of an Fe3+- V 0 pair.

When SrTiO s crystals are cooled below the transition
temperature at 105 oK, the isotropic NiH line is observed to split smoothly with temperature into a set of
three axially symmetric lines with mutually perpendicular tetragonal axes. 3 These splittings, which represent the effect of the tetragonal distortion on the dynamic Jahn-Teller effect, have recently been investigated both experimentally and theoretically.16 Because
of the local defect association from which the axial
spectra result, the change of the g-tensor symmetry to
orthorhombic is barely detectable. The most pronounced change of these on cooling through Ta is that
the maxima and minima of the resonance fields in part,
do not occur along the tetragonal directions of the
crystal. Of course, the over-all symmetry of the pattern
must still be tetragonal for a particular domain; thus
the lines are split. This is due to the alternate mtation
of the octahedra along the c axis in each domain, as
discussed at some length for the Fe centers in Sec. I
(see Figs. 1 and 2).
We have investigated these splittings in detail by
rotating the scanning magnetic field in pseudocubic
{001} and {110} planes in the presence of domains in
the crystal along all three pseudocubic directions. For a
rotation in a particular (001) plane, at most four split
lines are observed. They are due to [100], [010], and
[001] domains, where the symbol [001] denotes a
domain whose c axis is parallel to the pseudocubic [OOlJ
direction. For such a domain two lines of equal intensity
are seen except for [l00J and [OlOJ directions, where
they coincide. They result for the alternate rotation ij>
of the associate defects around the c axis (see Figs. 1
and 2) and have their defect axes in the plane (001).
From each of the [100] and [010] domains which
lie in the magnetic field plane, one line results because,
for both the octahedral rotation angles ij> around [l00J
and [OlOJ and an in-plane defect-association direction,
the (001) plane is a mirror plane. Near [110J directions,
the lines from the [100] and [010] domains practi11 J. C. Slonczewski, K. A. MUller, and W.
published).
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FIG. 3. K-band EPR spectrum
of a type-J sample of nickel-doped
strontium titanate, taken at 77
and 180 0 K after illumination. The
magnetic field is directed along the
[001] cubic axis of the crystal.

T = 78°K

-3I2--V2

H(kG)

6.0
I

6.25
I

6.5
I

cally coincide and a symmetric three-line pattern is
found. At exactly [110J three lines from axial centers
along [l00J and [OlOJ directions in the different
domains are superimposed (see Fig. 5). At this angle the
highest resolution is obtained, and ip was determined
using the oscilloscope and a precision nonius on the
Varian magnet. In Table I the results at 77 and 4.2°K
are summarized. For the perpendicular resonance
magnetic field due to defect associations along [OOlJ
directions only one line was resolved. The resonance
fields for all the domains are by, at most,

![c1(g12_ g112)/gdSH1
close to one another, yielding one broad line.
With the stable axial Ni center, an anisotropic superhyperfine structure (SHS) is detected (see Fig. 6). It
results from the interaction with the 7.8% abundant
Ti47 nuclei with I=!, and the 5.5% abundant Ti49
nuclei with I=!. The SHS is essentially caused by the
interaction of one nucleus per impurity. This produces
a spectrum consisting of eight lines from the 1= t nuclei
and six lines from the 1 =! nuclei which are superposed
on the inner sextet of the octet. Only the outer three

6.75
I

lines on each side of the intense one are resolved. The
deduced coupling constants for the usual spin Hamiltonian are
A 1I=4.3X 10-4 cm- I ,

Al= 2.9X 10-4 cm-I •

The parallel direction coincides with the g-tensor axes.
The intensity ratio of one of the inner sextet lines to the
main line is (2.2±0.3)%. For the light-induced center,
SHS interaction was detected but could not be completely resolved due to the interaction with more then
one kind of Ti nucleus and the anisotropy of the interaction constants. From the incompletely resolved
bH (GI
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4. Graph of linewidth a~ainst temperature for the stable
axial and isotropic NiH spectra in strontium titanate.
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TABLE 1. Comparison of the rotation anKles
of Fe and Ni centers in SrTiO•.
Rotation angle
77 oK
4.2°K

Center

1.4 ±1 °
O.95±O.05°
O.90±O.05°
O.90±O.05°

Fe"+ uncomp.
Fe"+-Vo

NiH ax. stable
NiH ax. light gen.
a

Reference 12.

Ref.

2.1 ±O.10°
l.35±O.05°
1.25±O.1O°
1.25±O.1O°

a

a, b
Present work
Present work

b Reference 13.

structure we deduce an upper limit in the SHS constants, which is half that of the stable spectrum; its
estimated intensity ratio is, however, three times that
of the latter.

J:L

FIG. 6. Resolved Ti superhyperfine interaction of the stable

axial spectrum for a parallel orientation.

III. 9 VALUES FOR 3d7 AND 3d9
CONFIGURATIONS

The g values of the stable axial spectrum and the
light-induced spectrum are very close to those normally
observed from d7 and dD ions. In octahedral symmetry,
the ground states for d 7 (in the strong-field approximation) and d9 belong to the irreducible representation
2E. This state is split by the Jahn-Teller coupling or by
lower-symmetry components of the crystal field into the
two Kramers doublets. The g values of these doublets
for the d9 ion, i.e., one hole in the d shell, are well
known I7 to be approximately

derived by Lacroix, Hochli, and M liller ls using strongfield hole wave functions of the configuration t6e (=f3),
are
gll(U)~2

+2t2/02 ,

gl(U)~2+3UE

+2e/o2 ,

g,,(V)~2+4UE

+2e/o2 ,

gl(V)~2+t/E

+2e/o2 ,

{1)

gl(u)~2-6A//j.,

(4)

where t is the spin-orbit coupling constant for a single
d electron, E is given by
l/E= l/E a+ 1/E4+O.38(1/E a-l/E 4)

gll(u)~2,

(3)

,

(5)

where Ea and E4 are, respectively, the lower and higher
components of the excited t 6e2 (=ttl) configuration,
and 0 is the energy of the low-lying 4Tl level, whose
splitting by spin-orbit coupling and lower-symmetry
fields has been ignored. U and V, which denote the
orbital parts of the 2E hole wave functions for the ea
configuration, are triple products of single-hole wave
functions u and ii. They transform as u and v, respectively, and are identical with the single-e-electron u and
v functions, i.e., U a= Iva,iip,ua)=Ua.
Apart from the second-order term 2e/o2 in Eqs. (3)
and (4), the theoretical g values for the doublets in the
two systems are seen to be very similar, because t is
positive and A is negative. However, in a field of tetragonal symmetry, doublets transforming according to
dissimilar wave functions lie lower. For example, if a
positive V20 component is present, corresponding to an
elongated octahedron, the doublet ii lies lower for d9,
whereas the doublet U is lower for d7 • This is easily
visualized in looking at 1t and'll sublevels. For V2o>O,
E,,<E. with one e electron, the U sublevel is singly
occupied. With three electrons in the e shell, u is
occupied by two electrons with antiparallel spin, and t'
by one electron.
The fact that the ratios A//j. and U/j.' obtained from
the measured g values are approximately equal (usually

2T2

gll(ii)~2-8A//j. ,

(2)

gl(v)~2-2A//j.,

where A is the spin-orbit coupling constant ltnd /j. is the
crystal-field splitting of the 2D term. The single-hole
orbital parts of the wave functions are denoted by u
and ii. They are (1/v3)(3z 2 -r2 ) fer) and (x 2 _y) fer),
respectively. The corresponding expressions for d7 ,

.3.

• Ni
o
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Ni" light generated

20·
30"

400

•

[[[0)
50"

5.9
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6.8
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FIG. 5. Resonance fields of the stable and light-induced Ni
centers at 77°K, and K band for a rotation of the magnetic field
in a (001) plane.
17 B. Bleaney, K. D. Bowers, and M. H. L. Pryce, Proc. Roy.
Soc. (London) 228, 166 (1955).

18

R. Lacroix, U. HOchli, and K. A. Muller, Helv. Phys. Acta

37, 627 (1964).
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TABLE II. Mean g values of Ni ions in octahedral surroundings.
Metal-ligand
Mean g value
Host separation"
Ni2+
NiH
(A)
NiH
lattice
SrTiO.
MgO
CaO
LiF
KMgF.
NaF

1.95
2.10
2.40
2.01
1.99
2.31

2.20
2.21
2.33
2.22
2.280
2.293

2.24
2.37
2.26
2.33

2.18
2.17
2.28
4.163

Refs. and
remarks
b
c, d
c, d
e
f, NiH: high spin
e, f

a R. W. G. Wyckoff, Crystal Structures (Wiley-Interscience, Inc .• New
York. 1960). Vols. I and II.
b Reference 1, p. 59.

~ ~.efT~S~:s ~d W. Low. Proceedings of obe International Conjere'f'U
on Electron Diffraction and Crystal Defects, M~lbourne. 1965 . (A~strahan
Academy of Science. Melbourne. 1966) i and (pnvate commumcatlon) .
• W. Hayes and J. Wilkens. Proc. Roy. Soc. (London) A281. 340 (1964).
f Reference 21.

in

lying between 0.04 and 0.09) means that it is not easy
to distinguish between octahedrally coordinated d 7 (in a
strong field) and d9 from the paramagnetic-resonance
data alone. Although the energy-level schemes of the
two systems d9 and d 7 are quite different, the most
definite assignments made to date have been based upon
the chemical treatment of the crystal. 19 Usually,
tentative assignments have been made from arguments
relating to the differences in ionic radius and valency of
the two ions. 20 Comparison with resonance data of other
3d transition-metal ions such as Fel+ and Fe* or CrH
and Cr3+ has proved to be useful.21
If the ratio DqjB were just slightly more than that at
the "crossover" of the 4TI and 2E levels (approximately
2.2, according to Tanabe and Sugano), then 0 would be
small, and the term 2i?jo2 in Eqs. (3) and (4) would
cause appreciable deviations from the approximate
relations ~g,,(V)jAgl(V)"'4, ~g,,(U)~O, where the
symbol ~g represents g- 2. This is probably the only
situation in which it would be possible to assign a
strong-field d7 ion from the resonance data alone. It
should be noted that if o"'~, the single term 2i?jo2 is not
sufficient to describe the effect of the 4TI because the
perturbation breaks down. 22
The isotropic spectra with g= 2.20 and 2.18 have been
attributed to the replacement of TiH by Ni2+ and Nj3+,
respectively, without local-charge compensati?n. I •16 In
Table II, we give the g values of spectra attnbuted to
Ni ions in cubic octahedral coordinations. We see that
the deviation of the g value from the free-electron value
increases in a given lattice as the valency is decreased,
and increases for a given ion as the crystal field is
decreased (or for a given ligand and lattice type, i.e.,
NaCI or ABX 3, as the lattice spacing increases). Apart
from this, Table II is qualitatively consistent, indicating
that the g-value deviation may be used as a means of
" U. Hochli, K. A. Miiller, and P. Wysling, Phys. Letters 15, 5
(1965); 15, 123 (1965).
20 S. Geschwind and J. P. Remeika, J. Appl. Phys. Suppl. 33, 370
(1962).
.
.. T. P. P. Hall, W. Hayes, R. W. H. Stevenson, and J. Wilkens,
J. Chern. Phys. 38, 1977 (1963); 39, 35 (1963).
.. R. S. Rubins (unpublished).
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distinguishing between NiH and Ni*
coordinations.

In

octahedral

IV. ASSIGNMENT OF STABLE SPECTRUM TO
NiH-Vo DEFECT
A. Steric and Axial Crystal Field Considerations
We assign the stable S =! axial spectrum in Ni-doped
SrTi03 to a low-spin Ni* ion associated with a nextneighbor ionized oxygen-vacancy donor (Vo). There
are a number of reasons from which one arrives at this
conclusion: The corresponding Fe center Fe*-V 0 has
been observed with EPR7,9 and Mossbauer spectroscopy.s Below the cubic-to-tetragonal phase transformation the rotation angle of the parallel axis of the
Ni spectrum away from a tetragonal a axis is within the
experimental accuracy the same as that of the Fe*-V o
center at both 77 and 4.2°K, as is seen from Table 1.
This rotation angle ip is 1.4 times smaller than the
intrinsic rotation 'P of the Ti06 octahedra, due to the
missing oxygen ion12 ,13 (Fig. 2). Were the spectrum to
result from a large NiH ion with a radius of approximately 1 A as compared to the 0.64 A for Ni*, then
from the different steric behavior we would expect the
rotation angle ip to be reduced. The Ni*-02- distance
is 1.95 A, that of Nil+-02- 2.24 A. Assuming the oxygen
displacements to be the same, a reduction of 15% is
obtained. This assumption is only valid if the adjacent
TiO a octahedra are undistorted. For NiH this cannot be
the case, and the reduction is expected to be greater.
The observation of axial g values with gl> gIl shows
that the e electron is in a u or 3z2-r2 orbital. This is
precisely what one expects from crystal field considerations. The ionized oxygen-donor vacancy represents an
effective positive charge in the lattice, thus attracting
the negative e-orbital electron charge [see Fig. 5(a)],
or, in other words, the axial crystalline potential V 20 is
positive.
B. g Shifts
The missing oxygen ion of the Ni-Vo center should
also reduce the parameter E in Eq. (3) of the Ni* ion.
This expectation is also in agreement with experiment,
because the isotropic part of the g value, g= Hg,,+ 2g1 )
= 2.244, is larger than that of the noncharge-compensated NiH ion with an isotropic spectrum at g= 2.180,
characteristic of a dynamic Jahn-Teller effect.16
To analyze tht; observed a 'Cial g values we use Eqs. (3)
and obtai~ 2(~jO)2= 0.029 from 1(". Using covalently
reduced parameters5 ~=520 cm- I and B=660 cm-t, we
obtain DqjB = 2.8 from the Tanabe-Sugan023 diagram
for d7• With this value the extracted E3 and E4 energies
from the diagram give no agreement with (4) for the
observed gl value. Thus, as noted in Sec. III, formulas
(3) and (4) are incomplete, and near the 2E-4TI crossover
the splitting of the 4TI level must be considered. 22 To
II

Y. Tanabe and S. Supno, J. Phys. Soc. Japan 9, 753 (1954) .
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get a rough estimate of the Dq parameter we employ the
mean g shift g, which should be less sensitive to the
axial 4Tl level splitting, and obtain g-2=2[UE
+(~/5)2J=0.244, Dq/B=2.5, and 2(~/5)2=0.125. This
proves the importance of the quadratic term in (3) and
(4). With the same and only possible procedure for the
isotropic line, we get Dq/B = 2.7 or Dq = 1800 cm-I, a
reasonable value for a sixfold-coordinated NiH ion. We
see that for the fivefold coordination the Dq parameter
is about 8% smaller. However, not too much importance
should be attached to this quantity in view of the
incompleteness of the theoretical formulas and the
possible variation of the ~ and B parameters with
coordination which we neglected.
C. Titanium Superhyperfine Interaction

The SHS shown in Fig. 6 clearly results from an
interaction with a single Ti47 or Ti49 ~ucleus per NiH
impurity. The measured intensity ratio of one of the
sextet lines to the main line is (2.2±0.3)%. The computed ratio, assuming the unpaired electron spin is
interacting with one specific Ti ion, is 2.2%. The SHS
can be a consequence from direct or by indirect transfer
via oxygen. Although, with the data presently available,
we cannot decide which mechanism is dominant, we can
show that both support our model for the Ni center in
question.
In this model, where the 3z2_r2 orbital is lying along
the NiH- V 0 pair axis, there can be a transfer of spin
density to a TiH ion via the oxygen opposite to the
vacancy or a direct transfer to the TiH ion next to the
vacancy. The mechanism must now be either the former
or the latter. We can exclude the case where both yield
accidentally the same SHS constant because the measured intensity ratio would be near 4.4 rather than 2.2%.
We discuss first the direct transfer and compare our
data with those observed in rutile, the only other
titanium-oxide compound in which SHS with Ti47 and
Ti49 nuclei has been reported. There the interaction has
been observed for the d1 configurations of VH, Mo5+,
and W5+.24 In Table III these data are compared with
the ones obtained here. We see that with the increase of
covalency of the d1 sequence, A increases as expected.
The largest superhyperfine interaction is, however, that
of the NiH ion, which from its charge state and place in
the Periodic Table should show the smallest covalency.
In Ti0 2 the SHS results undoubtedly from direct
transfer. Here the basis functions of the d1 states are of
xy type, and the two nearest Ti ions to the impurity lie
at a distance of 3.0 A along the y axis with no intermediate oxygen ion present. In Sn02, an isotype structure to rutile, Chen et al.2 5 showed that cation SHS of
VH, CrH , and MnH observed from Snll7 and Sn1l9
nuclei was due to direct transfer. These authors com.. T. T. Chang, Phys. Rev. 136, A1413 (1964); 147,264 (1966).
"I. Chen, C. Kikuchi, and H. Watanabe, J. Chern. Phys. 42,
189 (1965).
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TABLE III. Superhyperfine coupling constants of V'+, Mo'+,
and W'+ in TiO, and Ni'+-Vo in SrTiO,.
Defect
Vt+(3d')
MOH(4d')
W'+(5d')
Ni3+(3d7)

All

Al

(10-< em-I)

(10-< em-I)

Refs.

2.1
3.4
3.5
4.3

1.8
2.9
2.6
2.9

a
b

c
Present work

• E. Yam aka and R. G. Barnes. Phys. Rev. 135. A144 (1964).
b Reference 24. Vol. 136. p. 1413•
• Reference 24. Vol. 147, p. 264.

puted the overlap of the 3d functions of the transitionmetal ions with the next-nearest and second-nextnearest Sn 5s functions lying at a distance of 3.19 (Snl)
and 3.70 A (Sn2)' They showed that the SHS is directly
proportional to the overlap, as the covalency coefficients
should be for direct interaction. They also estimated the
indirect interaction by computing anion-cation overlaps, and concluded that the indirect mechanism gives
an opposite spin density and is an order of magnitude
smaller. For us it is also of value that the SHS with the
Sn2 neighbors at 3.70 A is six times smaller than those
at 3.19 A, although the lobes of the wave functions do
not point directly towards the Sn2.
In SrTi0 3 for the Ti ion on the side of the vacancy no
intermediate oxygen ion is present. This Ti ion may
relax a few tenths of an angstrom towards the vacancy
and thus is, by this amount, nearer to the Ni3+ than the
unit-cell distance 3.9 A. The 3z2-r2 orbital (SrTi0 3) has
a charge density about twice as large at a given distance
Z= d as an xy orbital (Ti02) along x or y for x= y= d
and equal radial distributions. The product of the
SHS constant times the spin multiplicity (SHS)2S is
for a MeH ion experimentally and theoretically 0.68
times that for a MeH ion. 25 Using this number and the
data of VH in Ti0 2,24 we obtain for the constants A II
and Al for NiH due to a TiH at 3.0 A, 2.8 and 2.4X 10-4
cm-l , respectively. These are roughly i those observed
experimentally, where the TiH ion will not lie nearer
than 3.6 A to the NiH. Thus the estimated SHS constants should be still lower, and the overlap mechanism
does not appear so likely. However, the 3z2-r2 orbital is
probably polarized towards the TiH ion in question,
enhancing the overlap. Therefore no definitive conclusion can be made except that so far the overlap mechanism does not contradict our model.
Turning our interest towards the indirect mechanism,
the only other cation-cation SHS data for (]' bonding
where this mechanism must be dominant are those of
the light-induced center. It will be outlined in Sec. V
that for this case only the oxygen-transfer mechanism
is possible due to the different orientation of the wave
function of the unpaired electron spin. The intensity of
the SHS of the light-induced center and the upper limit
of its splitting are shown to be compatible with those
of the model of the stable spectrum if the indirect
transfer is dominant in both.
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FIG. 7. Schematic representation of the Ni H - Vo and NiH - Vo(-2e) center pairs including the sign of the crystal-field V,,
component and the unpaired e electron orbitals.

If, instead of an oxygen vacancy, a monovalent anion
(F-, Cl-, etc.) had caused the positive V 20 component,
the corresponding SHS would certainly have been
detected due to the narrow lines which are 1. 7 G wide.

D. Linewidth Broadening
There is a last reason which supports our assignment,
namely, the linewidth broadening as a function of
temperature. We see from Fig. 3 that the width of the
axial spectrum broadens within the experimental
accuracy in the same way as the NiH spectrum cubic
above Ta, in which u-type orbitals are stabilized. I6 We
found such a broadening also for substitutional NiH
in rutile (Ti0 2) where, due to the ligand field, the
electron u orbital lies lowest. On the other hand, if for
NiH the v-type orbital is stabilized, then the lines
broaden appreciably less. This is observed for the interstitial sixfold-coordinated NiH in rutile,26 the NP+
centers in KTa03 at Ta sites,6 as well as the lightinduced axial NiH spectrum to be discussed in Sec. V.
V. ASSIGNMENT OF LIGHT-INDUCED
SPECTRUM TO A NiH-Vo-(-2e) PAIR
A. Steric and Crystal Field Considerations
This spectrum is characterized by gIl > gl in the cubic
phase; therefore it results from either a Njl+ ion in the
presence of a positive V 20 crystal field component or a
s, H.
(1962).

J. Gerritsen and E. S. Sabisky, Phys. Rev. 125, 1853
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NiH with negative V 20. Clearly, the V 2° component must
arise from an impurity lying along one of the cubic-edge
directions. Earlier the Ni I+ possibility was considered
to be more likely,15 because an empty oxygen vacancy
yields a positive V 2° component. However, there are a
number of reasons for rejecting it. The first is the
measured rotation angle of this center, which is, within
the experimental accuracy, the same as that of the
NiH -V 0 center (Table I). From steric considerations, as
already outlined, an angle ip of less than 0.8° is expected
for the large NiH ion instead of the observed 0.90±0.05°
at 77°K. Second, the isotropic part of the g value
g= !Cg,,+2g1 ) = 2.181 is, within the experimental accurracy, the same as that for the sixfold-coordinated
NiH ion. I ,I6 If we had a five-fold-coordinated NiH ion,
its g shift should be about 10% larger than 0.25, i.e.,
0.27, referring to Table II and assuming a 10% smaller
Dq parameter. Thus the ion in question is almost
surely NiH.
From the g value we conclude that the NiH shows a
splitting parameter D.E corresponding to six negatively
charged nearest neighbors. From the measured rotation
angle ip, we deduce that it must be coordinated by five
oxygen atoms and not six. Therefore the center is the
same as the one yielding the stable axial spectrum,
except that here two electrons are situated near the
oxygen vacancy. This assignment is in agreement with
the stabilization of the v or x2_y2 orbital; the average
crystal field V 2° behaves more like a field of a more
negative bond charge than that of 0 2- because of the
absence of the positive core (Kleiner effect). [see Fig.
7 (b)]. The location of the two electrons shown is purely
schematic. A substantial delocalization, especially on
neighboring Sr and Ti cations, will be present, the
charge density on the Ti ion being larger than that on
the four Sr ions, such that the complex may in a way
be described by Ni3+-Vo-Ti 2+. The two electrons being
delocalized to such an extent that the exchange energy
is smaller than the crystal field energy separation between the lowest two levels yielding a configuration with
antiparallel spin. A MOLCAO description of the whole
complex is needed.
B. g Shifts, SHS, and Linewidth
Equating the axial g shift to expressions (4), one finds
that no agreement can be obtained with a positive
third-order term, whereas the average g shift g- 2
=0.181 using the reasonable assumptions of B=660
cm- I and ~=520 cm-1 require 2(UO)2=0.080. This again
demonstrates the inadequacy of the 3d 7 low-spin
formulas near the crossover of the 2E and 4Tl groundstate levels.
Comparing our g values of roughly 2.2 with the ones
reported by Hannon, who observed to high-spin NiH at
A sites in KTa03 5 with g,,= 2.216 and gl= 4.423±0.05,
we can also exclude this possibility. The small Dq
parameter of the A site which makes the 4Tl state of
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Nj3+ lowest would also yield a large isotropic g shift for
a Ni1+ ion at this site, which is not observed.
No fully resolved superhyperfine interaction with
Ti47 and Ti49 nuclei could be observed, indicating the
interaction is with more then one Ti ion per complex.
The upper limit of the interaction found is a factor of 2
smaller than that of the stable spectrum. Referring to
our model of the center in Fig. 7(b), it is seen that the
d X'--y2 orbital points towards four (eventually displaced)
oxygen orbitals. Were the SHS constant near the upper
limit, this could be a proof for the dominance of the
transfer mechanism for the NiH- V 0-( - 2e) and Nj3+-V 0
centers, because for an r_y2 orbital it could be roughly
half that for a 3z2_r2 orbital. Were the interaction in the
light-induced center appreciably lower than the upper
limit, then for the Ni- V 0 center the overlap mechanism
with the Ti ion on the oxygen-center side would be
dominant. ENDOR experiments can probably solve the
ambiguity. The computed intensity ratio to the central
line for one single resolved SHS line is 8.8%, roughly
in agreement with the estimated one from the partially
resolved structure.
As a further argument we repeat the remark made at
the end of Sec. IV. The width of the EPR line of the
center does not appreciably broaden up to 300oK; a
behavior observed for NiH when the v orbital is stabilized. The difference in the broadening mechanisms for
u and v orbitals in high-dielectric-constant materials is
at present not understood.
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yielding a large parameter D in the effective spin
Hamiltonian, the 10> state would be separated by
several wave numbers from the I+ 1 > and 1-1> states.
Thus lines with effective g values, gl~O and gll~4 in
5' =! notation, can be expected. However, for large D
the transition probability of the I::.M = 2 transition
between the states 1+1> and 1-1> for Hl!z yielding the
line near g~4 vanishes. The same argument applies for
the corresponding Cr3+ and FeH centers. In both cases,
even 5' states will result from the coupling. A search for
the FeH-Vo-(-e) or FeH -Vo-Tj3+ center with the
Mossbauer effect is under way.
In this context it is also interesting to note that so far
no axial tetragonal Cr3+ spectrum has been observed for
chromium-doped SrTi0 3. Only an orthorhombic Cr3+
spectrum was observed by Meyerling. 27 It is not obvious
why CrH- V 0 pairs are not formed in the same way as
observed for Fe and Ni. Therefore it could be that the
neutral Cr3+-V 0-( -e) or Cr3+-V o-TiH pairs are the most
abundant pair defects present.
Another possibility are the Me2+ - V 0- TiH complexes,
which would be more stable than MeH-Vo-(-e) or
MeH-Vo-Ti H . The ionization energy for Ni2+---+ Ni3+
is certainly lower than for TiH ---+ TiH . Thus, a NiH V o-Ti H electronic configuration is more likely to exist.
Furthermore, Fe2+ spectra have been reported, however,
only after heavily reducing BaTi03 and SrTi03.8 They
are due to more complex centers, where the coordination
around the Fe ion is lower, as concluded from the
increase in the Mossbauer f factor.

C. Energy, Stability, and Charge
The two possible assignments discussed here for the
light-induced center, a Nil+-V o-TiH or a NiH -V 0-( - 2e)
pair, have the same charge with respect to the lattice.
Because of the Coulomb repulsion between electrons,
the second possibility appears to yield a lower energy.
The mechanism for creating the light-induced center
is at present not understood. It is possible that the
illumination excites electrons from some deep levels into
the conduction band, which at sufficiently low temperatures freeze out at neutral Ni H - V 0-( -e) centers, which
are possibly better described by Nj3+- V o-Ti H . This
center is discussed in Sec. VI. A study of the thermal
instability of the light-induced center is planned.
VI. MISSING NiH-Vo-(-e) CENTER SPECTRUM
The NiH represents a singly ionized acceptor in the
SrTi0 3 lattice if it is substitutional for a TiH ion.
Association with a singly ionized oxygen-vacancy donor
or a V o-Tj3+ pair would represent a neutral defect in the
lattice. One may thus ask why this defect is not ubserved. It is clear that an F-center type or TiH electron
would couple with the unpaired e electron of the NiH
ion to form spin 5' = 0 and 5' = 1 states. Even if the
coupling were ferromagnetic, and the 5' = 1 state were
the lowest, it would be difficult to observe this even-spin
state. Due to the considerable axial crystal field present,

VII. COMPARISON WITH TETRAGONAL
SPECTRA IN KTa03 AND BaTi03
A. Low-Spin NiH Spectra in KTa03
In K 2C0 3-T 20 5 flux-grown KTa03 crystals, Hannon
observed a tetragonal low-spin NiH spectrum after Ni
doping. 5 The axial g values are gll= 2.234 and gi = 2.111,
gil> gl, indicating that the unpaired spin is located in
an x2_y2 orbital. The magnitude of g= 2.152 is such that
the location of the NiH is at a B site. It was the only
spectrum observed, and Hannon assumed that it is due
to NiH with no local-charge compensation present,
because for other B substitutional Ni3+ ions this spectrum shows the strongest intensity. The observed
distortion was then ascribed to the Jahn-Teller effect.
However, as Hannon mentions, this is somehow unsettling because the spectrum remains axial up to the
highest measuring temperature of 330oK. In contrast,
in all the other cases where NiH ions in octahedral
oxygen environment have been observed, the J ahnTeller effect is dynamic above 77°K. This is so in MgO,
CaO,'9 Ah03,20 and SrTi0 3.1 ,15 The latter observation is
especially relevant, because the dielectric, optic, and
mechanical properties of SrTi0 3 and KTa03 are very
similar. Furthermore, it would be the first case where
27

D.

Meyerlin~
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the oxygen octahedron is compressed as a result of the
J ahn-Teller effectP
On the whole, it should not be overlooked that the
crystals are co-doped with TiH . Further, in K 1-", Na",
TaO a mixed crystals a second NiH spectrum with
g" > gl was observed, which is related to the presence of
Na. Although the presence of TiH and Nal+ impurities
may be the reason for the appearance of at least one of
the two axial spectra, this cannot be the complete
answer because in Fe-doped samples grown in the same
way, cubic FeH and FeH-Vo pair spectra have been
observed. 5 •10 In KTaO a the MeH - V 0 is a neutral center
consisting of a pair of empty double acceptor (MeH )
and double donor (Vo). Thus for MeH=NiH this
should be as stable as found for MeH = FeH . The V 0
should again stabilize the 3z2-r2 orbital of the e level.
This argument is quite strong, taking into account that
for the FeH - V 0 center the observed axial D parameters
are to within 6% the same in SrTiO a and KTaOa. lO Thus
the assignment of Hannon for the first spectrum as
resulting from uncompensated NP+ is still the most
probable and for as yet unknown reasons the JahnTeller effect stabilizes the x2_y2 orbital in KTaO a.
Summarizing, it can be said that the low-spin NiH
lines detected in KTaO a and resulting from (x2_y2)-type
e orbitals are disturbing. They are the only ones which
for the moment do not fit with the observations of the
other transition-metal ions in SrTiO a and KTaO a and
the assignments made in the previous sections.

the electron localization to form a TiH is caused by a
V 0 and not by another defect, it would indicate that
for the NiH -V 0- ( - 2e) complex the two electrons are
localized to an appreciable extent on the Ti ion along
the NiH -V 0 axis rather than on the four SrH neighbor
ions. Thus a better description of the NiH - V 0- ( - e)
center would perhaps be NiH-Vo-TiH, meaning that
the two electrons with antiparallel spin are situated to
a certain degree in d xy orbitals of the Ti ion.
There is, however, a serious difficulty with the assignment of Zittkova et at. because their center has so far
been observed only in BaTiO a and not in strongly
reduced SrTiO a or KTaO a (where the resonance would
be due to a TaH ). This can have two possible origins.
Either the intrinsic a2 activation energy of the defect is
considerably larger in BaTiOa than in SrTiOa and
KTaOa, or else the defect is different. The former
possibility appears to be less likely because in reduced
KTaO a, SrTiO a, and BaTiO a, the activation energy of
the first intrinsic stage, which is probably doubly
occupied, was estimated to be a few millielectron
volts. 33- a5 Furthermore, it must be noted that the socalled F-center resonance has so far only been detected
in BaTi0 3 single crystals grown from KF flux,6 or in
ceramics to which silver ions had been added as an
impurity.a6 On the other hand, the investigation in
reduced SrTiO a and KTaO a have been carried out in
single crystals grown by the Verneuil process or from
oxide fluxes,37 and thus are intrinsically "purer."
The examples in KTaO a and BaTiOa show how far
one is from understanding the defect structure in fluxB. "F Center" or TiH Resonance in BaTiO a
grown ABO a crystals. It would probably be helpful to
Several years ago Sroubek and Zdansky28 observed in investigate Czochralski-grown BaTiOa crystals properly
BaTiOa, reduced for 10 min at 700°C in hydrogen doped which do not exhibit complex centers due to unatmosphere, an axial resonance with g values near 1.9. controlled flux co-doping.
They attributed this spectrum to a single electron
trapped at an Ol'ygen vacancy, i.e., an F-center resoVIII. SUMMARY AND CONCLUSIONS
nance. Further investigations were carried out by
In this study two tetragonal EPR spectra with S = !,
Takeda and Watanabe,29 who found that the center is
observed in flux-grown BaTiO a if the crystals are re- observed in Ni-doped SrTi0 3 crystals and grown by
duced between 700 and 1000°C. In this region a large the Verneuil process, have been investigated. Both
conductivity increase in the crystal is also observed. result from the association of a NiH impurity with a
The exact g values are gIl = 1.930 and gl = 1.911. They nearest-neighbor oxygen vacancy Vo. One is a thermally
are close to those found for TP+, and subsequently stable center and is observed when the oxygen vacancy
Zhkova, Zdansky, and Sroubek30 interpreted the is empty. It is a NiH-Vo pair center. The other specresonance 'as due to a TP+ ion, the unpaired electron trum is light-induced and is created when two electrons
spin being sited in a d xy orbital which yields gII>gl. are trapped near or at the vacancy, probably to an
Such an interpretation would be in agreement with the appreciable extent at the TiH near the Vo. This center
large Ti hyperfine interaction constant of A = 19 G is thus a NP+-V o-(-2e) or NiH-Vo-Ti2+ pair. In the
found by the Japanese workers. a1 Here A is an order of
32 The TP+- Vo defect in SrTiO, or BaTiO, is here called intrinsic
magnitude larger than the superhyperfine interaction as compared to, say, NP+- Vo in the same lattices where the
activation
energies of electrons in the oxygen vacancy associated
of Mol+ in Ti0 2.25 If their assignment is correct and to the impurity
Ni may be quite different.
28 Sroubek and K. Zdansky, Czech. J. Phys. B13, 309 (1963).
,. T. Takeda and A. Watanabe, J. Phys. Soc. Japan 21, 267
(1966).
30 J. Zltkova, K. Zdansky, and Z. Sroubek, Czech. J. Phys. 17,
636 (1967).
31 T. Takeda and A. Watanabe, J. Phys. Soc. Japan 23, 469
(1967).

S. H. Wemple, Phys. Rev. 137, A1575 (1965).
"H. P. R. Frederikse, W. R. Thurber, and W. R. Hosler, Phys.
Rev. 134, A442 (1964).
35 C. N. Berglund and W. S. Baer, Phys. Rev. 157, 358 (1967);
C. N. Berglund and H. J. Braun, ibid. 164, 790 (1967).
36 H. Ikushima and J. Hayakawa, Japan J. Appl. Phys. 4, 328
(1965).
37 K. A. Miiller (unpublished results).
33
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NP+-V 0 center the EPR is due to the single unpaired
e electron of the low-spin Ni3+ (configuration t26 , e1),
the electron occupying a 3z2-r2 orbital along the pair
axis. In the Ni3+-V o-(-2e) center the Ni e electron is
in an x2_y2 orbital directed away from the near neutral
V 0- ( - 2e). It is the first time in solid-state physics that
the charge state of a lattice defect has been monitored
by the different electronic configurations of an associated
defect whose charge remains the same.
The magnitudes and orientations of the g tensors of
both centers are in agreement with these assignments
as well as steric considerations and the measured
tetragonal rotation angles of the tensors below the
structural phase transition of SrTiO a at lOS°K. The
temperature dependence of the linewidth and the resolved SHS of the Ni- V 0 center with one specific Ti ion,
and the not completely resolved one of the light-induced
center, support them further. However, a decision
whether the SHS results from overlap or indirect transfer is not possible from the EPR data, and ENDOR
experiments are required.
The light-induced Ni center is thermally unstable at
300 oK, but is quite stable below SOoK. A certain activation energy for the ionization of the first of the two
electrons situated near or at the oxygen vacancy is thus
present and remains to be determined. Because the Ni3+
acceptor represents an effective negative charge in the
SrTiO a lattice, we are led to the conclusion that the
unassociated F' center or the Ti3+-Vo-Ti3+-type center
in high-dielectric-constant perovskite materials, if it
exists, has a larger activation energy for the ionization
of the first electron than the light-induced reported here.
The difficulties in observing by EPR the neutral pair
spectra, which are due to the association of a paramagnetic transition-metal ion acceptor Me3+ with a
paramagnetic V 0-( -e) or Vo-Ti3+ center, have been
emphasized. Neither is the exact structure of certain
centers with tetragonal over-all symmetry in fluxgrown BaTiOa and KTaOa crystals understood.
Note adaed in manuscript. Recently we became aware
of an investigation by Takeda and Watanabe, who made
EPR measurements on BaTiO a ceramics doped with
La3+ ions for various Ba/Ti ratios. With Ba/Ti ratios
near 1.02, i.e., the same ones they observed earlier,Il
Gd a+ ions at TiH sites, they found a resonance signal
with gil = 1.932, gl = 1.914 and assigned it to an F center
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with an La3+ neighbor at a TiH site. In view of the discussion in Sec. VII B, we reassign the spectrum to a
neutral La3+ -V 0- Ti3+ complex. It thus seems likely, as
we postulated in Sec. VIII, that the intrinsic neutral
Tj3+- V 0- Tj3+ complexes can occur in ATiO a perovskitetype structures.
Takeda and Watanabea8 also investigated K+-doped
BaTiOa, finding for sufficiently high K+ concentrations
the spectrum discussed in Sec. VII B. This spectrum
they assign to an F center with a BaH neighbor at a
TiH site, but we reassign it now to a BaH -V o -Ti3+
complex. We believe that this center is the one first
observed by the Prague group28 in KF flux-grown
crystals. It is formed from a neutral Ba2+-V o-TiH
center by heating and thus evaporating fluorine,6 a
surplus electron being trapped to give Ba2+-V o-Ti3+.
In Verneuil-grown SrTiO a, the corresponding SrH Vo-Ti3+ center has neither been observed after reduction, optical, uv, x-ray, or neutron irradiation. Thus we
conclude that in these crystals the concentration of
SrH ions on B sites is small. Were it otherwise, one could
possibly ascribe the light-induced axial Ni3+ center
discussed in Sec. V to a Ni3+ - V o-SrH configuration
instead of to Ni3+-V o-(-2e) or Ni3+-V o-Ti 2+, as done
there. In fact, the electrical charge distribution around
the NiH would be very similar in both cases. The void
left by the oxygen and'TiH ions can easily accommodate
a SrH without altering the rotation of the oxygens
around the Ni3+ appreciably as compared to the stable
Ni3+- V 0 center. Thus a discrimination between the two
centers by measuring the rotation angle below the phase
transition may not be easy to perform.
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The electron spin resonance of the minority defect Fe 4 +-Vo has been
observed in SrTi0 3 • It is the first pair center identified with a two-fold
positive charge with respect to the lattice. For Fe 4 + it occurs in the
unusual high spin S = 2 state. Optically-induced conversion to the neighbor
Fe l +- Vo charge state served to identify the acceptor transfer bands, showing the potentiality of the conversion-rate method.

tures < 77 K in the dark, an ESR signal 100 times
weaker than Fe 5+ Ii is observed at geft = 8.261 at
19.5GHz for HnOoo} with a width ofO.4G. The
angular dependence of the resonance fields is shown
in Fig. I, where also the corresponding plot for an
Fe l +- Vo pair is exhibited. In single-domain crystals
only the two outermost lines of the multiplet are
observed for H in a plane perpendicular to the domain
axis, whereas a central component is seen in threedomain specimens. The splitting is thus due to pair
axis rotation ±;p around [100] -type directions below
the phase transition occurring at Tc = 106 K. This
splitting corresponds to the one observed and explained for the Fe l +-Vo resonances. s The measured
rotated angle of the pair axis at 4 .2 K of-q; = 1.35°
is identical to the one found for Fe 3+-V o , and slightly
larger than that of the NiH-Vo pair center of 1.25° .7

IRON plays a major role in photochromic and photorefractive processes in dielectrics. 1 •2 In order to
elucidate the underlying microscopic processes, it is
therefore important to know as much as possible
about charge states and defect structures of iron as
well as their optical properties, in such compounds.
Here we present evidence that Fe 4 + occurs associated
with an 0 2 - vacancy (V 0) in the photochromic
material SrTi0 3 . This is derived from an analysis of
the corresponding electron spin resonance (ESR) and
from optical conversion of this signal into that of
the well-known Fel+-Vo center. 3 The Fe4+-Vo-pair
defect has been postulated by Morin and Oliver 4 in
a systematic survey on possible iron-containing defects
in SrTi0 3 • It represents a not very deep acceptor and
has now been observed at low temperatures in material
doped with cations of the size but with lower valencies
than Ti 4 + (low Fermi level). This is the first time that
a pair defect charged two-fold positive with respect to
the SrTiO) lattice has been identified. Its acceptor
charge-transfer bands were obtained with the widely
applicable method of ESR conversion-rate measurements as a function of wavelength.
In well-oxidized SrTi0 3 crystals doped nominally
by 1000 ppm with AI or Mg and cooled to tempera• IBM Postdoctoral Fellow. Permanent address: Institut
flir Angewandte Festkorperphysik der Fraunhofer
Gesellschaft. D-78 Freiburg, W. Germany.

We now confine our attention to the behavior
of the central component. For the latter the Fe4 +-Vo
axis is parallel to the rotation axis of the octahedra,
leading to exact tetragonality of the center. Because
of line broadening and overlap with stronger signals
the lines could not be followed to higher fields than
shown. This angular dependence is analogous to that
found for Mn 3+-Vo 8 as is its electronic ground state.
The orbital degeneracy of the Fe 4 +(3d)4 system is
lifted by the cubic field at the iron site, and an
additional strong axial field, due to the 0 2 - vacancy,

1289
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FIG. 2. The dependence of the g-values of the isoelectronic 3d" -V0 centers compared to g of the
3d 3 series.
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FIG. 1. Angular dependence of the ESR of Fe4+-Vo
and Fe3+-Vo for H in a (100) plane at - 19.5 GHz
and 4.2 K.
Leaving an orbital singlet 5B I (x 2 - y2) lying lowest.
The magnetic behavior of the S = 2 manifold in this
state is described by the usual spin Hamiltonian 9 (a)

+ gl(3 (HxSx + HySy) + D/3 • og +
+ (a/120)(0~ + 50:>+ (F/180)O~.

Jf = gll(JHzSz

'This leads to a splitting into the M. states 10),
I ± 1 ), and I ± 2), the latter ones being further split
by the cubic crystal-field term with parameter a.
The I ± 2) states are lowest (D < 0). Otherwise the
signal intensity would decrease at low temperature
because the nonmagnetic I 0> states only would then
tend to be populated. No such decrease was observed.
In case hv ~ D, the Zeeman splitting of the
non-Kramers I ± 2) doublet is given by9(b)
hv =

[(4g"fYI cos 6)2

+ a2 ) 1/2.

It is seen from Fig. I that the resonance fields derived
from this relation reproduce those of the central

component. Transitions between the I ± 2) states
are made allowing for Hhf II Hcu by the cubic field
mixing among these states. For 0 0 electric transitions between them are also possible lO with Ehf 1
Hstat 1 tetr. axis. In the experiment, no precautions
were taken to fulfill these unusual polarization conditions, but due to the high dielectric constant of
SrTi0 3 , concentrating the microwave energy in the
sample, the necessary field components were apparently present.

*

From measurements at 9.5 and 19.5 GHz the
follOwing parameter values were found:
gil

2.007 ± 0.001

a = (0.1504 ± 0.0008) cm- I

.

The value of gil is larger than the free-spin value,
although a negative deviation by the admixture of
higher orbitals via spin-orbit coupling is predicted,u
This is due to the admixture of 0 2 - ligand hole
states to the Fe4+ wave function which will lead to
positive g contributions in much the same way as
found for Fe s+ in SrTi0 3 . 12 Figure 2 shows that
the trend of gil values in the isoelectronic (3d)4 -V 0
series is nearly parallel to that observed for the g
values in the (3d}3 series. 12
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TRANSFER PROBABILITY

constant quantum flux of 3.2 x 1014 quanta/sec
falling onto the entrance of the light pipe. It is seen
that the wavelength dependence of both quenching
and creation rates coincide, thus identifying the ESR
described as originating from Fe'"- V 0 •

3
F.4+ _ Vo QUENCHING
0-0

1291

Fe'·- Vo CREATION

F.4 + cub ABSORPTION

2

2.0

2.5

3.0

IV

FIG. 3. Quenching and creation rates of Fe"'-~o
and Fe3+-Vo , respectively, compared to the 0 - -+
Fe'" charge transfer probability derived from optical
absorption, see reference 13. The units in the fonner
two curves (with lines as a guidance to the eye) are
identical, otherwise they are arbitrary.
The cubic-field splitting a is about three times
larger than for Mn3+_Vo,8 which is clearly caused
by the higher charge of Fe'" and therefore higher
spin-orbit coupling constant. It is remarkable that
Fe'" is found here in the high-spin configuration
S = 2, although for these high charge states the lowspin cases are favored in six-fold cubic oxygen
surroundings. Apparently this S = 2 configuration is
stabilized by the absence of the sixth ligand and the
ratio DqIB < 2.8 from the Tanabe-Sugano diagram
of~.9(c)

The axial field at the iron site is due to the
association of an oxygen vacancy with Fe'" because
the center can be converted by light into Fe3+-Vo .
This is inferred from Fig. 3, where the wavelengthdependent quenching rate of Fe'"-Yo is compared
to the creation rate of Fe3+ - Vo. These curves were
taken in the fonowing way: Ught from a 450 W
Xenon arc mtered with interference filten with a
9 A passband was shone through a quartz light pipe
onto the crystal mounted in a K-band cavity. The
exponential decay of the Fe'"-Yo concentration,
c = coe- Irqt , was measured at selected wavelengths
in the energy range 1.8-3.1 eV. In the same experiment the exponential increase of Fe3+-Vo during
irradiation was monitored: d = d..(l - e- Irc'). It is
the wavelength dependence of kq and kc which is
plotted in Fig. 3. The values shown correspond to a

When the Fe"'-Vo signal is quenched, a transfer
of 0 2 - valence electrons to this center by light
occurs. This is the only way in which it can gain an
additional electron while, under the same irradiation
conditions, holes are freed to the valence band and
trapped at Fe'" or I. centen. 13 This interpretation,
which is so evident here because two neighboring
charge states of the iron-V0 complex can both be
observed with ESR, gives further support to the
explanation of the Fe'" absorptions -at 2.09 and
2.82 eV in SrTi0 3 13 by analogous charge transfer
processes. The Fe'" transfer probabilities reported
there and the ones of Fe'"- V 0 are compared in
Fig. 3. It appean that due to the association of the
0 2 - vacancy in the present case, a splitting of the
Fe'" band has taken place; this could represent the
axial-field splitting of the 0 2 - valence states or the
Fe 4 + states, or be due to a superposition of both.
The position of the lowest peak, 23 eV, is much
higher than the estimated depth of the Fe"'-Vo
acceptor, - 0.5 eV.4 This discrepancy can be ascribed,
as done for Fe4+ and FeS+,13 to (l) a large FranckCondon shift due to the fact that the lattice is left
in a highly nonstationary excited phonon state
immediately after the electron transfer, (2) excitation
from deep oxygen orbitals.
In conclusion it was possible to monitor by
ESR two neighbor charge states of the same pair
defect. We could detennine with them unambiguously
the acceptor charge transfer bands14 of the Fe4+-Vo
minority impurity by ESR quenching and creation
with light as a function of wavelength alone. To
detect and single-out such bands by conventional
optical spectroscopy would be a very difficult task.
This is especially true for oxide semiconducton which
are inherently more impure than classical semiconductors. Next nearest-neighbor charge states such as
Fe3+ and Fe s+ can also be used. 13 We therefore
emphasize the potentiality of the method to identify
optical charge transfer bands of impurities with paramagnetic initial or fmal states which are quite frequent.
This points the way to a more general attack on the
problems of deep traps or states in isolaton. The
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thermal detection of ESR 1S which makes easily
possible the observation of even electron configurations, i.e., 3d 2 , 3t:r states, will help in the observation
of charge states not normally seen by conventional
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Electron paramagnetic resonance of three manganese centers in reduced SrTi0 3t
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Three paramagnetic centers associated with manganese substituting for TiH have been observed at 300 K
by EPR in reduced crystals of SrTi0 3. The first is a Mn2+ ion having cubic symmetry, with isotropic g and
A values given by g = 2.0036 ± 0.0005 and A = (82.6±0.1) X 10-' cm- 1 The second center is
characterized by an axially symmetric EPR spectrum with effective g values of g~ ~ 2.00 and g; ~ 5.9 at X
band. The spectrum is attributed to llM = ± I transitions between the S, = ± 1/2 levels of a Mn H ion
located in a strong tetragonal crystalline field. The tetragonal field presumably arises from a nearestneighbor oxygen vacancy, hence we designate it as Mn H - Va, in analogy with the previously investigated
Fe 3 + - Va center. An exact computer diagonalization of the S = 5/2 matrix, together with data on a second
fine-structure transition, yielded a zero-field splitting parameter 12D"1 = 1.088 ±O.OOIO cm- i, and g
values of g, = 2.0030 ± 0.0005 and g, = 2.0082 ± 0.0060. The hyperfine-structure splitting parameters were
determined to be A = (76± I) X 10-' cm- i and B = (65 ± I) X 10-' em-i. The normally forbidden llm
=± I transitions were also observed for this center, and their separations are consistent with an S= 5/2
formalism. The third paramagnetic center also gives rise to a highly-anisotropic spectrum with effective g
values of g" = 7.945±0.001 and g; < 0.4, and a hyperfine constant A = (37.3±0.1) X 10-' em-i. The
center is assigned to a Mn H ion associated with a nearest-neighbor oxygen vacancy, hence we designate it as
Mn H - Vo. The one fine-structure transition observed is assigned to occur between the M = ± 2 levels of
Mn H (3d', S = 2). By careful measurements at X· and K-band frequencies, the cubic zero-field splitting
between these levels was determined to be a = 0.054±0.001 em-i.

L INTRODUCTION

A variety of transition-metal ions can be incorporated in the diamagnetic AB0 3 perovskite structures. Since the ionic radius of the A site is about
twice that of the B site, ions from the iron-group
series normally substitute at the B sites, while
ions from the rare-earth series substitute at A
sites. Previous investigations have shown that
both divalent and trivalent states of substitutional
iron-group ions can be charge compensated by a
nearest-neighbor oxygen vacancy. These centers
include the ion-vacancy pairs Fe 3 • - V 0 in
SrTi03 , 1,2 KTa03 , 3 and BaTi03 , ' Co2 • - Vo in
SrTiO,,5 and KTa03 ,6 and Ni3+ - V 0 in SrTi03 • 7
Recently, the Fe 3+ - Vo pair center in SrTi03 was
used as a probe to study critical phenomena near
the cubic-tetragonal structural phase transition at
105 K. S - 10 One of the interesting features of this
center which makes it a sensitive probe for these
studies is the large axial crystalline-field splitting. 1 ,2
This paper presents some results on the EPR
spectra associated with three manganese centers
in reduced crystals of manganese-doped SrTi03 . "
16

An earlier EPR investigation12 on as-grown (oxidized) crystals of manganese-doped SrTi03 reported an isotropic sextet of lines characterized
by the parameters g= 1.994 and A = 69.4 X 10-4 cm-1 •
This spectrum has been attributed to Mn4+(&f3, S =~)
substitutional for Ti4+. In this investigation, we
provide evidence that the process of heating such
a crystal in a reducing atmosphere for several
hours converts the Mn4• into lower charge states,
namely, Mn3 • and Mn2•• This conversion, observed directly by EPR, is based on the disappearance of the Mn4• cubic spectrum after reduction with a corresponding appearance of several
new spectra associated with manganese. The
reduction process produces oxygen vacancies
which can act as charge compensators for the trivalent and divalent impurity ions. Two types of
Mn2 • centers are observed, one having approximately cubic symmetry and the other axial symmetry
about one of the cube edges. The cubic Mn2• center, which is observed abouve 105 K (the temperature of the cubic-tetragonal phase transition) is
assigned to Mn2 ·(3d 5, S=~) substitutional for Ti4•
with no local charge compensator. The second
Mn2 + center is characterized by a highly anisotrop4761
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ic fine structure transition with effective g values
of gf, = 2 and g1 = 5.9 at 3 cm wavelength. Analysis
of these data suggests that the center is due to
Mn2+ in a field of tetragonal symmetry. The large
zero-field splitting is believed to be associated
with a nearest-neighbor oxygen vacancy which acts
as a local charge compensator. Hence, the center
is called the Mn2+- Vo pair center, which is isoelectronic with the Fe 3 +-V o center.,,2 Finally, we
have observed a second, highly anisotropic EPR
spectrum whose effective g values are given by
gf,'=' 8 and g~<0.4. This spectrum is believed to be
associated with a transition between the M = ±2
levels of Mn3 +(3d\ S= 2) situated in a crystalline
field of lower than cubic symmetry. Further
experimental data suggest that the Mn3 + ions observed with EPR are also charge compensated
by a nearest-neighbor oxygen vacancy, which in
turn produces a large crystal-field splitting. This
Mn3 +_V 0 center is thus isoelectronic with the most
recently found Fe4+- V 0 center in SrTi03 ,'3 with
the same fine-structure anisotropy.

16

[10 OJ
2+

Mn -Vo

2+

Mn - Vo

3+

Mn - Vo

II. EXPERIMENTAL PROCEDURE

EPR data were taken with two spectrometers
operating at wavelengths of 1.65 and 3 cm. The
K-band spectrometer utilized superheterodyne
detection at 30 MHz, while the X-band spectrometer (Varian E-9) utilized the 100-kHz detection
scheme.14 Magnetic field strengths were measured with a proton resonance magnetometer. Microwave frequencies were determined using a
neutron-irradiated LiF sample as a reference g
marker. Most of the data were taken at room temperature, although the intensity of the Mn3 + center
was greatly enhanced at 4.2 K. Below 105 K, the
temperature of the cubic-to-tetragonal phase
tranSition, the EPR spectrum in the region of g = 2
was much more complex than the spectrum above
this temperature. This is to be expected, owing
to the lower symmetry of the crystal below 105 K
and the formation of domains. 2
Single crystals of SrTi03 were cut from boules
grown by the National Lead Co., using the Verneuil flame-fusion technique. These boules were
nominally doped with 0.48 at. % manganese. Experimental data were taken with the dc magnetic
field rotated in the (~Ol) plane and the (011) plane
of the crystal. Crystal orientations were established using the cubic Fe 3 + spectral lines as references. The crystals were reduced by heating to
1000"C in an atmosphere of 5% hydrogen and 95%
nitrogen for about 3 h. These were then slowly
cooled to room temperature in the same atmosphere. It is interesting to note that the Mn2+- V 0
center was not observed in those crystals where
reduction was incomplete as evidenced by the pres-

1000 G
r------1

II ~

9.6GHz

FIG.!. EPR absorption spectra of reduced SrTi0 3
containing 0.48-at. % manganese. These data were taken
at 300 K, X-band frequency, field-scan range 0-6000 G,
with H oriented along [100] (top) and [1l0] (bottom).
The spectra centered at g = 2 arise from Mn 2+ (cubic),
Fe 3+ (cubic), and Mn 2+ - Yo. The origin of the highest
field sextet is unlmown.

ence of some residual Mn4+ spectral intensity.'2
Therefore, care was necessary in selecting crystals which were well reduced for the study of the
Mn2 +- V 0 center. Such crystals show an intense
Mn2+ cubic spectrum, no Mn4+ spectrum, and an
Mn2+_ V 0 spectrum whose intensity is typically 50
times weaker than the Mn2+ cubic spectrum. Typical room-temperature EPR spectra of the reduced crystals are shown in Fig. 1. These data
were recorded at X band with the Zeeman field
along the [100] and [110] directions. Optical absorption measurements on as-grown and reduced
samples tallied with the EPR measurements. l5
The as-grown crystals showed a strong absorption
at 2.2 eV resulting from a transition of Mn4+. In
the reduced crystals, this transition was less intense, and a new absorption band at 2.5 eV was
observed, presumably due to a transition of Mn3 ••
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III. CUBIC Mnl+ CENTER

The most intense EPR spectrum observed in the
reduced crystals at room temperature is an almost isotropic sextet of lines centered at g= 2.
The spectrum taken with the Zeeman field along
a crystal [100] direction is shown in Fig. 2. The
spectrum can be interpreted with the conventional
Hamiltonian
(1)

with g =2.0036 ± 0.0005 and A =(82.6 ±0.1) x 10- 4
cm- l • We assign this spectrum to Mn2+(3d 5 , S=~)
substitutional for Ti4+ with no local charge compensator. This assignment is based on the facts
that (i) the spectrum is nearly isotropic and (ii)
the magnitude of the g and A values are close to
what one would expect for this paramagnetic ion.
In fact, the spin-Hamiltonian parameters are
similar to those reported for Mn2+ in the cubic
phases of PbTi03 and BaTi03 • '6 Although substitution in the Sr2+ site cannot strictly be ruled out,
it is highly improbable owing to the great difference in ionic radii between Mn2+ and Sr2+. In addition, since the Sr+ is dodecahedrally coordinated, one would expect a value of A 2: 90 x 10'" cm- l
for such a site. l7 For this reason, the cubic Mn2+
spectrum in CaZr03 with A = (80.6 ± 0.1) x 10'" cm- l ,
g= 2.0022, reported by Henderson, is due to the
Mn2+ in octahedral coordination at a Zr site, and
not to a dodecahedral Ca2+ site as he assumed. 's
In this crystal the Mn4+ resonance has also been
observed after annealing in oxygen at 1200°C.
Thus, a partial conversion of Mn2+ into the Mn4+
state took place which is the inverse of our re-

100 G
f----------j

I-F
11-

Mn2~ CUBIC

FIG. 2. EPR absorption spectrum of reduced SrTi0 3
containing 0.48 at. % manganese. This spectrum was
recorded at 300 K, X-band frequency, with H along a
crystal [IDOl direction. The sextet of lines is assigned
to Mn 2+ substituted for Ti4+, with no local charge compensation. The structure in each component is unresolved and varies with orientation. The weak line at
g=2 is due to the -!-! transition of Fe 3+ (cubic). The
weakest lines are due to the Mn 2+ - Vo center.

duction experiments.
An unresolved anisotropic splitting is observed
for the hyperfine lines where the splittings are
most pronounced for the m = ±~ and ±~ components
as shown in Fig. 2. The maximum observed splitting of these components is around 10 G. Similar
splittings have been observed for Mn4+ in cubic
sites of SrTi0 3 and are believed to arise
from a distribution of small axial fields produced
by distant charge compensators. l2 When the specimen is cooled to temperatures near 100 K, the
spectral lines are broadened to the extent that they
are no longer observable. Upon further cooling to
4.2 K, a much more complex anisotropic spectrum
appears, centered at g= 2. This spectrum consists
of several groups of sextets having approximately
the same hyperfine splitting as the Mn2+ cubic center. Warming the sample again causes this spectrum to disappear, while the Mn2+ cubic spectrum
is again observed above 100 K. The low-temperature spectra are not well resolved and are not
analyzed in this study.

The second center observed in reduced crystals
of manganese-doped SrTi0 3 at 300 K gives rise to
a highly anisotropic fine-structure transition with
effective g values of g~~ 2.00 and g~~ 5.9 at X
band. The parallel orientation corresponds to
one of the crystal (100) directions. The angular
variation of the center of gravity of this spectrum
taken at K band with the Zeeman field rotated in
the crystal (001) plane is shown in Fig. 3. Two
components of the anisotropic spectra correspond
to those defects whose axes of distortion are in
the plane of rotation of the Zeeman field, these
axes being along the [010] and [001] directions.
The isotropic spectrum, whose effective g value
is 5.9 at X band, corresponds to the defects whose
axes of distortion, [100], are always perpendicular
to H for a rotation in the (001) plane. This transition is typical of resonances between the ±!)
doublet of a spin-~ ion in a strong axial field. l '"
In a field of tetragonal symmetry, the spin Hamiltonian of a d 5 ion can be written as

I

JC= iDOg + l~Oa(O~+ 50!) + ,~oFO~+ g,,11 BHgSg

+glIlB(H,S,+ HyS,) +A?glg+ B(SJ,+ S"I,) ,

(2)

where the various terms have their normal spectroscopic meaning. When D is large compared to
the Zeeman and hyperfine interaction terms, the
transition between the ±!) Kramers levels can
be treated by perturbation theory. If we neglect
the hyperfine term in Eq. (2), the experimental
g values of this transition may be shown to have
the following angular dependence l ,2:

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

I

165

4764

SERWAY, BERLINGER, MULLER, AND COLLINS

ge = [g7, + (9g~ _ g7,) sin2 e]l /2

.

.,

120

[1- 2(gJ.LB H/ 2D")2F(e)] ,

X

(3)

\.

where
2D"=2D

-ia -tF

(4)

F(e)- ( . 2e)(9~+ 2g~)

- sm

e - 2g7,
(9~ _g~) sin2e+g7,

(5)

At e=o, Eq (3) reduces toge=g,,, while at e=!rr,
Eq. (3) gives
~=3gJI-2(gJ.LBH/2D")2].

Measurements of ge at e=0 and e=f,7r at two different frequencies can therefore provide values
for g,,, g!, and 2D", assuming 2D"»gJ.LBH. Using
such a procedure, where gf,~ 2.0, gi~ 5.5 at K
band and gi ~ 5.9 at X band, we find that /2D" /
= 1.14 ±0.05 cm- l • Since the zero-field splitting
energy is of the order of gJ.L BH at the frequencies
used in this investigation, it is necessary to proceed with a direct computer diagonalization of the
S = i matrix. This procedure, together with the
observation of a second fine-structure transition
at e=f,7r, provided a more reliable set of spinHamiltonian parameters. This second transition
is identified as arising between the / ±i> states (in
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FIG. 3. Angular variation of the -~-~ transition of
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the high-field designation), and occurs at around
5000 G at X band (see Fig. 1). Such a transition
is forbidden in the parallel orientation but is allowed in the perpendicular orientation where the
states are heavily mixed. This is consistent with
the fact that we were only able to observe the
transition at orientations close to !rr. As can be
seen in Fig. 1, one component of this spectrum is
isotropic for a rotation in the (001) plane. A third
spectrum was observed at (]= 0 corresponding to
the /-f,)-/-i) transition; however, this spectrum was not reliable, owing to the broad linewidths.
Energy levels were computed from the best-fit
spin-Hamiltonian parameters given by /2D"/
=1.088±0.001 cm-" g,,=2.0050±0.0040, andg!
=2.0082±0.0060. These energy levels for (]=O,
(]=h, and (]=f,7r are shown in Fig. 4. An attempt
was made to determine the sign of D by measuring
the intensities of the transitions near 4 K. The results were inconclusive, owing to the large variation of the dielectric constant of SrTi03 with temperature in this region. However, no loss in intensity was observed for the / -f,) - /f,) transition
upon cooling to 2 K, suggesting that D is positive.
Since the quartic terms in a and F which appear in
the spin Hamiltonian are usually small compared

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

166

16

n65

ELECTRON PARAMAGNETIC RESONANCE OF THREE ...

greater (see Fig. 6). Data in the vicinity of e=oo
were difficult to obtain, owing to the near superposition of the cubic Mn2+ transitions. We were
able to explain the asymmetry in the splittings at
e= 0 ° by performing an exact solution to the Hamiltonian at e= 0°:

3.6

35

3.4

33

JC= D[S; - tS(S+ 1)]+ J..i.B[g"H.S.+gL(H x Sx+ H,S,)]

~

:1"

(7)

+ [AI.S.+B(IxSx+I,S)].
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FIG. 5. Angular variation of the hyperfine structure
of the Mn2+-Vo center I-!)-I!) transition near 8=0°.
The data were taken at 300 K, at v=9.471 GHz, with the
Zeeman field rotated in a crystal (001) plane. Note the
asymmetry in the splittings between successive hyperfine components at e =0.

A computer program including a diagonalization
subroutine utilizing Jacobi's method of successive
rotations was written in FORTRAN IV. and a solution
for e= 0° was obtained for each set of input parameters D, gil, A, and B. D and gil were kept constant, and the parameters A and B were fitted to
the observed data at e= 0°. At K band, only four
of the six hyperfine transitions were observed.
Field positions of the observed transitions could
be determined to an accuracy of ±0.1 G. A fifth
transition was measured to an accuracy of ±1 G.
The best-fit parameters to the data at X and K
bands were found to be
D=0.544±0.001 cm-' ,

gil = 2.0030 ±0.0005 cm-1

,

A=(76±1)x 1O- 4 cm-1 ,

to D, the axial crystal-field term D is estimated
to be 0,54 cm-1 • This is about an order of magnitude larger than the splittings observed for Mn2+
in the tetragonal phases of PbTi0 3 and BaTiO" 16
and suggests that there is no local charge compensation for these systems. On the other hand, very
large axial fields have been reported for the Fe 3 +
ion in SrTi03 which arises from a nearest-neighbor oxygen vacancy.l,2 This center is designated
as Fe 3+- V 0, where the oxygen vacancy lies along
one of the three equivalent cube edges (100). In
analogy to this center, we assign the present axial
manganese spectrum to the Mn2+-Vo center. This
assignment also corroborates well with the Mn3 +_
Vo center to be discussed in the next section. Because the Mn2+ is at a site of Ti4 + and an Q2- is
lacking, the Mn2+ - Vo center is neutrally charged
with respect to the lattice.
An unusual variation of the measured hyperfine
splitting with orientation is observed for this spectrum, as plotted in Fig. 4. The measured splitting
is largest when the field is at an angle of (15 ±2)0
with the axis of distortion, While the smallest
splitting is observed with the Zeeman field perpendicular to the axis of the distortion. In addition, the separation between the successive hyperfine components increases with increasing field for
the e=Oospectrum atg=2 (see Fig. 5). This effect is not observed for orientations at 10 ° or

B = (65 ± 1)

x 10- 4 cm-'.

Note that the value of B agrees well with the experimental hyperfine splitting at e= 90°. Table I
compares the observed asymmetric splittings with
the five calculated values. The larger discrepancies are believed to be due to crystal misalignments of 0.5 0. The Zeeman-field positions at X
band were predicted to an accuracy of one part in
six thousand with this choice of parameters.
We did not attempt to fit the hyperfine-structure

Mn2~vO

[100J-20°

-~r+~J~4~~t~_J

2.1

_ _ _l _ _"--_-.JI_ _ l _ _ L _

2.2

2.3

2.4

2.5

2EEMAN FIELD STRENGTH

2.6

2.7

(kG)

FIG. 6. EPR absorption spectrum of the I~)-I-~)
transition of the Mn 2+ -Va center in reduced SrTi0 3 containing 0.48 at. % manganese. This spectrum was recorded at 300 K, X band, and with the Zeeman field
20° away from [lOO}. The weak doublets which are observed between each hyperfine component correspond
to the normally forbidden tJ. m =± 1 transitions.
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TABLE 1. Calculated versus observed values of the Zeeman-field separations between successive hyperfine components of the Mn2<-- Vo center at 8= 0°. Asterisks indicate that splittings
could not be determined, since some transitions were obscured by the cubic Mn2<- spectrum.

Field separations
tlH j
tlH2
tlH3
tlH4
tlH5

X-band splittings (G)
Observed Calculated

*

62.7
77.8
92.9
106.7

data at other orientations, since Byfleet and coworkers have already described and interpreted
similar asymmetries and angular dependences
for Mn2> in a strong crystalline field.'9,20 They
explain their results using an approximate solution
to the Hamiltonian, whereby the Zeeman-energy
term in the fine-structure Hamiltonian is expanded
up to seventh order in powers of the magnetic
field. The sum of the fine structure and hyperfine
matrices in the new eigenvector basis are then
diagonalized to obtain all the proper hyperfine
energy levels. However, at e = 0° the fine-structure matrix is diagonal in the original basis elements and degenerate perturbation theory is no
longer necessary.
The normally forbidden tlm = ±1 hyperfine transitions were also observed as a set of doublets between each normal hyperfine component (see Fig.
6). The intensities of these transitions reach a
maximum value at about e= 20°, unlike the usual
intensity behavior of such transitions in systems
with much smaller crystal-field splittings. 2'
However, the separation between the doublets at
e= 20° (where the transitions are well resolved) is
consistent with the S=~ formalism.
Recently, Hannon22 reported an axial [100] EPR
spectrum of Mn2+ in KTa03 withDooO.147 cm-',
A = 86.5 X 104 cm-', and Boo (84 ± 1.5) x 10-4 cm-'.
He ascribed the spectrum to Mn2+ with an adjacent
oxygen vacancy. In view of the much larger D
value of the Mn2> - Va center in SrTi03, such an
assignment seems quite improbable, because the
isoelectronic Fe3+- Va center in KTa03 and SrTi03
shows essentially the same D splitting of
1.4 cm-'. 2,3 A [100] axial Mn2+ center in an AB03
perovskite-type structure can also occur for substitutional Mn2+ ions on an A site with an A vacancy
next to it, or if the Mn2+ is sitting off center along
a [100] direction. For KTa03 this would be the K
site. This assumption is also favored by the smaller difference between the axial hyperfine values
A and B of only 2.5%, as compared to the Mn2+-Va
center of 13%. Furthermore, the average absolute

K-band splittings (G)
Observed Calculated

52.3
65.1
78.4
92.4
107.6

60.3
67.8

59.8
69.2
78.7
88.1
97.6

*
98.1

values A = HA + 2B) for the KTa0 3 axial Mn2+ center
is 21% larger than that of the Mn2+-Va center. According to Simanek and Muller,l7 the measured A,
from Fig. 1 of their work, corresponds to a covalency for the Hannon center of only c/n=9% (i.e.,
a large ionicity), whereas c/n = 16.5% for Mn2+ - Va.
Now the oxygen coordination number of the Mn2+_
Va center is n = 5 and one would expect for an
Mn2+ at a dodecahedral K+ cation site in KTa03,
(c/n)K-7%. The deduced c/n=9% (for A =86.5 x
10-4 and B = 89 X 10"' cm-') thus indicates that the
effective coordination number n is about 9, lower
than 12, but certainly notn=5. For anA site,
n = 9 is not surprising, in view of the considerably
smaller ionic radius of Mn2> of 0.80 A, as compared to 1.33 A of K> which allows for local oxygen
distortion and effective reduction of coordination
number.
V. Mn 3 +-V o

A second, highly anisotropic sextet spectrum is
observed in reduced SrTi03 : Mn from 2 to 300 K,
with an effective g value of g:i~ 8. No perpendicular EPR line is observed at the low-field side
g1- 8, in contrast to the axial S = ~ spectrum shown
in Fig. 3, atg1-5.9. The angular variation of
this spectrum with the Zeeman field rotated in the
crystal (001) plane is shown in Fig. 7. Within experimental error, the variation is identical when
H is rotated in the crystal (010) plane. Thus the
principal gil value is measured along a fourfold
axis of the crystal with general direction (100).
For such a direction, the Hamiltonian (2) must
apply for symmetry reasons. A g~ - 8 can only be
observed within an S=2 manifold. Assuming a
large enough D value, D» hI), (2) leads to a splitting into M s states: 10), ±1), and ±2), the last
two being further split by the cubic crystal-field
parameter a. The ±2) non-Kramers states are
lowest for D<O. USing this formalism, the Zeeman energy including the hyperfine interaction
with nuclear-spin quantum number m is
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the Mn 3+ - V o center in reduced SrTi0 3 containing
0.48 at . % manganese. The data were taken at 4.2 K,
K -band frequency, and H rotated in a crystal (011) plane.

(8)

Putting 4g ,,=gfr, the Zeeman-field strength is predicted to vary with orientation according to the
expression
H=
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hyperfine splittings agree with this expression to
within ±1 G for angles up to 68 o . The angular variation of A with H rotated in the crystal (011) plane
is shown in Fig. 8. Here again, the angular dependence is the same when H is rotated in the crystal
(001) plane.
The paramagnetic species giving rise to this
spectrum is assigned to Mn3+(3d 4 , S =2) for three
reasons: (i) the value of gf, so 8 is what one would
expect for a spin-2 configuration, (ii) the hyperfine splitting is similar to that reported by Gerritsen and Sabisky 23 for Mn3+ in Ti02 , and (iii)
the parameter a is comparable to that reported
for other 3d 4 systems in a strong crystalline
field. 23 ,24 It is a third of that observed for the
isoelectronic Fe4 + - V 0, 3d 4 system in a strong,
pure tetragonal field. 13 The higher charge of Fe4 +
yields a larger spin-orbit coupling constant and
thus a larger parameter a.
The considerable tetragonal distortion for the
Mn3 • ion in SrTi03 cannot be explained by a JahnTeller effect, since the spectra at 300 and 4.2 K
are essentially equivalent. On the other hand, it
is very likely that the large tetragonal distortion
along one of the crystal [100] axes is caused by a
nearest-neighbor oxygen vacancy which stabilizes
the Mn 3 • configuration, thus the deSignation Mn3+_
Yo' For the isoelectronic Fe 4 +-Vo center, the
the rotation of the center axis by ±cp away from
the (100) axis below the cubic tetragonal phase
transition has been observed. 13 The amount of cp
is the same as that reported for the Fe 3 • - V 0 cen-

1
Am
e
[(hV)2+ a 2]1/2 - e
,(9)
g"iLB cos I!
g"iL B cose

where I! is the angle between H and the tetragonal
axis of a crystalline (100) direction. The parameters g~ and a were determined by careful measurements at two microwave frequencies (X and K
band) with e=O. The results at 300 K are t,;
= 7.945 ±0.001 and a= 0.0540 ±O.OOOI cm-1 • Using
these parameters and Eq. (9), the angular dependence of the center of gravity of the hyperfine sextet was fitted to within ±2 G for orientations up to
I! = 68 o. The spectrum could not be followed for
larger angles, owing to excessive line broadening
and the limitation of the magnetic field intensity
at K band. However, measurements at X band
for angles up to 85 0 showed that g~ < 0.4.
The measured hyperfine splitting as obtained
from Eq. (9) varies with orientation according to
the expression

A'=A/cosl! ,

(10)

where A = (37.3 ±0.1) x 10-1 cm-1 at 300 K and A
=(36.8 ±0.1) x 10- 4 cm-1 at 4.2 K. The measured
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FIG . 8. Angular variation of the measured hyperfine
splitting for the Mn3+ - V o center in reduced SrTi0 3 containing 0.48 at . % manganese. The data were taken at
4.2 K, K band, with H rotated in a crystal (011) plane .
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ter and confirms the assignments.
In a purely octahedral field, the 3d 4 configuration would have a degenerate ground state which
is only split by second-order effects of the spinorbit and spin-spin interactions. 2 ' In a field of
tetragonal symmetry, the ground 'E states are
split into 'A, + 'B , . If the ground state is 5B"
x 2 _ y2, the M = ±2 levels are lowest, with gil < 2 in
an ionic case. This is in agreement with our observation that gil =tg~ =1.9863 ± 0.0010. Further
evidence that the M = ±2 levels lie lowe st is the
apparent increase in signal intensity upon cooling
to 2 K.
In the isoelectronic Fe 4 +- Va center gil = 2.007 was

observed, larger than the free g value gf =2.0023 .
The progression of g values towards positive g
shifts, t:.g= g - gf' for the higher valency states
was compared. l3 It was shown that gil from Mn3 +_
Va to the one for Fe4 +- Va was nearly the same as
the progression of the isotropic g values of the
cubic 3d 3 , S=% states from Cr 3 + to Mn4 + and Fe'+.
The latter again has g= 2.011 larger than gf' This
occurs from the admixture of 0'- ligand hole states
to the 3d wave function and is more important for
the higher valence states because the chargetransfer energies are smaller. Thus such an
admixture may already be present to a smaller
extent for the x 2 - y2 Mn3 +- Va ground state.

tWork partially s upported by NSF, URP Grant No.
SM17 6-003327.
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lIB. The Structure of the Me- Va Centers
Although the existence of Me--V 0 centers in SrTi03 and possibly in other perovskite oxides
became accepted in the '70s, their local structure was not known. Specifically, it was not
clear whether the transition-metal ion was moving towards or away from the oxygen. The
so-called superposition model was used to calculate the ground-state splitting for half-filledshell ions, such as Gd 3+, Eu2+ or Fe3+, employing parameters determined from crystallographic data of anion positions or uniaxial-stress experiments. For the Fe 3+ -V 0 center, the
EPR axial splitting parameter D was known. The calculations made with E. Siegel were
remarkable: The Fe3+ ion moved towards the oxygen vacancy, V o , by 0.2 A, i.e., outside
the oxygen pyramid base [lIBI]. The same would be the case for the Mn 2+-Vo centers and,
probably, also for the isoparamagnetic Mn3+ -Vo and Fe3+ -Vo. Further support of the
above result was provided by the analysis of the Cr3+ -Vo center in W0 3. Again the Cr3+
was found to move towards the oxygen vacancy from the pyramidal plane by 0.12 to 0.18 A
[lIB2]. Here the superposition model for Cr3+ was applied [lIB3]. The superposition model
successfully used for ions with half-filled f or d shells, such as Fe3+ and Mn2+ in [lIBI], was
extended to Cr3+, which has a half-filled t2g subshell. The parameters of the model were
determined by means of uniaxial stress experiments in SrTi03 and MgO. Of importance is
also the knowledge how the transition-metal ion associates with the oxygen vacancy. In a
series of doping and heat treatments, performed with J.M. Cabrera and K.W. Blazey, their
association energy was determined [lIB4].
lIB I . Structure of transition-metal-oxygen-vacancy pair centers, E. Siegel and KA. Muller,
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The microscopic structure of the FeH - Vo and Mn'+ - Va pair centers has been considered using the
Newman superposition model. This model yields the EPR parameter b g as a function of transition-metalion--{)xygen distance d and position. It is found. for the oxide perovskites, that the transition-metal ion
moves by a distance 6. = 0.1 d = 0.2 A towards the vacancy Va. The four lateral oxygens move against the
metal ion by 4% or 0.08 A. This is in agreement with the reduction of the metal ionic radius due to the fivefold coordination. The intrinsic two-center parameter 6, needed in the Newman model is based on the
uniaxial strain data of MgO and SrTi03 • as well as on the measured spin-Hamiltonian parameter b g in the
tetragonal phase of SrTi0 3. The 6, parameters obtained also provide information on other centers reported in
oxide and fluoride compounds.

I. INTRODUCTION

More than a decade ago, in the cubic perovskitetype crystal SrTi03 , a new kind of defect was discovered by electron paramagnetic resonance. It
consisted of a trivalent iron ion Fe 3 + exposed to a
large axial crystal field. It was postulated to
consist of an Fe 3 + ion on an octahedral Ti4 + site
next to an oxygen vacancy.1 Such a defect is possible in perovskite-type AB0 3 crystals in which
the B ion has a high nominal valency, i.e., Ti4 +
or Nb s + for charge-compensating reasons. It is
much less likely to occur in cubic NaCl-type
oxides like MgO, where the Mg ion is twofold
positively charged. In MgO, Cr3 + centers with
Mg vacancies (V".) on nearest-neighbor lattice
sites have been identified with defect axes along
(110) directions 2 and on next-nearest-neighbor
lattice sites along (100) directions. 3 ,4
Since the discovery of the Fe 3 + - Vo center in
SrTi0 3 , many such pair centers have been observed by EPR with the general formula M - Vo in
perovskite-type crystals, where M stands for
transition-metal ions of valency 2 or 3. s Recently,
one was found with valency 4, i.e., the Fe 4 +- Vo
center.6 The pair center most thoroughly characterized by EPR is still the Fe 3 +_ V o ' S In this
paper, we try to gain an understanding of the
local environment of this center based on the
axial EPR parameter b~ measured and the reduced
octahedral rotation angle cp below the cubic-totetragonal phase transition in SrTi03 • S This was
possible due to very recent advances in the fieldfirst, the center isoelectric to Fe 3 +-Vo , the
Mn 2+_ V o , was observed by EPR and analyzed,7
and second, the superposition model for EPR
spin-Hamiltonian parameters for rare-earth
compounds of Newman Bwas extended by him,
Urban,9,1o and Siegell l to transition-metal ions.
19

The essence of the Newman model is reviewed
in Sec. II. This allows the distortion of the five
oxygens around the Fe 3 + and Mn2+ isoelectronic
center to be analyzed, if the parameter of the
linear superposition model is known. The latter
is obtained from EPR and crystallographic data of
Fe 3 + or Mn2+ ions with octahedral oxygen and
fluorine coordination without a nearby vacaney
(see Sec. III). In Sec. IV, we then use these data
to estimate the local distortion around the Fe 3 +_
Vo and Mn2 +_ V o centers, and show that the Fe 3 +
and Mn2+ ions move about 0.2 A towards the
vacancy.
With the linear superposition parameters obtained in Sec. III, it is also possible to verify
the assignment of models for axial EPR centers
reported in oxide and fluorine perovskite compounds, as well as for srO and MgO. The analysis done in Sec. V on two tetragonal. strongly
axial centers in MgO:Fe 3 +/2 and SrO~Mn2"13
points to probable Fe 3+ - V 0' Mn2+ - V 0 pair centers,
respectively. This indicates more frequent occurrence of M - Vopair centers than expected previously. The nature ofthe axial Fe 3+ centers with five
fluorines around the Fe 3+ ion in KMgF 3,14 KZnF 3l 1s
and RbCdF 3 (Ref. 16) is undertaken. It is shown
that the sign of b~ determines whether the centers
are Fe 3+- V F pair centers of if they consist of
distorted FeOFs octahedra with one 0 2 - ion present. Finally, a reassignment or the cubic Mn2 +
spectrum in BaTi03 as being due to octahedrally
coordinated Mn 2 + (see Ref. 17) is carried out in
Appendix A. The tetragonal Mn2 + center in KTa0 3
found by Hannon1B is discussed in Appendix B.
II. NEWMAN LINEAR-SUPERPOSITION MODEL

This model assumes that the spin-Hamiltonian
parameters b~ result from a linear superposition
109

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

@ 1979 The American Physical Society

172

E. SIEGEL AND K. A. MULLER

110

of single ligand contributions of the form
(1)

The K:(e j, cP j) are spherical harmonic functions
of rank n of the polar angles. For example, K~
= H3 cos 2 e - 1) or K~ = %sin2 e cos2cp. The bn(R)
are functions of the radial metal-ligand distance
R which are called the intrinsic parameters. They
differ for various paramagnetic ions, i.e., Fe 3 +
or Mn 2 +, as well as for oxygen or fluorine ligands. 8 ,lo So far, it has been assumed that the
functional form of b2 (R) obeys a single potential
law term
(2)

where the power-law exponent is of the order 10.
In certain cases, however, a sum of two exponentials had to be taken. lO Ro is the reference
distance, and R j the one to the ligand ion i. The
are the spin-Hamiltonian parameters for
which the symbols D, E, a', and F are often used.
They are related to one another by

b:

b~=D,

b~=3E,

b!=~a,

b~=±a+tF.

19

a local configuration, the crystallographic data
are available. Thus the assignment of centers can
be verified or discarded.
The aim of this paper is primarily laid out in
application (i) for the oxygen vacancy centers,
while (ii) may be used to verify certain models.
To do this, we need the parameters bn(R). In Sec.
III, we therefore determine these quantities from
single paramagnetic impurity centers of some
perovskite and other compounds, and compare
them with the results obtained earlier in Ref. 11.
Since the pair-vacancy centers to which we refer
are axial, and the spin-Hamiltonian parameter
D = b~ is the largest of all, we restrict ourselves
in the following consideration to the n = 2 parameters. As a model equation we use Eq. (3),
which results from Eqs. (1) and (2):
(3)
A very important relation can be deduced from
it that gives a rough and quick estimate whether
two different paramagnetic ions such as Fe 3 + and
Mn 2 + are on the same site in a compound. To get
the relation we assume that both the local surrounding and the power-law exponents of both
paramagnetic ions I and II are identical. Then we
get

The summation in Eq. (1) goes over the nearestneighbor ligands of the paramagnetic ion. The
essential idea behind this model ls is the following:
the measured spin-Hamiltonian parameters are,
(4)
to a large percentage, given by covalent effects,
i.e., overlap and exchange with the nearest neighwhere b~l) and b~II) are the intrinsic parameters
bors. The normal crystal-field contributions,
for the two paramagnetic ions, taken at the same
especially for the lower n = 2 rank constants b;',
distance Ro' Because the paramagnetic ions-for
are inherently of longer range. Thus the employexample, Fe 3 + and Mn2 +_have different sizes and
ment of the crystal field for calculating EPR spincharges, the surrounding as well as t2 will be
somewhat different. Therefore, this relation is
Hamiltonian parameters b;' is bound to fail.
For rare-earth impurities, the assumption of
only approximately fulfilled but is quite useful.
linear superposition as in Eq. (1) has been proven
successful. For the even more covalently bound
III. DETERMINATION OF Ii,
transition-metal ions, consistent results were
A. Ii, for Fe 3 + and Mn'+ in oxide compounds
first accumulated by Newman and Siegel," and are
corroborated by the results in Sec. III. Nonlinear
Essential for the model calculations of Secs. IV
three-body interactions appear to be negligible
and V is the knowledge of parameters b2 (R o ) and
so far.
t 2 • From uniaxial strain data of cubic crystals,
The Ne·,'.'man model correlates spin-Hamiltonian
it is possible to determine these two parameters
parameters measurable from EPR experiments
independently. The result of the analysis on MgO
with positions of ligands available from crystalloand CaO of Newman and Siegel" is shown in Table
I, which also includes the values for Fe 3 + in
graphic data. The bn(R) are parameters which
one has to determine from centers whose natures
SrTi0 3 • In the case of SrTi0 3 the b2 values were
are known and for which EPR and crystallographic
evaluated in two ways. (i) The measured uniaxial
strain parameter Gl l = 7.26(20) cm,l per unit strain
data are available. With the known function bn(R),
two applications are possible: (i) An analysis of
of Waldkirch and MUller 20 in the cubic phase
local arrangements, if the EPR parameters are
allows the determination of the product of b2 and
known and if the symmetry is sufficiently high.
t2 using Gll=-~t2b2.11 One obtains b 2 t 2 =-5.45(15)
(ii) Predictions of the sign and magnitude of
cm'l. (ii) On the other hand, b2 can be obtained
spin-Hamiltonian parameters can be made if, for
combining the crystallographic data of Refs. 21 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
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TABLE L Intrinsic parameters b2 for Fe 3+ and Mn2+
in some oxide perovskite compounds.
Model parameters for Fe 3 +

MgO
CaO
SrTi03
SrTi03

strain data
strain data
tetr. phase
strain data

Ro (A)

b2 (em-I)

t2

2.101
2.398
1.952
1.952

-0.412(25)
-0.225(20)
-0.57(38)
-0.68(10)

8(1)
5(1)
8(1) assumed
8(1) assumed

Model parameter for Mn2+

MgO
CaO

strain data
strain data

Ro (A)

b2 (em-I)

2.101
2.398

-0.157(5)
-0.050(10)

7(1)
7(1)

23 with the EPR data of Ref. 24 of the tetragonal
phase. Using model Eq. (3) for the tetragonal
distorted octahedra with distance
and ta' to
the nearest neighbors of Fe 3., one gets

tc

b~=/)2(Ro=tc)x2[1-(cla,)t21.

(5)

Because the ratio cia' = 1 + 0.8(4) X 10- 4 (Ref. 23)
is near one, Eq. (5) can be expanded, resulting in
(6)

This shows that only the product of li2 and t2 is
accessible. With bg = 7.3(3) X 10- 4 cm-l of Ref. 24
and the value of cia', one obtains
/)2 (R o)t 2 = -4.6 ± 2.5 cm-!.

III

charge. Since this exact position is the essential
point for determining the intrinsic parameters,
these compounds had to be omitted.
Employing for these compounds the same li2 and
t2 parameters for Fe 3• and Mn2• as in Table I,
and allowing for an additional shift A of the center
of the ions along the polar [100), [110], or [111)
axes in the tetragonal orthorhombic and rhombohedral phases, respectively, the various observed
bg, b~ parameters could very recently be explained
self-consistently, The shift A thus derived always
has a negative sign such that the Fe 3• and Mn2•
ions are close to the center of inversion of the
octahedron. This means that the Fe 3• and Mn2•
ions participate less in the ferroelectric phase
transition than do the bulk Ti4 + or Nb 5+ ions. This
is consistent with the earlier observation of
Arend,l3 who found that Fe 3• doping always reduces the Tc of BaTi0 3. The detailed results of
our calculations will be published separately.
Note that in SrTi0 3 or MgO, such a shift A cannot
exist at the Ti 4 • or Mg"· sites, since both compounds have the symmetry 0h at the cation site.
This further adds to the consistency of the use of
/)2 and t2 as derived from these two compounds.
In passing, we note that it is stated in Newman
and Siegel's paper" that li2 is positive for the
scheelite compounds CaW04 and SrW04 , but in
both substances the value of /)2 is negative, as
can be seen from Table II. In this calculation,
we assumed that Mn2 • is located on the Ca and Sr
sites, respectively, as discussed in Refs. 35
and 36, Apart from this we can assign this Mn2+
center from the hyperfine-structure constant
]I = HA + 2B), which in CaW04 is -89.3(1) x 10- 4
cm-! ,35 and in SrW0 4 is -89.7(1) x 10- 4 cm-! ,36
respectively. Using the covalency parameter
of Gordy and Thomas 37 and Eq. (2) of Simanek
and Muller, 38 one obtains for the Mn-O bond
C "" 0.5. In the scheelite compounds, there
are two cation sites: the W site, which is fourfold, and the Ca site, which is eightfold coordinated. Using the A vs cln curve of Ref. 38, we get
for n=4ligands A"'-79x 10- 4 cm-! and for n=8,
A",-92x 10- 4 cm-!. Therefore, the Mn2 • ion
occupies the Ca place. Using the /)2(R) function
for MgO and CaO (Table I), we obtain for the
distances given in Table II somewhat larger absolute values for /)2 than those calculated from the
EPR data.

The Ro value of SrTi0 3 is close to that of MgO;
thus we assume that the power-law exponent t2
is the same as in MgO. With this assumption we
get the values for Fe 3• in SrTi03 in Table I. Both
/)2 values of SrTi0 3 are consistent within the
error limits; they are also in the range of /)2
extrapolated from MgO for Ro of SrTi03 [/)2(1.952
A)= -0.74(11) cm-!). From this, we conclude
that the potential law of Eq. (2), with the data of
MgO of Table I, is a good basis for model calculations in an Ro distance range of 1.9-2.1 A. The
values of Mn 2• in oxides of Ref. 11 are also included in Table I. These data, mainly based on
uniaxial strain data, build the basis for our model
calculations of Secs. IV and V.
Since we want to interpret the M- Vo centers in
perovskites, it would have been suggestive to
determine li2 and t2 from other distorted oxide
perovskites, for which intrinsic crystallographic
and Fe 3 • or Mn 2• EPR data are known. Candidates
for this are ferroelectric tetragonal17 , 25, 26 and
B. b2 for Fe'· in fluoride perovskite compounds
orthorhombic BaTi0 3;6,27 orthorhombic KNb0 3;8,29
There are only a few compounds with fluorine
and tetragonal PbTi0 3. 30- 32 However due to the
ligands where the Fe 3• paramagnetic-ion paralarge distortions and the inner dipolar electric
meters are known. From the tetragonal phase of
fields, there are doubts about the exact position
TICdF 3' 39 RbCdF 3,<° and RbCaF 3,<! it is possible
of the Fe 3• or Mn2• ion because of the different
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TABLE II. Intrinsic parameters b2 for Mn 2+ in the scheelite compounds CaW04 and SrW04 •
Model equation: b~ = b2(Ro)[4~(&I)(1-/:p-/Ro) +4K~(a2)1.

CaW04
SrW04

al

82

4K~ (8 1)

4K~ (8 2)

A/R o

Ro (A)

Ref. cryst.
data

66 .73 0
68.00 0

139.88 0
141.20 0

-1.0635
-1.1580

+1.5086
+1.6442

0.017
0.012

2.438
2.579

34
34

b2(R o) (10- 4 cm- I )

Temp. T

-137 .6(3)
-107 .7(3)

(K)

Ref. EPR data

assuming 12 = 7

77
4.2

35
36

-241.3
-184.5

b2(R O)

b2(R o) (10- 4 cm- I)
extr. MgO

(10- 4 cm -I)
extr. CaO

-560(100)
-370(90)

-440(100)
-300(80)

to determine the product of 52 and t2 with the use
of the same model equation [Eq. (6) 1as in tetragonal SrTi0 3. To evaluate c/a' we used the relation of Alefeld,23
c(T)/a'(T) = [1 + (Ac - Aa)/ Col coscp .

In this equation, Co is the lattice constant at Te'
The deviations from Co at the temperature T along
the a and c axes are Aa and Ac, respectively.
Ro was chosen as Ro = ~c at the temperature T.
All of these values were obtained from a(T) and
c(T) curves given in Table III, column 6. In the
equation, cp is the tilting angle of the CdF 6 and
CaF 6 octahedra around the c axis. This angle
was obtained in the case of RbCdF 3 from EPR
experiments. For the other two compounds, we
employed the relation c/a-I = tcp2 derived and
verified by Rousseau et al. 40 to determine cpo The
b~ values were also obtained from b~(T) curves
cited in Table III, column 7. With these EPR and
crystallographic data, 52 (R o)t 2 in Table III was
obtained. If we assume that the power-law exponents t2 for fluorine and oxygen ligands are the
same and equal to t2 = 8, we get the last column
of Table III.
The K+ vacancy center in KZnF 3 :Fe 3+ was analyzed by electron-nuclear double resonance
(ENDOR)." From these measurements, it is
possible to determine 52' The ENDOR data
showed that the angular distortions at 4.3 K are
CP, = 57.5°(3) and CP2 = 126.4°(3). Together with the
value of b~=+107.9(3)X 10. 4 cm- I at 77 K and
assuming that the distances to all fluorines are
equal (Ro =2.027 A), we get 52 (R o) =-0.089(32)
cm- I • In this result no implicit t2 dependence is
involved. The error in 52 is a result of the
error in the angles of 0.3°. Comparing this value

with those of Table III (last column), we see that
they are the same within the error limits. We
conclude therefore that t2 for the fluorine compounds is in the range of t2 ::: 8.
From these calculations, for the Fe 3 + as paramagnetic ion with fluorine as ligand, we get the
result that the intrinsic parameter 5~ is negative,
its absolute magnitude being two to three times
smaller than that of the oxygen intrinsic parameter
5~, and t2 is in the range of eight as for the oxygen
ligands.
IV. LOCAL ENVIRONMENT OF M.Vo PAIR CENTERS
IN OXIDE PEROVSKITE COMPOUNDS

With the 52 values of Sec. III, it is possible to
gain information about the distortion of the vacancy
pair centers. These centers consist of a paramagnetic impurity ion placed on the B site of the
AB0 3 structure surrounded by five oxygens. From
the experimental point of view, these centers are
characterized by the very large value of b~ compared with centers without next-neighbor vacancies
and by the positive sign of this parameter. To
compare the different compounds, we use the
quantity b~/b2(d). Here b~ is the measured spinHamiltonian parameter and b2 (d) is the intrinsic
parameter for Fe 3 + and Mn2+, respectively, and
oxygen ligands at the undistorted distance d. This
is the position at which the paramagnetic ion
would be without vacancy. The use of b~/b2(d)
comes from Eq. (3), which correlates b~ with 52 (d)
and the ligand surroundings. In Table IV, the
pertinent parameters for the Fe 3 +_ Va and Mn2+_ Va
centers in the perovskite compounds are given.
In the third column, 52 is the 52 value extrapolated
from the MgO 52 (R) function for the specific dis-
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tance d displayed in the fifth column. If we compare the data in Table IV, we note that the Fe 3 +_
Vo and Mn2 +_ Vo centers in the perovskite structure have a b~1b2(d) value of about -2 near d = 211..
To explain these b~1b2(d) values, we use the
following model: (i) We first assume that the
five oxygens are in the same positions as in the
cubic phase. (ii) The Fe 3 + ion can move in the
direction of the C 4V axial symmetry axis. (iii)
We assume that the power-law exponent for /)2 is
t2 = 8.
From these assumptions, we calculate, in Fig.
1, curve a. In this figure, b~1b2(d) as a function
of the movement of the Fe 3 + or Mn 2 + from the cubic
site is shown. This movement is given in units of
the undistorted distance d of the paramagnetic
ion to the nearest ligand. From this figure, some
characteristics can be obtained. If ~=O, i.e.,
the paramagnetic ion is at the same place as in
the cubic center, we get b~1b2 = -1, a result expected for a missing ligand from Eq. (1). Negative ~'s correspond to a motion of the paramagnetic ion in the direction opposite to the vacancy.
Then we still get negative values of b~/b2 down to
~ = -0.08, but less negative than at ~ = O. For ~
< -0.08, the sign of b~/b2 changes. If ~ is positive,
the paramagnetic ion moves towards the vacancy
and more negative values than -1 are obtained.
The very broad minimum in this model is at
-1.4. To obtain more negative values it is necessary to introduce a contraction of the four planar
oxygens perpendicular to the M - Vo axis. In Fig.
1, curves for contractions of 1 %-5% of the undistorted distance d are shown labeled as C v
C 2 , ••• ,C 5 • With such a contraction, it is possible
to explain values b~1b2(d) of about -2. The broad
minimum appears in all cases. For a 4% contraction (C = 0.04) a minimum of -2.1 at ~min = 0.09 is
reached. Here ~ = 0.09 means a displacement of
0.18 A towards the vacancy for d=ta=2 A. For
this curve, values of - 2 to - 2_1 are available in
the range from ~ =0.04 (0.08 A) to ~ =0.15 (0.3 A).
From this fact it is understandable that in different compounds where the Fe 3 + and Mn2+ movements differ, about the same values of b~1b2(d)
are reached. The contraction of 4% agrees well
with the reduction of the ionic radius of the Fe 3 +
ion by the change of coordination number from 6
to 5 as listed by Megaw!S
From this consideration, we expect that the
paramagnetic ion is displaced towards the vacancy
(~> 0). This result has not been discussed so far
in the literature. In the paper by von Waldkirch,
MUller, and Berlinger5 on the Fe 3 + vacancy center,
it was assumed that ~ was negative. A negative
~ was assumed earlier by Zitkova, Zdansky, and
Sroubek49 for the Ti 3 +_ Vo center. These authors
 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

176

114

19

E. SIEGEL AND K. A. MULLER

TABLE IV. M-Vo pair centers in oxide perovskite compounds.

b2(d)
Center
Fe 3+ -V 0 in SrTi0 3
Fe 3+ -V 0 in KTa03
Fe 3+ -V 0 in PbTi0 3
Mn2+ -V 0 in SrTi0 3

(em-I)
extr. MgO

bYb2(d)

d (1\)

-0.74(1l)
-0.63(8)
-0.45(4)
-0.26(3)

-1.82(27)
-2.29(30)
-2.64(22)
-2.09(24)

1.952
1.994
2.076
1.952

1.350(15)
1.44(1)
1.187(2)
0.5440(5)

had proposed an intrinsic vacancy model Ti"+- Vo
for Ti 3 + in BaTiO~ in which the Ti 3 + ion was displaced about 0.4 A in the opposite direction to
the vacancy (eo. = -0.2). This displacement would
give a value of b~rll.,(d»O for Fe 3 +, which is in
contradiction to the positive sign of b~ and the
negative values of 52 found here. The present
consideration confirms a criticism of the work
of Zitkov:1 et al. 49 by MUller, Berlinger, and
Rubins,50 who pointed out that the Ti'+ EPR data
result from an extrinsic Ti 3 + center and not from
an intrinsic Ti 3 +_ Vo -Ti 4 + center.
The tilt angle of the octahedra in the tetragonal
phase of SrTi0 3 is an important piece of evidence
that eo. > 0 is correct. In the paper on the EPR
analysis of the Fe 3 +_ Vo pair center in the tetragonal phase of SrTi0 3 , the tilt cp of the Fe 3 +- V 0
center is lower than that of the normal octahedral
rotation angle cp ( cp = 1. 6 cp).5 In a simple model
(see Fig. 2), we assume that the displacement of
oxygen numbered 4 is the same in both the distorted and undistorted cases, and the turning
point is the Fe 3 + ion. With these assumptions we
get
tan cp /tan

cp= 1 + eo. •

Ref. point

,
(l-c)d

1\0,

0
0

(l-cld
-(l-cld
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8

FIG. 1. Local environment, coordination of the ions,
and the prediction of b~/b2(d) for an M- Vo center with
different contractions of the four planar oxygen ions.

5
45
46
7
47

If eo. < 0 we get cp < cp, and with eo. > 0 we obtain cp
> cpo To account for the experimental fact cp > cp,
we have to use eo. > O. In this simple model, the
value itself is not obtainable. With eo. = 0.1 (see
Fig. 1) one would get cp = 1.1 cp, which is too low
compared with the measured values. Schirmer,
Berlinger, and MUller 6 found an idential distortion
angle cp for the Fe 4 +_ Vo as for the Fe 3 +_ V 0 pair
center. Therefore, the geometry must be the
same. This shows that Coulomb interaction does
not play an important role for the center as in one
case where the iron is nominally tetravalent and
in the other trivalent. Thus it follows that the
core repulsion is dominant, forcing the metal
ion towards the vacancy Vo' i.e., eo. > O.
From our consideration, the Fe 3 + - Vo and the
Mn2 +_ Vo centers in oxygen perovskite structure
compounds can be characterized as follows. (i)
The centers have dominantly axial C4 " symmetry.
(ii) The sign of b~ is positive, i.e., the E(m =±t)
energy level is lowest in energy. (iii) The ratio
of b~ and 52 (d) of Eq. (3) is about -2. (iv) The
Fe 3 + and Mn 2 + ions are displaced by about 0.2 A
towards the vacancy. The planar ion distances
are contracted by about 4%. Together this gives
a deformation angle of about 6° from the Fe 3 +
to the basal four oxygens.
·CUBIC·CENTER

Fe 3+

Ref. for
EPR data

M - Vo CENTER

ffi ffi ),),
ro ~ )' ,
FIG. 2. Tilt angle for the "cubic" and M- Vo pair center in SrTi0 3.
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V. DISCUSSION OF SOME AXIAL CENTERS

b'

".L

b2(dl

In this section, we use the superposition model
to assign centers to local configurations and to
distinguish between different models.

2.'

10
1.,

A. Axial MgO and

srO centers

1.0

In the NaCl-type compounds, axial centers in
MgO:Fe 3 + (Ref. 12) and srO:Mn2 + (Ref. 13) were
reported by Henderson et ai. 12 and Rubio et ai. /3
respectively. The data of these centers are given
in Table V. They are characterized by the positive
sign of b~ and the ratio of b~1b2(d) close to -1.2
for both ions. In the case of MgO, Henderson et
ai. 12 assigned this center as a next-nearest-neighbor cation vacancy center VMg • For srO:Mn2 +,
Rubio et ai. did not discuss where the axiality of
this center originated. 13 A comparison of the
ratio b~1b2(d) = -1.2 with the calculation for an
M - Vo pair center displayed in Fig. 1, curve a,
shows that the ratio can be explained within this
model. However, it differs from that in the perovskites of -2. On the other hand, the packing in
the second shell is different between NaCl and
ABX3 perovskite compounds. In the following, we
discuss why we believe that the axial centers
could be M - Va pair centers and that a VMg assignment is not correct.
The arrangement of the ions for a VMg center
is shown in Fig. 3. We assume that the Fe 3 + ion
and the five oxygens are on their cubic sites,
respectively. The sixth oxygen ion sits and moves
on the axis of the paramagnetic ion and Mg vacancy. The motion is described by the distance
of the Fe 3 + ion to this oxygen with the use of a
parameter c measured in units of the undistorted
oxygen distance d. This parameter c is zero for
the oxygen at its intrinsic site, greater than zero
for oxygen movements towards the Fe 3 + ion, and
less than zero for movements towards the Mg
vacancy. The superposition model predicts b~/
b2(d) = (1 - c t2 - 1. In Fig. 3, b~1b2(d) vs the parameter c is shown for t2 = 8. For c> 0 the ratio is
always positive, which is in contradiction to the
measured values. For c < 0, i.e., the oxygen
moving towards the vacancy, we get the right
sign of bgIb2 (d), but the values are too low [for
c = 22%, bglb.(d) = -0.8 or c = 33%, bglb.(d)
= -0.9]. If we assume that the Coulomb inter-

r
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1Ir.!, ·d
013' 0
01<1 0
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. 0.5
·1.0

d
·d

z
0
0
0
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FIG. 3. Local environment, coordinates of the ions,
and the prediction of b~/b2{d) for an Mg vacancy center
VMg.

action is the important one in MgO, then we expect that the oxygen ion is near the Fe 3 ' ion
repelled by the charge of the vacancy (c>0).
We now show that the simple model for the
cation vacancy centers predicts correctly the
positive sign of the parameter c in the fluoride
perovskites. The V Zn center in KZnF 3 and the
VCd centers in KCdF 3 , RbCdF 3 , and CsCdF 3 , all
doped with Fe 3 ', have been observed. 51 The sign
of b~ is always negative, resulting in a positive
ratio of bgIbJ(d) since g is negative. In Table
VI the bg values for the different compounds are
displayed. As a rough estimate, and assuming
that the intrinsic parameter for the fluorine compounds is bJ(d)=-0.09(3) cm- 1 (Sec. IIIB.), we
get the entries of the last column. For the Vc d
centers, we obtain b~1b2(d) of about + 0.5, yielding
a contraction c "'+ 5%, and for the VZn center we
get c "'+ 7%.
Another argument against the assignment of a
V Mg center in MgO:Fe 3 + is based on the correlation
of the b~ parameters between Fe 3 ' and Cr 3 ' . From
oxide crystals, MUller52 found b~(Fe3+)= 0'1b~(Cr3')
with 0'1 =0.87. Henderson and Ha1l4 reported in
MgO a Cr3 + center which they assigned as a Cr3 '_
0 2 ._ VMg center with b~= 819.5 x 10- 4 cm-" which
was previously found by Wertz and Auzins! If we
assume that the above-mentioned Fe 3 ' center is
an Fe 3 '_0 2 - - V Mg center, then we would get bg(Fe 3')/
b~(Cr3')=5.7. This ratio is much too large compared with 0.87. Therefore, the assignment of

TABLE V. Axial centers in NaCl-type compounds.

MgO:Fe 3+
SrO:Mn2+

,

0.5

b~ (cm- I )

b2 (cm- I )
extr. MgO

bVb2(d)

d (A)

Ref. EPR data

+0.470
+0.04544(8)

-0.412(25)
-0.035(12)

-1.14(8)
-1.30(40)

2.101
2.572

12
13
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TABLE VI. VZn and VCd centers in some fluorine
perovskite compounds doped with Fe 3+ at 300 K. a

KZnF3
KCdF 3
RbCdF 3
CsCdF 3

2.027
2.167
2.197
2.23

-759.0(5)
-400.0(100)
-422.2(5)
-548.8(5)

+0.84(28)
+0.44(15)
+0.47(18)
+0.61(20)

-0.09(3)
-0.09(3)
-0.09(3)
-0.09(3)

a EPR data from Ref. 51.

both centers to a V Mg center is not consistent.
The same conclusion was recently arrived at by
de Biasi and Caldas. 53 A Cr 3'_ Vo center is not
probable as Meierling 54 has shown, since Cr 3' is
always found in sixfold coordination. Therefore
the axial Cr 3' center in MgO should be a Cr 3'_0L _
VMg center. Since the bg relation for Fe 3' and Cr3'
ions is not fulfilled, the only option we have is to
assume an Fe 3'_ Va pair center. Such a center can
occur, as demonstrated in SrTi03.
We can also discard a possible off-center position of the Fe3' and Mn2 ' ions because cubic
spectra in MgO:Fe 3' and srO:Mn2+ were reported. 13 . 55 The superposition model also predicts
for such a center bglb 2 (d} > 0 as shown in Fig. 4,
which is at variance with the measured signs.
From these considerations, we expect that the
axial centers in MgO:Fe 3' and SrO:Mn2 ' are Fe3'_
Va and Mn2 '_ Va pair centers, respectively. The
Fe 3 +_Vo center would be three and the Mn2'_VO
center two times positively charged with respect
to the MgO and SrO lattices, respectively. This
seems unlikely. However, in SrTiO" the Fe4 '_ Vo
center with two positiv~ charges with respect to
the lattice has been shown to exist. 6

bO
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0
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FIG. 4. Local environment, coordinates of the ions,
and the prediction of b!lb2 (d) for an off-center position
of Mn 2 • and Fe 3• in an oxygen octahedra.

B. Strong axial Fe 3' centers in some fluorine perovskite
compounds

In recent years, three strongly axial Fe 3'
centers in KMgF 3/ 4 KZnF 3/ 5 and RbCdF 3/ 6 were
reported. In Table VII, the values of these centers are presented. The greatest controversy
about the data is the sign of bg. In KMgF3 it
was reported to be positive and in KZnF 3' negative, but the magnitudes are almost the same.
The ratio Ibg/g I is about 3 ± 1, if we assume a
constant intrinsic parameter b~.
ENDOR data in KMgF3 of Stjern, DuVarney, and
UnruhI4 showed that one of the six fluorine ions
is missing or replaced by a charge-compensating
impurity such as 0 2 - and that the Fe 3' ion is
moving towards the defect. In the discussion.
they concluded that the center is probably an .
FeOF 5 cluster, because they did not expect the
Fe 3' ion to move towards the defect without a twofold negatively charged impurity. In KZnF3'
Buzar~ and Fayet15 concluded that bg has to be
negative to get a positive cubic a value. They
called this center an FeOF 5 cluster.
Since the g value, the superhyperfine parameters, and the magnitude of the bg values
are similar, the origin of these centers should
be the same. However, this would require the
same sign of bg for all three compounds. We use
the superposition model to distinguish between
the Fe 3' - V F pair and the FeOF 5 cluster centers.
For the FeOF 5 cluster we first take a simple
model without motion of the Fe 3'against the defect.
Thus, assuming the Fe 3+ ion is on the cubic position, and one F'" site is occupied by an 0 2 - ion, one
obtains

Since Ib~ I is about three times larger than Ib~ I
and both are negative, bg(FeOF 5 } has a negative
sign. In Table VII (last column) the bg(FeOF 5}
values for the three compounds are displayed.
Here we assume a constant value for the fluorine
intrinsic parameter because the distance dependence is not well known (Sec. IIIB). In all compounds, a negative sign is found. Introducing a
movement of the Fe 3' ion, the values become
more negative because the distance between the Fe3'
and oxygen ions becomes smaller, resulting in an increase of the b~ parameter. In Fig. 5, as an example
bg vs the distance 1:. of the Fe 3' ion from the cubiC'
position for KZnF3 is plotted. From the ENDOR
data it is known that 1:. (the normalized distance
from the cubic position in units of the undistorted
distance) i~ greater than zero. bg is always negative and Ib 2 1 is larger than the absolute value
0.46 cm- I at 1:.=0. To get lower absolute values,
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TABLE VII. Strong axial Fe 3+ centers in some fluorine perovskite compounds.

Sign of

KMgFs
KZnF3
RbCdF s

Ib~1 (cm- I )

b~

0.352(5)
0.301(1)
0.210

+

Ref.
for EPR
data

d (A)

b~(d) (cm- I )

H(d) (cm- I )

Ib~/bK I

b~ (FeOF 5) (cm- I )

14
15
16

1.986
2.027
2.199

-0.65(8)
-0.55(7)
-0.29(3)

-0.09(3)
-0.09(3)
-0.09(3)

3.9±l.3
3.3±1.1
2.8 ± 0.8

-0.56(11)
-0.46(9)
-0.20(6)

?

it is necessary to introduce a contraction of the
four fluorine ions in the plane perpendicular to
the defect. An example is shown in Fig. 5 (curve
c). In the case of KZnF 3 it would be possible to
explain b~=-0.3 cm- 1 for a contraction of 4%
(0.08 A) and a movement of Fe 3 + towards the defect
by t:. = 0.02 (0.04 A), and furthermore, taking the
lowest value of Ib~ I and the highest value of Ibr I.
Therefore, it is, in principle, possible to explain
the values with the FeOF 5 cluster model. However, it is not obvious why the fluorine ions should
move towards the Fe 3 + ion. A negative sign of the
b~ value which is necessary for an FeOF 5 cluster
is reported in KZnF 3' but not in KMgF 3.
The other possible explanation for the measured
b~ values is a fluorine vacancy (V F). The rough
estimation of Ib~/br I of about 3 ± 1 is somewhat
larger than in the oxygen perovskite compounds,
but larger contractions of the four planar ligands
could yield such values. Since the fluorine and
the oxygen intrinsic parameters b2 have the same
sign, we get, using the calculation of Sec. IV, a
positive sign of b~. This would agree in the
KMgF 3 compound, but not with the sign reported
bO
2
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FIG. 5. Microscopic environment, coordinates of the
ions, and model parameters for the calculation of bg for
an FeOF 5 cluster center in KZnF s •

for KZnF 3 • The main distinction between the Fe 3 +_
V F pair and the FeOF 5 cluster centers is the different sign of b~. An Fe 3 +_ V F center yields a
positive and the FeOF 5 cluster center, a negative
sign of b~. Thus measurements of the signs of
b~ in the three compounds at low temperatures
should answer this question.
A hint that the center is an FeOF 5 cluster comes
from comparison with the Cr 3 + center in KMgF 3.
From independent measurements, Patel et al. 56
and Abdulsabirov et al. 57 found a tetragonal center
with Ib~ I= 0.217 cm- 1 • The authors of Ref. 57
reported that the center appears after sample
heat treatment in oxygen for 10 h at 850°C.
Therefore, they assigned this center to a CrOF 5
cluster. Using Meierling's54 argument that Cr 3 +
is normally found with a six nearest-neighbor
coordination and avoids a five nearest-neighbor
coordination, the Cr 3 +_ V F center is not acceptable.
Furthermore, MUller 52 showed that the ratio of
the coefficients b~(Fe3+)/b~(C r 3 +) for oxides is 0.87.
In Table VIII, some data for this ratio for fluorine
ligands are shown, using the data of the V Cd ' VZn
centers in the fluorine perovskite compounds of
Rousseau et al. 51 From this table, we conclude
that about the same ratio for Fe 3 + and Cr 3 + b~
values is valid for fluorine and oxygen ligands.
Using the Fe 3 + data of Table VII for KMgF 3 with
the Cr 3 + value discussed above, we get Ib~(Fe3+)/
b~(Cr3+) I = 1.62. This is in the approximate range
of the ratios obtained above for fluoride and oxide
compounds. Therefore, the Fe 3 + and Cr 3 + centers
in KMgF 3 should have the same local surrounding.
Thus, the Fe 3 + center in KMgF 3 may also be an
FeOF 5 cluster center. The sign of b~ should therefore be negative.

TABLE VIII. Correlation of Fe 3+ and Cr 3+ axial spinHamiltonian parameters. EPR data from Ref. 51.

KZnF3
KCdF 3
RbCdF 3
CsCdF 3

b~ (Fe s+)

b~ (Cr s+)

b~ (Fe3+)/b~ (Cr 3+)

-759.0(5)
-400.0(100)
-422.2(5)
-548.8(5)

-540.9(5)
-545.0(70)
-569.0(5)
-628.6(5)

1.40
0.73
0.74
0.87
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APPENDlX A: DETERMINA nON OF THE SITE OF Mn 2 +
IN BaTi0 3

Ikushima17 reported EPR results on Mn2+ in
tetragonal BaTi03 single crystals. He found bg
= (215 ± 2) x 10- 4 cm- 1 and assigned the Mn2+ center
to a Ba2+ site. Three arguments lead us to the
conclusion that the Mn2+ is on a Ti4 + site.

19

On the other hand, starting again from Fe 3' on
the Ti4 ' site, for Fe 3' on the Ba2' site using (i)
we get
aexpecteiFe3' on Ba2+, BaTi03) "" 10 x 10- 4 cm- 1 •
Using (ii) again, we now arrive at Mn2' at the Ba2'
site with

A. Cubic parameter a

The argument is based on two facts. (i) We use
the superposition model for the n = 4 parameters,
and use the cubic parameter a for the Ti4 + and
Ba2+ sites. Both sites were assumed to be occupied
by Fe 3 + or Mn2+ ions, respectively. Then we get
a(Ti4 + site) = 7b4 (d) ,

Ikushima'7 found for Mn2+ in BaTi03 in the cubic
phase a=(12.11±0.94)x 10- 4 cm- 1 and, in the
tetragonal phase, a = (16. 76± 0.94) x 10- 4 cm- 1 •
Both values are of the order expected for Mn2'
on the Ti4+ site and more than an order of magnitude larger than the value expected for the Ba2+
site.

a(Ba2' site) = -~ b4 (d.f2) ,
B. Hyperfine coupling constant A

with

Ikushima17 measured in the cubic phase A = (-79.3
± 0.4) x 10- 4 cm -1 and in the tetragonal phase
We obtain

.it = t(A.+ 2A.) =(-80.7 ± 0.8) x 10- 4 cm- 1 •

a(Ti 4 + site) = _2 14/ 2+1.
a(Ba 2' site)
From different compounds, MUller 58 found for
Fe 3+ a power-law exponent of t4 = 6-7 valid in the
range d= 1.9-2.4 A. If we assume that the t4 = 6
power law is valid until about 2.8 A, we get a
ratio of the a values of -16. Assuming t4 = 5 we
obtain -11.2. In KTa0 3 doped with Fe3+, Hannon 59
reported a values for the dodecahedral and octahedral sites. For the ratio of a values at room
temperature, one gets 9.6(5) and, at 4.2 K, 8.8(3).
An appreciable inward relaxation of the oxygens
probably occurs for the dodecahedral site. From
this consideration, we can assume that the absolute ratio of the a values for Fe 3+, between the
two sites, is of the order 10.
(ii) From the a values in MgO the ratio for Fe 3+
and Mn 2+ on an octahedral oxygen site is 54

We can now assume that this is also the correct
ratio between the Fe 3' and Mn2' cubic splittings
for BaTi0 3 at an octahedral site. Assuming that
t4 for Fe 3' and Mn2' are similar, then this ratio
should also be valid for the dodecahedral site.
This is the same argument as used for bg in Sec.
II, Eq. (4).
In the cubic phase of BaTiO" Sakud026 found
for Fe 3+ at the Ti4+ site an a value with a = (102
± 10) x 10- 4 cm- 1. From this value, one computes
using (ii), for Mn2+ at the Ti 4' site,
aexpecteiMn2+ on Ti4+, BaTi03) "'9 x 10- 4 cm- 1 •

These values are near the value of Mn2+ in SrTi03,
A = (-82.6 ± 0.1) x 10- 4 cm- 1 ,.7 from which it is
known that Mn 2' is on the Ti4+ site. This value is
also near the value of Mn2' in MgO, A= (-81.0
±0.2)X 10- 4 cm- ' , where Mn2' has an octahedral
surrounding. 55 On the other hand, using the curve
of the hyperfine constant A versus the covalency
parameter cln in the work of Simanek and MUller,38 one expects for a coordination number
n=6, A"'-86x10- 4 cm->, andforn=12, A"'-96
x 10- 4 cm- ' , taking c "'0.5 for the Mn-O covalency
parameter, and using Eq. (2) of Ref. 38 and the
electronegati vities of Ref. 37. Therefore, we assign
the Mn2' to a Ti4 ' site. This argument is similar
to the one that led to the reassignment of the Mn 2+
to a Z r 4+ site in CaZr0 3. 47
C. Spin-Hamiltonian parameter b~

The basis of the argument is the assumption
that the ratio of bg values for Fe 3 ' and Mn2' ions
on the same site should be in the range of the
ratio of the intrinsic parameters, as shown in
Sec. II, Eq. (4). A comparison of the bg values of
Fe 3' and Mn2' in the tetragonal phase of BaTi03
gives

v = b~(Fe3+, BaTi03)/b~(Mn2+, BaTi03)
= 4.3(1) •
This value is in the range

From the b~ value used by Sakud026 for Fe3' in
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tetragonal BaTiO" it is clear that the Fe 3 + ion is
on the Ti4 + site; therefore we conclude that the
b~ value of Mn2 + results from the same site.
Ikushima and Hayakawa60 also reported an axial
Mn2 + spectrum that they attributed to an Mn2 + ion
being on a Ti 4+ site. If we used the value of this
center b~ = (65± 5) x 10- 4 cm-!, we would get
v = 14.3 ±1.3 with the same b~ value for Fe 3 + as
above. This ratio v is too large compared with
w=2.7. Thus the spectrum with b~=65x 10- 4 cm-!
does not come from an Mn2 + ion on a Ti4+ site.
From the three arguments about a, A, and b~,
we conclude that the Mn2 + center with b~ = 215 X 10- 4
cm- 1 belongs to an Mn2 + center that is on a Ti4+,
and not a Ba2 +, site.

~
b,(i!J t-.,.0.I=O,.2---,0.3_0,.1---,0.5_0,.6---,0.1_

c,

·1

-2

·3
-4
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-6

·8

-9

-10
-II

·12

APPENDIX B: AXIAL CENTER OF Mn " IN KTa03

In the list of M - Vo pair centers in perovskite
compounds (Table IV), the Mn2 + center in KTa0 3
from Hannon/ 8 which he attributed to an Mn2 +_ Vo
pair center, was not included. In the work of
Serway, Berlinger, MUller, and Collins,47 it was
shown that there exist arguments against this
assignment based on the spin-Hamiltonian parameter b~ and the hyperfine-splitting parameter
A. They proposed that Mn2 + should be on the K'
site with either a K vacancy next to it or an Mn2 +
sitting off center. From the value of A, they
estimated that the Mn2 + should have about nine
oxygens surrounding it. The superposition model
also shows that the interpretation of this axial
center with b~=+0.147 cm-! requires a different
configuration from the M - V 0 cente rs of Table IV.
This is based on the b~/b2 (d = ta) value. For the
Ta 5 + site, we get for the intrinsic parameter, at
the undistorted distance to the oxygens, 52 (d=ta)
= -0.23(3) cm- 1 and, therefore, b~/b2 (d=ta)
= -0.65(8). This value is very low compared to
that of SrTi03 :Mn2 + with -2.09(24); therefore, we
omitted this Mn2 + center in Table IV.
According to the suggestion of Serway et al. 47
that Mn2 + should be on the K site, the distance to
the 12 oxygens is d = a/f2. Using this distance
as a reference point for this site, we get b~/
52 (a/v'2) = -7.4 ± 2.4. In Fig. 6, the K site surroundings are shown. We now assume that Mn2 +
is off center and all the oxygens remain in their

*Present address: Institut fUr Angewandte Physik, UniversWit Bonn, D 5300 Bonn, Federal Republic of Germany.
IE. S. Kirkpatrick, K. A. MUller, and R. S. Rubins,
Phys. Rev. 135, A86 (1964).
2J. E. Wertz and P. V. Auzins, Phys. Rev. 106, 484
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FIG. 6. Local environment, ion positions, and the
calculation of b~/b2 (aN2) for an off-center Mn 2• in an
A site of the perovskite compound AB0 3 •

cubic positions. The off-center Mn2 ' is characterized by the deviation I:.. from the ideal K site in
units of ta, i.e., the separation between the oxygen
planes. In Fig. 6 (curve cJ, b~/b2(a/v'2) vs I:.. is
shown for the power-law exponent t2 = 7. It can be
seen that b~/b2(a/v'2) = -7.4 is obtainable if we
assume that the Mn2 + ion is located at 1:..=0.58, or,
including the errors of b~/b2(a/v'2),I:..= 0.50-0.64.
That means that if the Mn 2 ' is somewhat above
the middle of the two upper oxygen planes, the
sign and amount of b~ for Mn2 + in KTa0 3 is explicable. In curve c 2 of Fig. 6, we calculated the
same quantities as in curve c 1 ' but with oxygens
one to eight only. It is clear that both curves are
near each other for I:.. > 0.4. From this we can
conclude that oxygens 9-12 bring only small additions to the b~/b2(a/f2) ratio.
Our calculation shows that a very strong offcenter position is necessary to explain the measured value. Such an off-center position is not
obvious because Hannon 59 found a cubic Fe 3 +
center in KTa0 3 on the K+ site. Since the ionic
radius of Fe 3 + is less than that of Mn 2 +,48 it would
be astonishing were Mn2 + on an off-center position
and Fe 3 + not. Therefore, the center may be an
Mn 2 '_ V K center.
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Structure of the Cr3+ - Vo Centers in W03
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The Cr H -oxygen-vacancy pair center, Cr H - Yo, in WO, recently observed with
EPR by Hirose and Kawaminami is analyzed using the Miiller-Berlinger superposition model for Cr H as a basis. The large near-axial, ground-state splittings of 2.4 and
2.8 cm - I at 300 K are accounted for by displacements of 0.12 to 0.18A of the Crl+ towards
the oxygen vacancy, and distances of 1.90A to the next four 0 2 - ions. The structure is
practically the same as that of the FeH - Vo center deduced earlier. The lowtemperature splittings of Crl+ -Yo reported are also discussed.

Double oxides AB0 3 crystallizing in the
perovskite structure offer many possibilities
for substitution at A or B ion sites. If a cation
impurity with a valency lower than the intrinsic ion is present, charge compensation can occur via the formation of oxygen vacancies
VO'S.I) When an ion such as Fe3+ is substituted
for TiH in SrTi0 3, the Vo's generated can
charge-compensate an Fe3+ locally forming a
Fe3+ - Vo pair center.2) After the observation of
such a pair two decades ago, many Me-Vo
pairs have been reported in which the Me is
Mn2+ , Co2+ , Mn3+ , Ti3+ , Co3+ , Fe H and
CO H . 3,4) Only very recently was the Cr3+-Vo
pair observed by Hirose and Kawaminami in
W0 3. 5) W0 3 also has perovskite structure but
the A ions are missing. A number of structural
phase transition (SPT) results, some of which
were elucidated by Cr3+ -Vo EPR in ref. 5. The
reason why the Cr3+ -Vo center escaped observation for quite a while appears to lie in its
high ligand-field energy. 6) The latter is 2.0 Dq
higher, to zero order, than that of the regular
octahedral (Cr06)3 - complex. 7) 10 Dq is the
t2g-eg shell splitting of the order of 3 eV, which
gives 0.6 eV for 2.0 Dq. In contrast, the
ligand-field energies of the Fe3+ - Vo and Fe06
centers are, to this order, the same.7) However,
different aspects for Me-Vo pairing also playa
role, as the concentration of donor states and
Vo's revealed in a study on Mn2+ -Vo association in SrTi0 3 under reduction. 8)
The ground-state splittings reported for the
Cr3+ -Vo center are very large at room
temperature, two times those found for the

Fe3+ - Vo center, and below the transition at
-40°C even more than twice those of Fe3+Vo. For the latter, the splittings could be accounted for by Siegel and Muller using the
superposition model for Fe3+ in oxygen octahedral environment,9) with a 0.15 to 0.20A
relaxation of the Fe3+ towards the vacancy,
and a 3.5% shrinkage in lateral oxygen Fe3+ distances. Recently, the parameters for the corresponding superposition model of Cr3+
became available. They were deduced from
uniaxial stress experiments in MgO and
SrTi0 3,1O) therefore it was tempting to analyze
the local structure of the Cr3+ - Vo center with
them, and compare the outcome with the
previously deduced local structure for the
Fe3+ -Vo center. 9) As described below, it turned
out that the room-temperature data for Cr3+ Vo yield nearly the same local structure as
those obtained for Fe3+ -Vo. This is a consistency proof of the local Me-Vo structure
deduced from the superposition model.
The Cr3+ -Vo center ligand-field parameters
are near axial with D[S~-(1/3)S(S + 1)]
+E(S~-S~), lEI / IDI =0.03. 5) The small
relative amount of E owing to the distortion
of the W0 3 lattice can at first be neglected if
one wants to gain insight into the main
features of the Cr3+ - Vo structure. In this approximation, the quantity of interest is D = M
which in the superposition model is given by a
sum over the five ligands i present at the
center:9.1O)
3 5
b~=2 ~ b2(R;)(cos 2 (9;-1 / 3).
(1)
719
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Fig. 1. b,(R) for Crl+ substitutional on Me2+, Meh and
Me6 + sites in octahedral oxygen coordination. The
b2(R) for Me2+ and MeH are from ref. 10, and b2(R)
for Me6 + is a linear extrapolation.

In eq. (1), e j is the angle between the main
quantization axis of the center, Z, and the position of an oxygen ligand i formed at the CrH ion.
b2(R) is the intrinsic parameter of the model.
It was deduced from uniaxial stress experiments on Cr H in MgO and SrTi0 3 by
Muller and Berlinger. 10) In these two crystals,
Cr H replaces a two or four-valent ion, Mg2+ or
Ti4+, respectively. It was found that b2 (R)
depends on the charge of substituted ion in
agreement with local strain calculations by
Sangster. 11) The two b2(R) curves are shown in
Fig. 1. In the present case, Cr H replaces a
tungsten ion which is nominally six-valent. Extrapolation linearly for the charge difference
from Mg2+ and Ti4+ to W 6 +, the b2(R)
dependence shown in Fig. 1 resulted. One
may ask how realistic this extrapolation is,
however, it is the most straightforward approach one can take. Furthermore, a linear interpolation between the b2(R),s for Me2+ and
Me4+ replacement to get b2 (R) for isovalent
Me H replacement of Cr H was successful.
With the b2(R) obtained in this manner, the experimental ratio of b~(FeH)/b~(CrH)= -0.87
for AIH replacements in trigonal Ah03 and
LaAl03 could be accounted for. 10)
From the near tetragonality of the Cr H -Vo
EPR spectra observed, the oxygen pyramid of
the center must be quite regular. For the
calculation, coordinates were chosen to reflect
exact C 4v symmetry with the initial position of

oxygens 0 1 at -d in Z, O2, 0 3 at ±d in x, and
0 4 , 0 5 at ± d in the y directions, respectively.
For d, the average distance in W03, d= 1.85A
at 300 K was taken. 12) Following the model of
Fe H -V O,9) the Cr H was allowed a displacement of .1. d along the z-axis where the
positive sign indicates motion towards the oxygen vacancy from the coordinate center. Furthermore, a relaxation c of oxygens 2 to 5 was
included where the positive sign marks outward relaxation. The general coordinates thus
used are given in the inset of Fig. 2. However,
differing but slightly from the earlier model,
not c was taken as a parameter to calculate M,
but the lateral oxygen-Cr H distance r'. This
was felt to be more realistic from metal-oxygen bond considerations to be discussed
later. From the inset in Fig. 2, c varies as
c= [(r' )2_ (.1 d)2p/2.
With the model exposed, bg varies according
to eq. (1) as:
b~[d(1 +.1), r']= b2[d(1 +.1)]

+6

b2'(r')[cos 2 e-l/3].

(2)

The first term on the right side of the equation, b2, is due to 0), and the second to the
four lateral oxygens, where cos 2 e= 1(L1d/ r')2. bg values calculated with (2) are plotted in Fig. 2 for r' = 1.85A, the initial position of lateral oxygens, an inward motion to
r' = 1.80A and an outward motion to
r' = 1.90A. The former two fell almost on top
of each other because b2(1.85):::: bz(1.80)
::::2.37 cm- 1, owing to the maximum in b2 (R)
at R:::: 1.82A. With r' fixed, b~ reflects this maximum via b2, and falls to more negative values
with increasing shift L1·d, i.e., the 01-Cr H
position yields the main progression of b~.
We now compare the calculated spin
Hamiltonian parameters bg with the published
absolute room-temperature values IDI. There
are three, and they are listed with increasing
ID I in Table I and shown as dashed lines in
Fig. 2. The uppermost does not intersect the b~
curve for r' = 1.85A and 1.80A. Thus, outward motion of the lateral oxygens occurs.
The shifts .1 . d where the three dashed lines intersect the b~ (r' = 1. 90A) curve are listed in column 2 of Table I. In W0 3, there are three intrinsic W-O distances of a= 1.80A, b= 1.85A,
and c= 1. 92A. 12) Because of the
b2
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Fig. 2. Local environment, coordination of the ions and prediction of bg for Crl+ - Vo center in W0 3 with lateral
oxygen to C rl+ distances r' .
Table l. EPR ID I parameters, deduced uncorrected
CrJ+ shifts Ll·d, w-o distances in WO correction
"
shifts 0(0,)= 1.85-d(W -O,)A and corrected CrJ+ shifts
Ll·d+o(O,) for lateral oxygen-Cr3+ distances
r' = 1.90A.

Spectrum
B
A
C

IDI

(cm-')

(A)

(A)

0(9,) Ll·d+;o(O,)
(A)
(A)

2.25
2.36
2.80

0.08
0.11
0.25

1.80
1.84
1.92

+0.05
+0.01

Ll·d d(W-;-O,)

-0,07

0.13
0.12
0.18

dependence on the Ol-Crl+ distance, it is
natural to associate each measured EPR ID I
value with one of them, assuming 0 1 is sited in
turn at -a, -b or -c along z. The deviations
o of 0 1 from the initial value at d= -1.S5A
are listed in the fourth column. Adding 0 to
the second-column LI· d shifts yields corrections for the Crl+ position. These are
systematic, adding to the small LI·d=O.osA,
O.IIA amounts, and subtracting from the
largest of O.25A. This indicates that our
association of the three EPR spectra is correct.
The shifts of Crl+ in the last column of

Table I embrace that of LI·d=O.I6A found
for the Fel+ in the Fel+ -Vo center, deduced
from Fig. 1 of ref. 10 for 3.5% inward relaxation. This inward relaxation is computed
relative to the Ti4+ _02+ distance d= I.952A in
SrTi0 3 leading to an 0 2- -Fel+ distance of
r' =dv(1-C)2+Ll2= 1.S9A. In W0 3, we used
the bg for outward relaxation with respect to
the average W-O distance d= 1.S5A to
r' = 1. 90A. Therefore, the lateral oxygen to
Mel+ ion for the Fel+ -Vo and Crl+ -Vo centers
are closely the same and the shifts LI . d quite
the same. This outcome points to a certain independence of the local structure of Me-Vo
centers from the host. This is also apparent
from the EPR IDI parameters measured for
the Fel+ - Vo in different hosts such as PbTi0 3,
SrTi0 3, and KTa03, where D is 1.19 em-I,
1.35 cm- I and 1.44 cm- I , respectively,2) i.e.,
the steric arrangement must be closely the
same. Furthermore, the shift of Mn2+ in the
Mn2+ -Vo center also amounts to o.2A.2) A rationale for a certain host indepence may be the
covalent metal-oxygen ion binding, which is
the same for a certain cation impurity. The
more covalent the binding, the shorter the
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Me-O distance will be. Let us illustrate this
for the sequence MgH, Ti4+ and W6 + whose
bare ionic radii for sixfold ionic coordination
(fluorides, etc.) lie between 0.60 and 0.6IA,13)
i.e., are essentially identical. However, in
MgO, SrTi0 3 and W0 3 , the metal-oxygen
distances shrink from 2.IA over 1. 95A1O) to
1.85A,12) respectively, i.e., the higher nominal
valency cations show shorter distances from
the 0 2- ions owing to higher covalency.
Concerning the superposition model, the
outcome of course, is very satisfactory. It is actually quite better than one may expect from
our linear extrapolation of b2(R) for Cr3+
replacement of W 6 + and the other shortcomings possibly present owing to the orbital A2
ground state. 10,14) Furthermore, the EPR spectra in ref. 5 were all taken at X-band and ID I
computed using an isotropic g-value of 1.98,5)
However, a more thorough analysis using data
from X, K or Q band is in place. For example,
for Fe3+ - Vo such an analysis yielded
anisotropic
g-values
of
g//=2.0054,
g.'-=2.0101. 2) Therefore, from a similar
analysis for Cr3+ - Yo, we expect refined values
in ID I and consequently somewhat changed
final shifts in Table I. Nevertheless, we do not
foresee substantial changes.
Below the first-order SPT at -40°C, only
centers A and B are observed with an increased splitting of IDI =4.0 cm- 1 for both. Our
values computed for M are too small to account for these IDI parameters, even for large
."j·d shifts of the Cr3+ towards the vacancy.
This is so because bg has a minimum resulting

from the br term in (2) which becomes less
negative. The only way to get bg more
negative, i.e., Ibgllarger, is by further reducing the positive bz. This corresponds to an oxygen 0 1motion away from the stationary Cr3+
at low temperature. The amount estimated
would be 0.25A, i.e., r(01-Cr3+),,=2.1OA; a
reasonable distance, as the intrinsic large W-O
distance was determined to be 2.3IA.15)
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Abstract. The effect of uniaxial [100], [111] and [110] stresses on the EPR fine-structure lines
of Cr3+ on octahedral Ti 4+ sites in SrTi0 3 and Mgh sites in MgO have been measured at
300 K. The spin-lattice strain coefficients G 11 and G 44 were determined. From them, we
deduced the intrinsic superposition-model parameters 62 = 2.37 ± 0.04 cm- 1 and I, =
-0.36 ± 0.01 in SrTi0 3, and 62 = 2.34 ± 0.01 cm- 1 and I, = -0.12 ± 0.11 in MgO, respectively. A substantial dependence of G 11 strain coefficients on charge misfit between Crh
and the substituted ion was found as has been calculated theoretically by Sangster. The small
negative 12 exponents and positive 62 reported here are interpreted as resulting from the
three occupied t2g orbitals of the 4A'g groood state of Cr3+ as compared with the 6A 1g of Fe 3- .
A consistent analysis yields a maximum of the positive 62(R) of CrJ+ at Rmax = 2.102 ±
0.005 A in MgO, whereas the negative 6,(R) of Fe h has a minimum at Rm;n = 1.7 ±
0.2 A. The deduced 6,(R) dependence is confirmed for trigonal LaAl0 3 and AbO). where
the known bg(Fe J+)/ bg(Cr J+) ratio and sign are quantitatively accounted for.

1. Introduction

The superposition model as applied to S-state ions in insulators has quite frequently
been used recently and its limitations debated. Under favourable conditions, it allows
the determination of the spin-Hamiltonian parameters for a known structure of a defect
in a crystal, or, conversely, a local non-intrinsic structure deduced from the EPR data.
The model was originally introduced by Newman and Urban (1975) for the rare-earth
8S7/2-state ions Gd3+ and Eu 2+. The main assumption of the model is that the spinHamiltonian parameters result from the individual contributions of each nearest neighbour of the paramagnetic ion. Essentially, this means that the interaction results from
overlap and covalency mechanisms. Owing to this assumption, the model is not applicable in strongly ionic compounds where crystal-field calculations, such as the polaris able
point-charge model, are more appropriate (Bi jvank et al1977 , Lewis and Misra 1982).
However, ab initio calculations of the spin-Hamiltonian parameters b': based on the
crystal-field and covalency contributions suffer from the existence of large terms of
opposite sign which add up for a particular b': which has the effect of not allowing as yet,
their quantitative determination (Leble 1982). On the other hand, the superposition
model has given quite valuable results for the second-order (Newman and Urban 1975,
Amoretti et a11982) and for the fourth-order b': parameters for 8S 7/2 ground-state ions
(Stedman and Newman 1974).

© 1983 The Institute of Physics

6861

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

188

6862

K A Maller and W Berlinger

The binding of transition-metal ions to their neighbour atoms is intrinsically more
covalent than that of rare-earth ions for a given kind of ligand. Thus, it was argued, the
superposition model might be even more useful for transition-metal ions. Consequently,
Newman and Siegel (1976) applied the model to the S-state transition-metal ions Fe3+
and Mnl+. The known EPR parameters as well as the model constants bl and tl, computed
from unaxial-stress experiments in MgO, then allowed Siegel and Muller (1979a) to
determine the .structure of the transition-metal oxygen-vacancy pair centres (Me-V 0)
in oxides, and also with a high degree of confidence the Fe3+ position in the four phases
of BaTi0 3 (Siegel and Muller 1979b). In more recent work, the model was successfully
applied to Fe3+ in Srl Nb l 0 7 (Akishige et al1981), to the FeOFs centre in KMgFs (Siegel
and Muller 1979a, Aguilar et al1982) and to a Mnl +-F-centre pair in CaO by Murrieta
et at (1983); the F centre is an oxygen vacancy Vo containing two electrons: Vo +
( - 2e). The first EPR observation of a transition-metal-F-centre association was reported
by Muller et al (1969) for Ni3+ -Vo + (-2e) in SrTi0 3 created by illumination from an
empty Ni 3-r -V0 centre, also observed by EPR. The dependence of the model parameters
62 and t2 for Mn2+ as a function of covalency and coordination number was noted by
Heming and Lehmann (1981). Such a coordination-number dependence, a limitation of
the model, is not a surprise: the distribution of electronic charge in a 6SS/2 or, better, a
6Al transition-metal ion is certainly less spherical than in an 8S 7/ 1 rare-earth ion. Furthermore, in cubic symmetry, the d shell is split into eg and tl g subshells, owing to the
large ligand field, whereas in the f shell the spin-orbit interaction is stronger, so the total
angular momentum remains a good quantum nl,lmber. The two eg and t2g subshells of a
d ion overlap differently with the ligands in tetrahedral or octahedral coordination.
Indeed, the 62, t2 and 64, t4 parameters have been found to be dependent on coordination
for Mn2+ and Fe 3+ as observed by Heming and Lehmann (1981) and Gaite (1981), a
situation not foreseen by Newman and Urban (1975). Within this restriction, the model
yields good results even in NasAhF14: Fe3+ (Leble et al 1982) and a number of
fluorine-coordinated Mn 2+ centres (Aguilar et al1982). However, if this is so, then one
may use half-filled-subshell ions such as 4A 2, (t2g)3, Cr3+ in octahedral coordination, as
a cross-check for certain applications, in addition to the ions of the half-filled d shell.
The ionic radii of Fe3+ and Cr3+ are nearly the same.
For a Cr3+ ion the charge distribution is still less spherically symmetric than that for
Fe3+, but it is invariant under cubic Oh transformations. Thus one does not expect its
parameters l'h and t2 to be related to those of a d Sion in the same environment. (Only 62
and tl need to be known for an ion in the S = i state.) One can actually reverse the
argument and say the difference in parameters observed for a (t2g)3 and an (eg)2(tZg)3
ion clearly points to the short-range induced restrictions of the superposition model,
and limits its application per parameter set to a specific coordination, or deviations from
it that are not too large.
In the present study we have determined the second-order parameters of the model
for Cr3+ in octahedral oxygen coordination by application of uniaxial stresses to cubic
SrTi0 3 containing Cr 3+ impurities and repeating those known for MgO. These experiments are described in § 3 and preceded by a theoretical summary in § 2. In § 4 the results
are discussed, and (a) a b2 (R) function for Cr3+ is computed from the stress data, using
a two-term power law with the same exponents nand m for C~+ and Fe 3+. The bz(R)
for Cr3+ obtained in this consistent way is sign-inverted as compared with Fe 3+. Then
(b) using this curve for Cr3+ it is shown that 62(R) depends on the charge state of the
substituted ion, 62(R) being different for Ti 4+ and Mgl+ replacement. This finding
confirms recent theoretical calculations of Sangster (1981). Finally (c) the proposed
 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

189

Superposition model for sixfold-coordinated CrH

6863

62(R) curve of Cr3+ is applied to the knownb~(Fe3+)/ b~(Cr3+) ratios in trigonal LaAI0 3
and Ab03 to yield quantitative agreement.

2. Theory

2.1. Superposition model for S < 2
The impurities considered here have orbital singlet ground states with S < 2; thus only
second-order terms need be considered in the superposition model (Newman and Urban
1975):
o b2 = b2(R o)G)

b~ =

~ (RO)12
'T
Ri (cos
n

62(R o)(i) ~

2

8i

-

n

(~~) (sin2 8i cos 21/JD.

(1)

The number of ligands for octahedral coordination is n = 6, as for Cr3+ (S = i), or n =
4 for y3+ (S = 1) in tetrahedral coordination, etc. Ro is the reference point chosen
nominally near the distances Ri between the paramagnetic ion and the ith ligand. 8i is
the angle between the line from the paramagnetic ion towards the ith ligand and the
main EPR axis. 1/Ji is the angle between the EPR axis and the projection of the ith ligand
coordinate in the x-y plane.
The two parameters appearing in equation (1) were determined in two principally
different ways: the first ones, historically, by using measured values ofb~ and assuming
that the central paramagnetic ion and the ligands occupy intrinsic lattice positions as
determined for the bulk crystal, for example by the x-ray refinement method. In principle, the values of 62 (R o) and t2 are overdetermined, so that least-square procedures
can be used (Amoretti et aI1982). This appears safe as long as the paramagnetic ion is
nearly the same size as the diamagnetic host. It can be amplified by varying the host
through an isostructural series (Heming and Lehmann 1981) as well as using information
from superhyperfine data (Leble 1982, Murrieta et a11982, Leble et a11982, Aguilar et
aI1982).
The second method was introduced later. One employs a cubic crystal such as MgO
or SrTi0 3 and obtains the parameters by applying stress. The first constants obtained in
this manner were the parameters 64 (R 0) and t4, from hydrostatic pressure data (Newman
and Siegel 1976) . Then 62(R o) and t2 were computed from uniaxial-stress parameters of
Fe3+ and Mn 2 + (Newman and Siegel 1976, Siegel and Muller 1979a). This is quite a
straightforward method and has been adopted for the present case. The relations
between the strain coefficients G 11 and G 44 of the crystal and the two parameters
appearing in equation (1) have been worked out by Stedman and Newman (1974) and
Newman and Siegel (1976). They are
G 44 = !G Sg = 26 2•

(2)

Thus
(3)

The latter equation is of importance since the exponent t2 is only positive if G 11 and G 44
differ in sign; t2 > 0 means that the contributions tol b~1 will increase if the metal-ligand
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distance decreases. This has so far been found to be the case for 3d ions. Negative values
of t2 have been discussed for 4f ions (Newman and Urban 1975). The present investigation
is interesting since it points out and clearly demonstrates a negative t2 for Cr3+ despite
the fact that t2 = +8 for Fe3+. An abstract on uniaxially stressed MgO containing Cr3+
gave G 44 = 4.2 cm- 1 and G u = 0.6 cm- 1 (Watkins and Feher1962) , thus, using equation
(3) yields t2 = -0.21. However, the smallness of G u and the unpublished EPR data
yielding this value raised doubts. Thus, not only have these experiments been repeated,
but another cubic crystal, SrTi0 3, with very nearly the same cubic Cr3+ EPR constants
and host-lattice size was chosen; the outcome was a similar value of 62 and also a small
negative but quite different t2' This difference will be shown to follow from analysis
given in § 5.

2.2. Stress-induced spin-Hamiltonian terms
We consider only those terms resulting from the symmetric stress tensors Tij of the
crystal. There are six such terms. For an S =! system, the hydrostatic part
T.u + Tyy + Tzz can only cause a g-shift in a cubic crystal, and is of no interest for the
following. Thus five terms remain and these transform as components of the representations Eg and T 2g of the Oh group: 3-1/2(2Tzz - Txx - Tyy), (Txx - Tyy) , 21/2Tyz, 21/ 2Tzx
and 2 1/ 2 Txy . The stress-coupling terms are then written quite simply by recalling that the
Hamiltonian has to be invariant under the unstrained point-symmetry group of the
defect (Pake and Estle 1973), i.e., by multiplying the above components by those of the
spin-derived time-invariant Eg and T 2g components including their non-commutativity:
'Je = R 1[!(2T zz - Txx - Tyy)(2S; - S~ - S;) + (Txx - Tyy)(S~ - S;)]

+ R 2[Tyz (SySZ + SzSy) + TziSzSx + SxSz) + Txy(SxSy + SySx)].

(4)

In earlier research, Voigt notation C ij was used for the coupling constants. The relationships are (Rosenvasser-Feher 1964)
(5)
Application of uniaxial stress along the tetragonal and trigonal axes yields the coefficients
C u and C 44 respectively:

[001] stress: Tzz = - P, all other Tij = 0; we obtain from (1) with S2 =(S; + S; +
S(S + 1)
'Je = D[S; - 1S(S + 1)]

D = -!CuP.

sD =
(6)

[111] stress: all Tij = -1P; we obtain from (1) using Slll = S ~ = rl/2(Sx + Sy + Sz) and
S2=S(S+I)
~ = D ' [ S ~ - 1S (S

+ 1)]

D'

=

-C 44 P.

(7)

Since an interesting feature of this paper is the negative sign of the exponent t2 in the
superposition model, the relative signs of Rl and R2 have to be determined. They can be
verified by varying the magnetic field in a (110) plane under [110] stress. For such stress,
we have

[110] stress: Txx = Tyy = Txy = -!P; Tzz = Txz = Tyz = 0 rotating thexy coordinate system
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= D"[S~ -

!S(S + 1)] + E(Si- S;)

D"

=

6865

E

+iCllP

= -!C 44P,

(8)

The strain rather than the stress parameters enter the determination of the two parameters 6z(R o) and tz. They are related by elastic stiffness coefficients, (Cll - C12) and
C44 appearing in pure tetragonal and trigonal deformation via (Rosenvasser-Feher 1964)
Gn

= (cn - C12)C n

G 44

= C44C44,

(9)

assuming the local elastic deformation is the intrinsic one. Comparison of values of

6z(Ro) and tz in § 4 for SrTi0 3 and MgO will show to what extent this latter assumption
is valid.
3. Experiments

A single SrTi0 3 crystal containing 0.014% Cr3 + and 0.092% Al was purchased in 1964
from the former National Lead Company. Some of the MgO available on stock as well
as the Lacroix sample were nominally pure. Other MgO doped with 0.08% Cr3 + was
ordered from Spicer, UK, in 1981. Samples were machined in cylindrical form and were
oriented along the [100], [111] and [110] axes by the Laue back-reflection technique.
Stress was applied along the axis of the cylinder mounted in the centre of a circular TEO!
cavity resonating at 19.2 GHz as previously described (Berlinger and MUller 1977). The
magnetic field could be rotated perpendicularly to the stress axis.
Stress along the tetragonal and trigonal axes yielded axial crystal-field splittings
according to Hamiltonians (6) and (7) with Di = D, D'. In Gauss units:
H( ±i) - H( ±!)

=

±Di(3 cos 82 - l)p

for 8 = 90°;

thus the difference is 2Dip. The [100] stress-induced splitting was quite small. Figure 1

,----Cr 3.

FS

I
I

!

I

L ____ I ____
~

Cr 3 •

I

~

____

I
I

~

HFS

Figure 1. The ESR spectrum of C~+ in SrTi0 3 under 19.6 kg mm- 2 of stress along [100) with
HII [001). The fine-structure (FS) splittings ±! - ±~ of ±D are shown together with the
+! - -! hyperfine splittings (HFS) at 300 K.
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Figure 3. The splitting 2D' as a function of uniaxial
[111] stress p for H II [110] showing the zero intercept for p = O. The slope is 8.16 G kg - 1 mm- 2

Figure 2. The splitting 2D as a function of
uniaxial [100] stress p for H II [001], showing the
non-zero intercept for p = O. The slope is
1.67 G kg- 1 mm - z.

shows the fine-structure lines in SrTi0 3 for p = 19.6 kg mm - 2 distinct from the hyperfine
lines. The data from such spectra as a function of uniaxial stress are shown in figure 2 for
[100] and figure 3 for [111] stress in SrTi0 3 . The slopes deduced are

-2D/p =!C 11

=

1.67 G kg- 1 mm- 2

-2D'/p = 2C 44 = 8.16 G kg- 1 mm- 2•

(10)

For the [100] stress, the linear splitting curve does not extrapolate to zero stress.
The remaining 5.4 G splitting may indicate a slightly off-centre position of the
Cr3+ ion in a [100] direction. Of importance is the relative sign of C II and C 44 ,
checked by applying uniaxial [110] stress and rotating the magnetic field
in the (110) plane from a [110] through a [111] to a [001] direction. For
this geometry, Hamiltonian (8) applies. The fine-structure transitions vary as
[-(2Ms - 1)/2] [D"(3 cos 2 8 - 1) + 3E(cos2 cp - sin 2 cp) sin 2 8]. For H parallel to a
(110) plane, with the 1] axis parallel to [110], cp = 90° and 8varies from 0° to 90°,
He!) ~ H(l) = p[iC 11(3 cos 2 8 - 1) + K

44

sin 2 8]
(11)

Twice the right-hand side of equation (11) is plotted in figure 4 against measured data
for a (lIO)-stressed SrTi0 3 sample. The stress applied was 32.6 kg mm - 2 , and the
absolute values of the C 11 and C 44 constants were taken from figures 2 and 3 using
equations (10), respectively. The full curve was obtained assuming the signs of the two
constants are the same and the dotted one assuming they are opposite. From the plot,
it is clear that they have the same sign. The data for MgO under [110] stress corresponding
to figure 4, are shown in figure 5. Data for HII[OOl] were too inaccurate to be shown.
Again, C 11 and C 44 have the same sign (see table 1). This also accords with the results
of Watkins and Feher (1962) for MgO.
Table 1 compiles values of C 11 and C 44 for MgO and SrTi0 3 . For the former crystal,
the four values listed were obtained (a) using the published values of Watkins and Feher
(1962), (b) for a sample we had in stock, (c) for a sample we obtained from Professor
Lacroix, and (d) for a newly purchased sample. For the two crystals (b) and (c) we were
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Figure 4. Anisotropy of the fine-structure (FS)
splitting in SrTi0 3 under fixed stress p =
32.6 kg mm- 2 parallel to a [flO] direction. The
curve calculated according to equation (11) for
C11 and C44 of table 1 for the same signs is the
broken curve, and the dotted curve is for different
signs.
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Figure 5. Anisotropy of the fine-structure (FS)
splitting in the new MgO sample under fixed stress
p = 11.47 kg mm- 2 parallel to a [110] direction.
The FS lines between 8 = 0 and 54.7° were blurred
due to Mn2+ lines. The curve was calculated
according to equation (11) for C11 and C44 according to table 1.

unable to determine C II, because Mn2+ impurities present masked the small induced
Cr3 + fine-structure splittings under [100] stress. From the table, one sees that two sets of
values of C 44 are observed for MgO crystals differing by 20%. Similar differences were
found earlier on Fe3 + data in MgO by Rosenvasser-Feher (1964) and Lacroix. They
possibly result from different elastic behaviour of the MgO crystals used. More alarming
at this stage appears to be the factor of four in the values of ell. As will become apparent
in § 4, this is a consequence of b2 (R) being near a maximum in Cr3+. Thus, a small
variation in elastic behaviour of the crystals can yield such differences.
For the superposition model, the strain coefficients G ij are needed. Using the stiffness
coefficients of SrTi0 3 at 300 K (Bell and Rupprecht 1963), Cll - C12 = 2.156 X 10 12 dyn
cm- 2, C44 = 1.23 X 10 12 dyn cm- 2; and for MgO (Rosenvasser-Feher 1964) Cll - C12 =
2.105 X 1012 dyn cm- 2, C44 = 1.50 X 10 12 dyn cm- 2; the values of G ij given in table 2 were
calculated for SrTi0 3 and an average value for MgO; from them the parameters 62 and
t2 of the superposition model were deduced. The g-value of Cr3 + in both crystals was
g = 1. 979 and therefore the conversion calculated for 1000 G to cm -I is 1/ A = v/ C =
1000gf3/ch = 0.0925 em-I.
Table 1. Stress-coupling parameters for C~+ in units of (dyn cm- 2 ) x 1012 for SrTi0 3 and for
different samples of MgO.

Cll
C44

SrTi0 3

MgO
(Watkins and Feher

MgO

MgO

MgO

(Verneuil)

1962)

(Stock)

(Lacroix)

(New)

0.525 ± 0.013
3.85 ± 0.06

0.28
3.41

3.45 ± 0.05

2.80 ± 0.04

0.070 ± 0.002
2.85 ± 0.04
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Table 2. Strain-coupling parameters G 11 and G 44 for

0.3+ in SrTi0 3 and averaged values
for MgO and Fe3+ in MgO. Computed superposition-model parameters 62 (R o) and 12
including values of Ro, and parameters A and B, Rmax or R min are listed consecutively.

Cr3+

SrTi0 3 (Verneuil)

MgO

G11

+1.13
0.03
+4.73
0.07
+2.37
0.04
-0.36
0.01
1.952
-10.6
5.0
-8.2
2.5
1.967
0.005

+0.37
0.30
+4 .68
0.17
+2.34
0.21
-0.12
0.11
2.101
-8.8
2.1
-6.5
2.3
2.102
0.005

G44
62
12

Ro
A
B

Rm

Fe3+MgOt

Units

5.5
-0.82
-0.41
8± 1
2.101
0.68
0.08
0.27
0.04
1.69
0.19

A

t Newman and Siegel (1976), Watkins and Feher (1962).

4. Discussion

4.1. Dependence on b2 (R) for Cr 3 +
Comparison of the superposition-model parameters of Cr3+ in table 2 shows values of
b2 within an experimental accuracy that is the same for SrTi0 3 and MgO. The values of
t2 are small and negative, but for MgO they are close to zero. For Gd3+ , values of t2 close
to zero have been accounted for by Newman and Urban (1975) with a two-term power
law of the form

b2(R) = (-A + B)(Ro/R)t2 = -A(Ro/R)n + B(Ro/R)m

(12)

with (B - A) = b2 (R o) and m > n > O. Theoretically, many positive and negative contributions to b2 (R) are present, but these have been collected in the two terms in
equation (12). There, the constants A and B are given by

B = A + b2(Ro).

A = [(t2 - m)/ m - n)] b2(R o)
b2 (R) has an extremal value at
Rm

= Ro(mB/nA)l/(m-n) = Ro[(l

- t 2/n)/(1 - tJm)] l/(m-n).

(13)
(14)

As m and n are of the order of ten, small values of t2 allow Rm to be computed with very
high accuracy, as is the case for C~+ .
For Gd3+, b2(R o) < 0, i.e. the Lennard-Jones-type function (12) has a minimum at
Rm. As b2(R) is also negative for Fe 3 +, this is also the case for this ion or Mn2+. For Cr3+,
we encounter a new situation because b2 (R o) is large and positive. This does not prevent
us from applying equations (12)-(14) analytically. The last equation then yields a
maximum of the positive b2 (R) curve independent of the chosen values of nand m. This
is a novel feature in superposition work.
In order to be consistent, for Fe3 + and Cr3+ we want to use the same exponents nand
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m in equation (12). The difference for m - n = 3 is taken to be that used earlier for
Gd3+ so that the behaviour of the function 62 (R) for the two S-state ions Gd 3 + and
Fe3 + will also be consistent. Setting m - n = 2 or 4 changes the results by less than 5%
from m - n = 3 (figure 8(a)). For Gd3 +, n = 7 and m = 10 were employed, but to
reproduce t2 = 8 ± lfor Fe3 +, n ;3: 8 ± 1 is required. We used n = 10; therefore m = 13.
This choice of nand m yields t2 = 8 ± lover a reasonable interval around R = 2.1 A;
see figure 6 (t2 = 8 ± 1 is normally used for all superposition-model analyses of Fe3 +).
Taking n = 9 or n = 11 did not substantially alter the results to be discussed (less than
10% between R = 1.9 and 2.2 A), a fact well known for Lennard-Janes-type potentials
with high exponents. Values for A, Band R m forFe3+ in MgO, C~+ in MgO and SrTi0 3
are listed in the last three rows of table 2. Errors shown in this table were computed
from those of table 1 and varying the exponents nand m by the large amounts of ± 1.
Owing to these variations in n or m, the large errors in A and B are misleading insofar
as a plus bA error in SrTi03 to a certain extent also corresponds to a plus bA in MgO,
and similarly for bB, such that the error B - A = b2 (R o) (equation (12)) is much smaller.
Using equation (12), we computed 62 (R) for Cr3 + in MgO and SrTi0 3 . These results are
shown in figure 7 for Cr3 + replacing a Me4 + site (Ti4 +) or Me2+ site (Mg2 +). Here, R is
the bulk cation-anion distance. Effects due to charge and size misfit are addressed in
§ 4.2, and replacement of a Me3+ ion by Cr3 + in § 4.3. As discussed there, b2 (R) for that
case is obtained by taking the mean values of A, Band Rm for Me 2 + and Me 4 + replacement. This 6z(R) curve is also shown in figure 7. In figure 8(a), we have varied m - n
from 2 to 4, showing the small effect upon 6z(R) in doing so, and in figure 8(b) is shown
the effect of varying m but keeping m - n constant. This illustrates our assertion of
relative insensitivity of 62 (R) between R = 1.9 and 2.2 A in chosen exponents.
Our analysis yields a curve for C~+ (figure 7) similar to that for Fe3 + (figure 6) but
sign-inverted; this was found by employing in a consistent manner the sum of two
power-law dependences on R in equation (12). For Cr3+, Rmax occurs at considerably
larger values; then R min is found for Fe3+, for which R min = 1.7 ± 0.2 A. In MgO, tz for
C~+ is small and negative and Rmax = 2.102 ± 0.005 A. At this point, one may inquire
about the origin of the sign inversion of bz(R) for C~+ as compared with that of Fe3+.
We think it is the empty eg anti-bonding subshell of this ion whose ground state is the
half-filled mainly non-bonding tZg subshell, i.e. its wavefunction is \xy+ >\yz+ >\zx+ >.
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Figure 6. b(R) for Fe 3+ in MgO (on Me 2+ sites)
according to equation (12) with constants A and
B from table 2 and b2 (R) power-law dependence
b2 (R) = -0.41 (2.1Ol/R)8.

Figure 7. b(R) for Cr3+ substitutional on Me 4+,
Me 3 + and Me2+ sites in octahedral oxygen coordination. Values of A and B are listed in table 2
and equation (15).
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Figure 8. (a) Variation of b2 (R) with m - n, and (b) with m = 12, 13 and 14 for fixed
m - n = 3 according to equations (12) and (13) with A and B given by equation (15) for Cr3 +
replacement of a Me3+ ion.

This observation of ours may be more than a speculation because the strain coefficients
of Cr4 + in GaAs have been reported recently by Krebs and Stauss (1982) to be G ll =
-0.5 cm-1/units of strain and G 44 = 10.1 cm-1/units of strain. Thus, from equations (2)
and (3) we compute t2 = +0.15 and 62 = 5.05 cm- 1 for Cr 4 + (3d)2 in the tetrahedral
coordination of GaAs where only the non-bonding eg subshell is occupied, the t2g shell
being located above it in this coordination. Therefore, in this case we encounter a result
very similar to that for Cil+ in octahedral coordination: a large positive b2 and a nearzero (now slightly positive) t2. It might be worthwhile substantiating these observations
theoretically starting from ligand-field basis functions.
4.2. Charge and size misfits

The strain-coupling coefficients G ll and G 44 in table 2 have been calculated from the
stress coefficients C II and C 44 under the tacit assumption that the strain around the
impurity is the same as that in the bulk. This assumption was made by all previous
experimentalists (Lebl6 et a11982, Aguilar et aI1982). Now, differences between size
and charge of the impurity and substitute ought to alter this, and this is clearly borne out
by the Me 4 + and Me 2+-site curves in figure 7, which should be identical if the differences
above were absent. We can actually go a step further and differentiate between size and
charge effects. The ionic radii of cil+ and Ti4 + are the same within experimental
accuracy, 0.60 A in octahedral coordination (Megaw 1973). Were there no effect of
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charge misfit, the Me 4 +-site curve would be the valid one. Then, we can use it to estimate
62(R = 2.101) and t2 at a Mg2+ site, and obtain from equation (12) 62 = 1.91 cm -1 which
is :LO% less than the value listed in table 2, but t2 = +4.9 which is very different from
t2 = -0.12 ± 0.11! Referring to figure 7 this is on the R > Rm decreasing slope of the
Me4 + curve. We can estimate the influence on local relaxation by assuming the relaxation
to be half the sum of ionic radii, i.e. R = (2.10 + 1.95)/2 = 2.025 A. Then 62(1~) =
2.23 and t2 = + 3 .14, still large and positive instead of slightly negative. Thus, we find
experimentally a substantial dependence on charge misfit. This is reflected in the difference between values of t2 of a factor of 3.0 (table 2), whereas the values of 6 2 are the
same within experimental accuracy. The latter are proportional to the coefficients G 44,
and the former essentially reflect the behaviour of G ll , i.e. we find a strong G ll chargemisfit behaviour.
Sangster (1981) has recently theoretically calculated misfit effects due to oxygen
relaxation around 3d Men + (n = 2,3,4) impurities in MgO for an ionic model. He finds
the local strains for Me2+ ions to be very nearly the same as those for the bulk. However,
for FeH impurities Eg strains are reduced to 30%, and T 2g strains to 80% of the bulk
ones, i.e. reductions by factors of 3.3 and 1.25, respectively. Sixty per cent of the
reduction is due to the excess charge causing the inward motion of the 0 2+ ions. This is
a factor of (1/0.3) x 0.6 = 2 in Eg strain coupling. Eg strains couple through the coefficients G ll, and T 2g strains through G 44 (equations (4) and (9) ). Relaxation for Cr n + ions
was not calculated by Sangster. He worked out those for Mn, Fe, Co and Ni. Stronger
dependences for Eg than for T2g have been found for the whole sequence, but less
pronounced dependences were found for the lighter transition metals. For example, the
ratio of local-to-bulk Eg strains between Mn 3 + and Fe H is 1.4. Thus, extrapolating this
ratio of 1.4 between FeH and Mn 3 + to Cr3 +, we arrive at a reduction due to charge misfit
for C~+ in MgO, using the above value of3.3 for FeH in MgO, of3.3/1.4 = 2.4. Whereas
the coupling of CrH in MgO is reduced, that of Cr3 + on Ti 4 + sites in SrTi0 3 is enhanced,
due to the substitute being one unit of charge smaller. Because no size misfit is present,
the enhancement due to charge misfit alone, i.e. 2/1.4 = 1.4, is present. Thus, the total
theoretical reduction ratio on going from Ti 4 + to Mg2+ replacement is 1.4 x 2.4 = 3.4.
In the preceding subsection, for G II we experimentally found an average ratio of
2.4. Including the large error in t2 of MgO, this ratio is not smaller than 1.6 and not
larger than 16, bracketing the theoretical value of3.4. Thus, to the best of our knowledge,
this is the first experiment showing the effect of charge misfit on a strain coefficient. For t2g
strains, we proceed as before and calculate a ratio for Ti 4 + to Mg2+ replacement of
19% x (0.6 + 1.0) = 0.30% or a factor of 1.3. Experimentally, from table 2 we have
(1.01 ± 0.07), which is smaller than what we extrapolated from Sangster's calculations
to our case of CrH .
4.3. Cr 3 + substitution for a three-valent host ion

The usefulness of the model for C~+ has most recently been shown for two cases: by
analysing the C~+-Vo chromium-oxygen-vacancy centre in W0 3 (Muller 1983). The
local structure deduced from the axial D-term in the C~+ EPR spectrum is essentially the
same as that derived for the analogous Fe3 +- Vo centre. This is a nice confirmation
because the superposition-model parameters for C~+ and FeH are so different. The
second success is the analysis of the temperature dependence of the EPR parameters in
the four phases of BaTi0 3 containing C~+ (Muller and Berlinger 1983). Again, the
behaviour of the C~+ ion on the Ti4 + site is very nearly the same as that of the Fe 3 +
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reported earlier, but the EPR parameters are very different, as are the model parameters.
One may now check whether the model is also able to yield correct results if the c2+
replaces a three-valent ion.
In the previous subsections, we established a dependence of the superposition-model
parameters on charge misfit with two separate Me 4 + and Me2+ dependences of b2 (R).
To obtain a dependence ofCr3+ replacing a trivalent host, we shall not err much in taking
the mean of the values of b2 (R) and t2 or of the values of A and B for replacement of
Cr3 + with Mg2+ or Ti 4 +, and get
= -0.24 ± 0.06
A = - 9.7 =+= 1. 3 cm -I
t2

b2 = 2.36 ± 0.12 cm- I
B = -7.4

=+=

Ro = 2.027

A

(15)

1. 2 cm -I.

The dependence of b 2(R) obtained from equations (12) and (15) is also shown in figure
7.
A test for the validity of the model parameters in equation (15) is furnished by the
axialb~ splittings reported for rhombohedral LaAI0 3 • From the cubic-to-rhombohedral
transition in LaAI0 3 , at 797 K to room temperature the ratio is constant and equal to
(Kiro et a11963, Muller et aI1964)
(16)
For a pure rhombohedral distortion of an octahedron, in the superposition model one
has (Siegel and MUller 1979b)
(17)
where (j is the angle between the trigonal axis and any of the oxygen ligands. As both
paramagnetic ions in question see the same angle (j, we have for LaAl0 3

b z(Fe3+)/b z(Cr 3+) = -0.87
with Ri = 1.90 A at 300 K. For Ro = 2.101

A in MgO

b2 (Fe3+)/b 2 (Cr3+) = -0.21
according to table 2. The ratio remains negative but its absolute value is smaller by a
substantial factor of 4.14. Referring to figures 6 and 7, we can account for this quantitatively as follows.
(i) Fe3 +: upon reducing Ro = 2.101 A for MgO to Ri of LaAI0 3 , b2 (Fe 3+) becomes
more negative and bzCCr3+) less positive. Assuming the power laws of equation (1) to
hold for Fe3 + with t2 = 8, we obtain (Ro/RiY2 =2.2. But we are on the MgO curve,
where Fe 3 + replaces a Mg2+ ion. If Fe3 + replaces an A1 3+ ion, we have to enhance this
ratio by (19%) x 0.6 = 11 %, due to charge misfit according to Sangster (1981), and
arrive at a factor of 2.4 for Fe3+ .
(ii) We now consider Cr3 +. It has to follow our Me 3 + curve in figure 7. On reducing
from Ro = 2.101 A to R = 1.90 A, the b2 (R) becomes a factor 1.77 smaller. Thus, the
total ratio computed is: 1.77 x 2.4 = 4.26. This is, within the achievable accuracy, the
value of 4.14 from the experiment above. An oxygen outward relaxation of 0.01 Awould
reduce the ratio computed to 4.0. Although the agreement may be fortuitously good,
we feel confident that the b2 (R) curve for Me 3 + replacement shown in figure 7 is close
to reality.
In LaAI0 3 , the A13 + ions are at octahedral sites with inversion symmetry. We can go
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a step further and look for an oxide crystal where the AI3+ is sited at a trigonal positon
lacking inversion symmetry such as Ab03. There, one equilateral oxygen triangle lying
perpendicular to the trigonal axis is shrunk and the other expanded (Megaw 1973). For
each of the oxygens in one of the two triangles, equation (17) still applies . Thus, we
expect the ratio of equation (16) to hold when the AI-O distances are the same as in
LaAI0 3. Indeed, the averaged bond distance of the two inequivalent triangles is
(1.89 + 1.93)/2 = 1.91 A as compared with 1.90 A for LaAI0 3. The ratio of the b~
parameters at 300 K for Fe3+ (Symmons and Bogle 1962) and that for Cr3+ (Geusic 1956,
Manenkov and Prokhorov 1955) is then, for A120 3,
b~(Fe3+)/b~(Cr3+)

= -0.87

confirming our reasoning for Ah03 and the Cr3+ superposition-model parameters
obtained in § 4.1.

5. Summary

Classically measured spin-stress-coupling coefficients C 11 and C 44 of Cr3+ in SrTi0 3 and
MgO yielded the following results.
(i) The coupling coefficients in MgO are sample-dependent (table 1). Samples fall
into two distinct groups.
(ii) The deduced Cr3+ strain-coupling coefficients for the substituted intrinsic ions
Mg2+ and Ti4 + show a charge-misfit dependence (table 2 and figure 7). The latter is
important for Eg strains, of the order of 50% per unit nominal charge, verifying recent
calculations of Sangster (1981).
(iii) The computed model parameters 62 and t2 for Cr3+ replacing an intrinsic Me3+
ion are very different from those for Fe3+. This difference is ascribed to the different
electronic configurations of the two ions (t2g)3 and (t2g)3 (egf, respectively.
(iv) From the small negative t2 and positive b~ parameters of Cr3+, a radial dependence for the 62 (R) parameter has been obtained from a sum of two power-law terms.
Consistency with Fe3+ is achieved by using the same power-law exponents of R for Cr3+
and Fe3+. For the (tz g )3 configuration in an octahedral environment, a sign-inverted
b2 (R) as compared with that for Fe 3+ results; see figures 6 and 7.
(v) The quantitative applicability of the proposed 6z(R) dependence in the trigonal
LaAI0 3 and Al 20 3 crystals was demonstrated, showing that Cr3+ EPR confirm Fe3+
results and the validity of the superposition model for Cr3+ .
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Note added in proof After submission of the present manuscript, a paper on Cr3+superposition-model analysis
by Newman (1982) appeared in this journal. The author considered matrix elements between the 4Az ground

state and the excited quartet states of ionic Cr3 +. Within this model, he finds that two terms per ligand
contribute to the superposition model. Most recently, Clare and Devine (1983) employed this theory of
Newman's to account for their recent stress experiments on C~+ in Ah03. In doing so, they arrived at a
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ground-state splitting b~ a factor of four smaller than the one observed. This failure is obvious in the light of
the work, over two decades old, of Peter and Sugano (1961). Sugano and Peter showed then that the groundstate splitting of c,-l+ in Al2 0j cannot be accounted for by taking into account the quartet configurations alone.
Including all the excited doublets, configurational interactions and covalency, the proper splitting was calculated numerically by them. In the same way that excited doublets are important for the 4A2 ground state of
cr3+ , the excited quartets are of importance for the 6Al ground-state splitting of Fe l + (from cubic symmetry).
The doublets for Cr3+ and the quartets for Fe l + have comparable excitation energies, of the order of 10 Dq or
even less. This makes plausible why the accepted applicability of the single-parameter li 2 (R) superposition
model for Fe l + also entails that for Cr3+ . Thus, using the superposition model in the 'classical' but incomplete
form with one b2 (R) parameterfor both Cr3+ and Fel+ appears useful. Of course, the perturbation calculations
yielding h2(R) in the two cases differ as do the h2 (R) parameters, even being sign-inverted. Whether a realistic
and rigorous theory for the Cr3+ superposition model, or more generally for orbital singlet ground states with
half-filled subshells, can be worked out remains to be seen.
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The progressive reduction of SrTi0 3 :Mn has been monitored by EPR. The
results show the conversion of Mn4+ to Mn2+ and Mn 2 + to Mn2+-VO by
oxygen-vacancy capture. The latter defect association takes place with
the copious oxygen vacancies produced during high-temperature reduction
between 1100 - 1300 K. At still higher reduction temperatures, other
defects are formed. Analysis of the temperature dependence of the defect
association gives a value of 0.7 eV for the enthalpy of association.

1. Introduction

2. Experiment and Results

When SrTi0 3 is doped with transition metal
ions of the first series, they replace the Ti4+
at the center of the oxygen octahedra. Here, they
occupy a site with cubic symmetry and give rise
to EPR spectra with cubic symmetry.' However, if
the transition metal-ion valency has a value

Crystals of transition metal-ion doped
SrTi03 were reduced by heating in Formier gas
(94% N2 6% H2 ), pure hydrogen or vacuum and subsequently quenched to room temperature by dropping them into a bath of silicone oil or onto a
large metal mass. The crystals were then examined
by EPR at room temperature with Ku or X-band

other than four some form of charge compensation
is necessary. The more common valencies of the

spectrometers. Optical absorption spectra were

first transition metal-ion series are less than

taken at 25 K with a Beckman Acta MVII spectrophotometer.
The doped c rystals were obtained from the
Commercial Crystals Laboratory and cut into
slabs 5 x 2 x 0.3 mm. Most of the measurements
were carried out on a-20 gm boule of manganesedoped SrTi0 3 with 0.48 gm MnO added to the feed.

four so the necessary charge compensation occurs

by oxygen-vacancy, VO' formation if insufficient
other compensating impurities are present . The

oxygen vacancy may be located at a nearest-neighbor site to the transition metal-ion impurity
and form an axial defect such as Fe 3 +-vO with a
tetragonal EPR spectrum. 2 The oxygen vacancy may
also occupy more distant oxygen sites causing a
correspondingly small perturbation such as in
Cr-doped SrTi0 3 . 3
While the existence of such oxygen-vacancy
associated defects is well established in perovskites," their kinetics of formation has not

This crystal is brown and in the oxidized, as-

received state EPR showed the characteristic
spectrum 6 of cubic Hn4+ and a weaker spectrum 7
due to cubic Mn 2 +. The optical absorption spectrum [ see Fig. 2(a)] shows a band around 2.23 eV
associated with the presence of cubic Mn4+.
Reduction, followed by quenching in a hydrogen atmosphere, produces a rapid decrease of the
cubic Mn4+ accompanied by a rapid rise in the
cubic Mn 2 + concentration near 750 K. This change
is readily monitored by EPR, since both Hn4+ and
Mn 2 + each exhibit characteristic spectra shown
in Fig. lea). Reduction and quenching in Formier
gas shows a similar conversion around 850 K.
In the temperature range 750 - 950 K, it is
possible to produce the EPR spectrum of Mn3+-V 7
by reduction and quenching in both these atmos~
pheres. Reduction around 1000 K produces an
optical absorption band around 2.5 eV due to
~m3+, 5E - 5 T2 , similar to that found in A1 2 0 3 8
and shown in Fig. 2(b).
At reduction temperatures above 1100 K, the
EPR spectra exhibit only cubic Mn2+ and axial
Mn2+-V07 centers as shown in Fig. l(b). The

been considered so far. The similar reaction of
transition metal-ion impurities and metal-ion
~acancies ~as

1n MgO:Cr .

been studied optically by Glass

Here, we use EPR measurements to

show that Mn 2 +-V O associates are formed reversibly in SrTi0 3 :Mn at high reduction temperatures
where large concentrations of oxygen vacancies
are generated. The high-temperature state is
monitored by freezing it into the crystal by
rapid cooling, and subsequently examined by EPR
and optical absorption spectroscopy.
No similar increase in the concentration

of axial associated centers was found for the
isoelectronic iron centers, Fe 3 +-Voo In fact,
the concentration of Fe 3+-V O is apparently more
or less determined during crystal growth and
only small changes could be induced by subsequent
heat treatments.

*

Permanent address! Facultad de Ciencias

ratio of the concentration of these two centers
was measured as the ratio of their EPR signals,

C-IV, Universidad Autonoma Madrid,
Madrid-34, Spain.

and the logarithm is plotted in Fig. 3 as a
function of the reciprocal of the reduction
903
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Fig. 2.
Fig. 1.

EPR spectra of SrTi0 3 :Mn (a) as grown
with cubic Mn4+ and Mn2+; (b) reduced
and quenched from 1320 K showing both
cubic Mn2+ and axial Mn2+-VO spectra.
H II (100) v = 9.56 GHz.

association.

temperature. It is seen that between 1100 and
1300 K, the concentration of axial Mn2+ centers
rises from virtually zero to become equal to the
cubic Mn 2 + concentration. Above 1300 K reduction
temperatures, there is an apparent reduction in
concentration ratio. Since no line broadening
was observed in the same temperature range,
there is no enhanced relaxation due to interaction with conduction electrons. This maximum

at 1300 K is thought to be due to the onset of
the conversion of the axial Mn 2 + centers into

other defects by the capture of electrons or
additional oxygen vacancies. Evidence of this
is clearly seen in the optical absorption spectra. In the temperature range 1100 - 1300 K, the
absorption spectra of these thin slabs show no
features attributable to Mn 2+ or Mn2+-Vo but
above 1350 K, new strong absorption bands occur
at 0.93, 1.37, 1.81 and 2.48 eV as shown in
Fig. 2(c). Compared to the Mn4+ and Mn3+ absorptions, these bands are at least an order of mag-
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nitude stronger showing they are due to a center
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without inversion symmetry like an oxygenvacancy associate possibly involving Mn with a
valency between 2 and O.
The association reaction between Mn 2 + and

the oxygen vacancies is reversible. Heating the
crystals in air at 1200°C returns the cubic
Mn4+ EPR spectrum independent of whether the

Fig. 3.

reduction was carried out in hydrogen, Formier

Logarithm of the Mn 2+-V O/Mn 2+ concentration ratio against inverse reduction
temperature in Formier gas.
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gas or vacuum. However, the vacuum-reduced

crystals show Mn 2+-oxygen vacancy association
even on slow cooling, contrary to the hydrogen

and Formier-gas-reduced crystals. Therefore, in
discussing the formation of Mn2+_vO associates
only the results of hydrogen and Formier-gasreduced crystals will be compared to the simple
model discussed in the next section.
3. Discussion
Below 1100 K, the effect of the reduction
process on the manganese centers appears to be
a reduction of their valency until the dominant
center is cubic Mn 2+ according to the roomtemperature EPR spectrum. At higher reduction

• n

"2

(.!l)V2
'[Va]

~~T

(6)

V4

O2

Since the association of Mn2+ with the oxygen
vacancies is only observed at high reduction
temperatures where [Va] is rapidly increasing,
we shall neglect the constant concentration
present as charge compensation for Mn 2+. Hence,
equation (6) also equals the oxygen-vacancy
concentration

V3

K

2
2

temperatures, these cubic Mn 2 + centers are

observed to associate with diffusing, free
oxygen vacancies according to the reaction

exp 2 P

905

2/3

P

~F

V6 exp

3kT,

O2

and substituting this expression for [Va] in
equation (2)
(1)

· 2+
]
I_Mn
-Va

Applying the law of mass action to this
reaction yields
2+
[Mn -Va]
(2)
= K exp 3kT'
[Mn2+] [Va]
1
where the square brackets indicate molar concen-

trations, Kl is the rate constant, and ~g the
Coulomb attraction between the cubic Mn2+ and
the free oxygen vacancies which are both doubly
charged with respect to the lattice, the former
charged doubly negative and the latter doubly
positive. Therefore, if the concentration of
oxygen vacancies were a constant, more associated centers would exist at low temperatures

exp

[Mn 2 +]

(~g -

kT

~F/3)

(8)

Over the temperature range 1100 - 1300 K,
the experimental results for reduction in

Formier gas shown in Fig . 3 follow the exponential law of equation (8) with
~g - ~F/3 = -1 . 4 eV.
The similar results for
crystals reduced in a hydrogen atmosphere yield
an exponent of -1.0 eV. This difference most
probably represents our experimental accuracy,
so we take an average value of -1.2 eV. Various
groups of workers 9 - 12 have measured ~F from the
temperature dependence of the electrical conduc-

and they would dissociate with increasing tem-

tivity, and the results range from 4.9 to 6.2 eV.

perature. This is contrary to observation and it
is the rapid increase in oxygen-vacancy concen-

This uncertainty in 6F is carried over to the

tration with increasing temperature that forces
the reaction to the right of equation (1).
Oxygen vacancies are present in the crystal
to charge compensate for the Mn 2+ and as a result
of the reduction process causing conduction
electrons
(3)

where

n

is the free electron concentration

determined by the reduction reaction 9
(4)

The law of mass action applied to this equation
yields
[n]2 [Va] P

O2

V2 -- K2 exp _ kT'
~F

(5)

where K2 is the rate constant, ~F the free
energy change of the reaction, and P0 2 the
partial pressure of oxygen

1.
2.

determination of ~g from our results. Nevertheless, taking an average value of the four
determinations of 6F = 5.7 eV yields a value of
~g of 0.7 eV for the enthalpy of association of
Mn 2+ and an oxygen vacancy.
The value of 0.7 eV for the enthalpy of
association for the Mn 2+-VO nearest-neighbor
pair is about the same as that found for
metal-impurity-metal-vacancy associates in Mg0 5
and the alkali halides l 3 where the defects are
not on neighboring lattice sites. Furthermore,
as in these latter cases this value of 0.7 eV
is also far less than that calculated for a
Coulomb interaction between two neighboring
charges in a dielectric medium.
The reversible association of ~n2+-VO is
not found for the isoelectronic serles
Fe 3+-V O and C0 4+-V O' In the latter case, defect
association occurs even upon oxidation and
since no Coulomb interaction is present

additional effects are important.
Stimulating discussions with A. Baratoff
and W. Berlinger are gratefully acknowledged.
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lIC. The Axial Gd3+ -0 2 - Center in RbCaF3
The strong axiality of the EPR of Fe3+ -V0 has been used to monitor the rotation of the
Ti06 octahedra below the 8PT in 8rTi03 around its rotating axis, as will be reviewed in
Chap. VII. In the perovskite RbCaF 3, the same 8PT as in 8rTi03 occurs. Paramagnetic
Gd3+ ions, being of the same size as the intrinsic Ca2+ , were substituted in RbCaF 3 .
Upon further doping with oxygen, the neutral Gd3+ -0 2 - axial center was obtained, with
the 0 2 - substituting for the intrinsic F-. Together with J.Y. Buzan§, the rotation of the
CaF 6 octahedra below the 8PT of this fluoride crystal could be measured as a function of
temperature and uniaxial stress [IICll.
IIC I . EPR of the Gd 3+ _0 2 - pair as a probe to establish the phase diagram of [l11]-stressed
RbCaF 3, J.Y. Buzan§, W. Berlinger and K.A. Muller, Pmc. of the XXII Congress
Ampere, Zurich, 1984, eds . K.A. Muller, R. Kind and J. Roos (Zurich Ampere
Committee, 1984), pp. 30- 31. (p. 206)
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EPR of the Gd3+_0 2- pair as a probe to establish the phase diagram
of [111]-stressed RbCaF3
J.Y. Buzan';*, W. Berlinger and K.A. Muller
IBM Zurich Research Laboratory, 8803 Ruschlikon, Switzerland
'Permanent address: Laboratoire de Spectroscopie du Solide (E.R.A. CNRS no 682) Faculte des Sciences
F 72017 Le Mans, Cedex, France.

The paramagnetic resonance of the Gd 3+ _0 2. center substituted to a Ca2+-F bond is used to
study how the order parameter of RbCaF 3 varies under [111] stress.
PACS numbers: 76.30.Kg, 64.60.Kw, 64.70.Kb
Introduction
RbCaF 3 undergoes a slightly first-order structural phase transition (STP) (Te;:::; 195 K)
from the cubic O~ to the tetragonal Dl~ space group connected with CaF6 octahedra rotation.
Previously, this STP was investigated by monitoring the EPR lines of the Gd 3 +_0 2 . center
substituted to a Ca2+-F bond. This center exhibits a strong axial EPR spectrum in cubic
RbCaF 3 doped with Gd 2 0 3 corresponding to a large quadrupolar parameter
b~ = -2614xlO·4 cm'l in the spin Hamiltonian [1]. Below T e, this allowed local measurements
of the octahedral rotational angle proportional to the intrinsic values. Owing to its high
sensitivity, this center was also used to give evidence for dynamic effects at this transition.
Here, we report EPR investigations of[11I]-stressed RbCaF 3 : Gd3+_ 0 2' providing
accurate measurements of order-parameter components and clear determination of the phase
symmetries which corroborate firmly the theoretical predicted phase diagram [2].
Experimental details
The EPR experiments were carried out at microwave K band in the IBM multipurpose
cavity. The sample temperature was kept constant to better than 10'4 K [3]. A compressional
stress a was applied along the axis of a cylindrical sample parallel to a cubic [Ill] direction
and perpendicular to the external magnetic field Ii which was kept along [110]. For this
geometry, the splitting ofthe EPR lines are proportional to the <P[001] component of the
octahedral rotational angles <p.
Results and discussions
Fig. 1 shows the phase boundaries determined experimentally from the analysis of the
temperature dependence of a part of the spectra for various applied stresses. One line is
observed in the cubic phase. Splitting into two lines occurs in the trigonal phase when the
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sample is an R3c phase monodomain. In the tetragonal phase, four lines result from the three
possible domains with axes along the cubic fourfold directions. The slightly first-order cubictetragonal phase transition (Tc) extends from cr = 0 to crE = 0.10 kbar. In this stress range, the
order parameter discontinuity at Tc remains constant.

0.3
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0.2
Pseudotetragonal

Pseudo cubic

Trigonal

0.1

0L--4~

196

____L -____- L____
197
198

~

__

199

T(K)

Fig. 1. Phase diagram (cr, T) of [l11]-stressed RbCaF 3
For cr > crE, at low temperature a first order-line (Tp) separates the pseudo-tetragonal from the
trigonal phase merging the Tc line. Along this Tc-Tp line, no change of the <P[OOI] orderparameter component is observed. At T p, the qJ's jump from the near fourfold cubic axes
towards [111]. At higher temperature, the trigonal and the cubic phases are separated by a
second-order line (TI). These two boundaries meet at a finite angle thus locating a critical end
point at crE = 0.10 kbar, T E = 196.3 K.
Qualitative, the gross features of this phase diagram may be seen as the result ofthe
competition between ordering along the cubic axes which occurs at zero stress and ordering
along [111] favored by the compressional stress.
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III. Photochromism

Transition-metal impurities in dielectric and ferroelectric oxides play an increasingly important role in photochromic and photorefractive processes. It was often impossible to
assign the observed bands to either internal transitions or charge transfer bands because
the relative concentrations as well as the oscillator strength are or were not known. In
addition, oxide semiconductors are inherently more impure than the classical ones, e.g. Si.
This leads to substantial difficulties in correctly identifying the optical bands, especially
because charge transfer results from either the addition or the subtraction of an electron
on the site in question. Frequently the initial or the final state, or sometimes even both,
are paramagnetic. This offers the possibility to monitor the particular paramagnetic resonance signal as a function of the optical excitation frequency to identify the bands one is
interested in.
In III l , a review of the first such experiments carried out in oxides is reproduced.
It consists of the description of the so-called "EPR Conversion-Rate Method". Then its
application to the Fe5+ --t FeH --t Fe3+ acceptor transfer sequence of the major impurity
Fe in SrTi0 3 follows. The EPR of the first and last valence state of iron in that sequence is
used (see Chap. IA). In contrast to the majority Fe, the Fe-Vo impurity pair is a minority
center with a concentration about hundred times smaller than that of the substitutional Fe.
Nevertheless the optical transfer band Fe H -V0 --t Fe3+ -V 0 could be determined uniquely
by monitoring the EPR signal of both centers, whereby the first decreases and the second
increases in proportion to the illumination. For the reader interested in the details, the
original experiments on the iron centers are reported in III2 and III 3.
In review III l , the EPR conversion-rate measurements of SrTi03 doped with nickel are
also summarized. These results differ from those in the iron-doped system because some of
the charge-transfer processes are of the donor variety, i.e., electrons are transferred from the
Ni center to the conduction band. This is the case for a band at 520 nm due to Ni 3+ --t NiH
conversion. Irradiating into another band at 575 nm is associated with the donor charge
transfer that converts the Ni 3+ -Yo + 2e into the neutral Ni3+ -Yo + e center. In the former,
two electrons are trapped in the oxygen vacancy, V 0, which is paramagnetic, whereas
the latter is a diamagnetic center with one electron trapped. The existence of the latter
is also evidenced by the observation of acceptor charge transfer with near-band-gap light
converting the Ni3+ -V0-( -e) back to the Ni3+ -V0-( - 2e), as described in detail in IIh
Most importantly, the energy level of the Ni 3+ -V0-( -e) is just below the conduction band,
quite higher than that of the Ni 3+-Vo-(-2e). This means that when the oxygen vacancy
has trapped two electrons, despite the Coulomb repulsion between the two carriers, it has
a lower energy because of the atomic relaxation of the ligands. This so-called negative
V-center, after P.W. Anderson,3.l was observed before the ones in silicon. Later such a
negative V-center was also observed in BaTi03 [IV6].
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For the reader interested in the details, the original publication on the nickel centers in
SrTi03 is reprinted in III 3.
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IDENTIFICATION OF CHARGE-TRANSFER BANDS BY
EPR CONVERSION-RATE MEASUREMENTS'

K.A. Muller

IBM Zurich Research Laboratory, 8803 Riischlikon, Switzerland

'Reprinted from Magnetic Resonance in Condensed Matter - Recent Developments, Proc. of the IV Ampere International Summer School,
eds. R. Blinc and G. Lahajnar (Ljubljana)
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Introduction
Transition metal ion impurities in oxide semiconductor and dielectric

matcT.ials playa vital role in photochromic and photorefractive processes. From optical spectra alone it is often impossible to assign
the observed bands to either internal transitions or to charge-transfer
bands because the relative concentration as well as oscillator strength
are unknown. In a semiconductor, charge transfer can occur via donor or
acceptor transfer as shown in Fig. 1. From optical spectra a distinction
between thcse t.,O types of transfer is of course impossible. In
favorable cases using photoconductivity or other methods this can
be achieved if one major impurity is present. However, oxide semiconductors are inherently more impure than the classical ones such as silicon,

E

--.
7

/f:l.ectrOfl

eonduetiOfl

bond

~//////////

donortronsfet

Fig. 1. Possible chargc-transfer mechanisms of impurities in a crystal.
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germanium and the III/V and II/VI compounds. This leads to a
practically insolvable task if transfer bands of a minority impurity
have to be identified. As charge transfer lesults from the addition or
substraction of one electron on the site in question, either the initial
or the final state will frequently be paramagnetic. This offers the
possibili~y

to do paramagnetic resonance measurements in the presence of

optical excitation and identify the bands individually. The method
was first applied to determine the quenching energy of acceptor traps
in ZnS-ZnSe mixed crystals.

1

In the follO\"ing we shall first revie\-/

the method and then give examples both of majority impurities whose
optical abosrption bands were seen but not uniquely identified, and
minority impurities with concentrations one hundred times smaller than
the majority impurity whose band could only be identified by the EPR
conversion-rate method.

2.

The EPR

Conversion-R~te

Method

Consider the signal from a number of impurities in a given paramagnetic ground state which are quenched under fixed illumina.tion as a
fUIlction of time

I (t)

where

It (v)
q

t

and at a given frequency

V,

"It (v)-t
q

1. e.,

(1)

is the quenching rate; or conversely if the paramagnetic

state is created under irradiation
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(2)

I (t)

where

k

c

(v)

is the creation rate.

Measuring either

k (v) or k
q

c

(v)

as a function of frequency

v

will yield the optical transfer band of the center under consideration,
see Fig. 2. It has to be noted that the

k i (v), i

= q,

c

is proportional

to the matrix elements of electron transfer. Comparison with optical
absorption as me;.sured in a conventional spectrometer requires division
of the optical absorbtion coefficient, a, by the optical quantum,

hv,

because in the optical spectrometer the energy observed is measured.

cplical transfer bands

Fig. 2. Principle of EPR conversion-rate method.

The

eXFe~ilTJent

of a -150 \'/

XenG'1

is realized as depicted in Fig. 3. The focused light

lamp is passed through a narrow-band optical i!.t.erference

filter and" :;hutter onto a mirror. The narrow band optical intu:£enmce
filters Mne from Schott and had a 9 ~ bandwidth. II. camera sh1:;':!r ~ad
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Fig. 3. Experin;ental Bet-up used for the conversion-rate method.

just the right speeds for the sample sensitivity and light· intensities
used. The mirror reflected the light onto a suprasil quartz light pipe
which conducted the light down the cryostat into the EPR spectrometer
cavity. 'i'he cylindrical crystal was fixed axially onto the

lO~ler

end

of the light pipe with a teflon sleeve. The experiments were performed
at liquid-N 2 or liquid-lie temperatures to prevent thermal excitation of
the electronic donors or acceptors present. Thus the charge transfer for
consecutive illuminations was additive.

In order to obtain

let)

according to equations (1) or (2) the

shutter \las actuated repeatedly with the same speed of typically 1/10 sec.
After each light pulse the EPR spectrum was recorded and the amplitudes
measured. From tile slope of the amplitudes at

t

=0
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was dctennined, then the interference filter was changed. By measuring
the conversion rates at up to a dozen fixed optical frequencies the
charge-transfer bands for the center in question could be found. The
intensity of the light was monitored after the Schott

f~lters

by a

thermocouple. Typical intensities reaching the entrance of the light
3 x 1014. quanta I second.

pipe were
~iing

to the high sensitivity of certain centers to stray light

reaching the entrance of the light pipe, care had to be taken to shield
i~

and during the relatively long time in cooling the sample to low

temperatures a cup was put over the light-pipe entrance. It does not
require more than 2-3 hours'time to set up the

~Ihole

additional equip-

ment if the components are readily available.

3.

Results in SrTi0 3

a)

..

Ma;jOl'1.ty

In the

accep to 2' t2'ansf e2'

0

f

Fe 5+ and Fe 4+

followin~ experiments by Blazey et aZ. 2 which allowed identi-

fication of charge-transfer absorption bands in srTi0 3 are described.
'I'hese ,"'ere of importance to assign the strong photochromic bands in
this material obsrrved optically.

If SrTi0 3 is doped with about 1000 ppm Al

3+

,L~e

valency of the sub-

stitutional impurity Fe on a Ti site is increased to the 5+ state for
ch<.rge compensatiun. 'I'llis ion, r'e 5+, with a configuration of 3d 3 is
isoclectronic wit:h

Mn

4+

and Cr

3+

.
.
• Its identifl.catl.on resulted from the
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g-value sequence and the core polarization hyper fine interaction of

ncp

200. kG

which is constant for this 3d

samples, cooled in the dark, the quenching

3

sequence.

r~te

3

In such

as a function of optical

.
was measured. Figure 4(a) compares the Fe 5+ EPR quenchl..ng

rate \Oli th the optical absorption which shows a strong band at 2.53 eV.
TIle optical absorption was made comparable to the quenching rate by
dividing by the energy. The good agreement illustrates clearly that the
photochromic optical absorption centered at 2.53 eV is intimately related
to the disappearance of Fe S+. In Fig. 4(c) the evolution of the Fe S+,
Fe

3+

, and a hole-center

II

EPR amplitudes is shown .
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Fig. 4. (a) Comparison of the optical absorption due to Fe
with its
EPR decay constant. (b) Comparison of the optical absorption
due to Fe 4 + with the EPR creation constant of Fe 3+. (c) Optical
response of the EPR signals of Fe S+, Fe 3+ and II for constant
irradiation at 2.77 eVe After Ref. 2.
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DUring t...'1e optical quenchir.g of Fe 5+ the concent.ration of Fe 3+ first

decreases before it increases, see Fig. 4(c). This can only occur if the
2.53 eV absorption band is due to transferring electrons from the
valence band to the Fe 5 + and the liberated holes being subsequently
trapped at Fe

3+

forming Fe

4+

, unobservable by EPR.

~)e

alternative

possibility that electrons are excited from the Fe 3+ into the conduction
band and captured by the Fe 5 + is ruled out because the Fe S+ decay would
then be proportional to the Fe 3 + concentration. The Fe 5 + decay rate
was found to be independent of the Fe 3 + concentration. This observation
also eliminates Fe

3+

-Fe

5+

.
intervalence charge transfer as the cause of the

2.53 eV absorption band.

After this initial decrease of Fe

3+

an

.

approx~mately

exponential.

increase of the Fe 3+ concentration [Fe 3+(tl] =-[Fe 3+(OO)]{l - exp[- k (v)tll
c
was observed due to the transfer of electrons from the valence band to
the Fe 4 + created from the Fe S+. The rate constant, kc{v), of this process,
determined after most of the Fe 5 + had decayed, is a measure of its
sensitivity and was measured as a function of the wavelength of the
irradiating light. The circles in Fig. 4{b) show this sensitivity compared to the transit.ion probability spectrum derived from the optical
absorption known

4

~o

arise from the presence of Fe

4+

• Also, since the

concentration of the hole-traps 11 increased in parallel to that of
Fe

3+

, the

agreer.len. ~

in Fig. 4 (b) is further evidence that the optical-

absorption bands are due to excitation of electrons from the valence
band to Fe

'1

~

• 'rhus the band near 2.8 eV results from transferring .1.n
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electron onto the Fe 4+ to fonn F'e 3+. The full photocJ.r:>mic sequence is
"5+

Fe

--7
2.53 eV

f.:!

-,..

Fe

-~

3+

2.82 eV

EPR

Y.

4+

X

EPR

marks the Fe 4 + center which is not observed by EPR. The Fe 3+ final

state has no strong absorption below tile band gap of srTi0 3 •

b) Minority acceptor transfel> of Fe

In tile examples just

discusse~

4+

-V0

optical absorption and tile con-

versior.-rate measurements Here used in a complimentary way to assign a
charge-transfer band. This was necessary because tile Fe 4 + state could
not be observed by a conventional EPR spectrometer. In the next example
it is shown that if both the initial and final states are paramagnetic
then no optical absorption spectrum is needed. This is of importance if
tile center is a minority impurity. If the concentration is low, its
optical absorption is difficult to observe in the presence of the bands
of the majority impurities. This was the case for the Fe
center in SrTi0 3 when

4+

-VO centers

tile major impurities of Fe

Tne Fe

4+

-Vo pair

indicates a next-neighbor oxygen vacancy. 'Ine

Vo

concentrat.ion of tile Fe

4+

5+

and Fe

4+

~Ias

one hundred times smaller than

in tile crystal used.

-Vo center is a shallow acceptor in SrTi0 3 and was ob-

served for the first time with EPR by Schirmer et aZ. S It is two times
positively charged with respect to the lattice.

Owing to the oxygen
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vacancy a strong axial field is present in addition to the cubic one
at the octahedral site. This lowers the symmetry to

522
8 1 (x - y )

orbital singlet
strength is

enough that an

10\1

I

and produces an

ground state. The cubic-crystal field
S

=

2

low-spin configuration is found.

Due to the large axial field the axial constant
observed between the

C4

IDI

± 2 > non-Krarners state, D

»

hv. The EPR is

being negative, at

hv ~ 49UBH cos 6

where

is the angle between the C4v axis and the magnetic field

0

= 2.007

gu

and

g~

o.

Upon illumination the

S

=

R,

well-kno~n

Fe

3+

-yO center is created with

5/2. This optically-induced conversion to the Fe

3+

-yo

charge state

served to identify the acceptor transfer bands. This is inferred from
Fig. 5, where the wavelength-dependent quenching rate of Fe 4 +-vo is
compare d

. h t.e
h

w~t

.

creat~on

rate

0f

Fe 3+ -yO. It is seen that the wave-

length dependence of both quenching and creation rates coincide.
Thus we have

Fe

4+

-yo

the Fe

Fe

3+

-YO

EPR

F..PR

~:hen

--~

4+

-VO signal is quenched, a transfer of 0

2-

vitlence

elect.r')!1S to this center by light occurs. This is the only way .in which
it can g,'lin an addition"l electron while, under the same irradiaticn
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TRAfISFEfI PROBABILITY

3
.-.

F."+- Vo QUENCHING

0-0

F. 3 +_ Vo CREATION

2

2.5

<:.0

Fig. 5. Quenching and

.

creat~on

(transfcr-·probabil~ty

3.0

tV

4+
3+
.
of Fe -Vo and Fe -VOl respect~vely,
scale in arbitrary units). After Ref. 5.

conditions, holes are freed t.o the valence band and trapped at Fe

4+

present or at I I centers. This interpretation is clear here because two
neighboring charge stat.es of the iron-V 0 complex can both be observed
with EPR.

.3+ Donor trans f el'

C ) Nl-

Recentl~

conversion-rate measurements combined with optical-

absorption data in lli-dcped srTi0 3 have been carried out by Koidl

r.t aZ- 6 'r-he results differ from those in the iron-doped system. and in
t:lis case some of the charge-transfer processes involved in the photochromic switching a:r·e between the nickel centers and the conduction
band. A description of all the processes and centers investigated is
beyond t.he scope of this Lectur(>. We therefore restrict the discussion
to the donor charge transfer in order to emphasize the conversion-rate
method.
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In Ni-doped SrTi0 3 Faughnan
bands with cubic Ni

3+

and Ni

3+

4

correlated the principal photochromic

-VO + 2e centers, the latter being a

Ni 3 +-V o pair which has trapped two electrons. A band
was correlated with the presence of Ni
480 and 575 nm to the

.3+

N~

3+

B

at 520 nm

and bands Dl and D2 at

-VO + 2e center, respectively.

Figure 6 shows the quenching rate

k (v)
q

of the cubia Ni

signal. Also shown is the absorption coefficient divided by
of band

B. It is seen to agree with the quenching of cubic

3+

~he

.3+

N~

EPR
energy
•

I

~

.'"

':"u 2 .0

....
z

;!
I/)
z

'E
-<::-_ _ _ _ _-=j 2
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\'-------=>0.
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1

z 0.8
i
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i:
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o

u
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u

z
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a

u

~

o
;::

004

"a:

o

II)

CD

<t

500

400

600

700

800

WAVELENGTH IN nm

3+

Fig. 6. Comparison of Ni
quenching-rate constant \'lith the 525 run optical
absorption band B in SrTi0 3 • After Ref. 6.

The close correspondence between the EPR quenching-rate constants
o f Ni 3+ ana. t h e

.

opt~ca

1 a b ~orption band

B

which is necessarily a direct

process, Sl.!'1gests that this band is caused by a charge-transfer process
involving Ni 3 +. This is in agreement with the findings of Faugnnnn. 4
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'l'here arc t'.,'O direct processes ",,-hereby Ni

3+

can be quenched. An electron

mily be excited from the valence band onto the "i 3+ center converting it
to tli 2"· a .. rl the hole being subsequently trapped at an':Jther center. The
other possibility is that the Ni 3 + is photoionized to Ni 4 + and an
electron freed into the conduction band where it

m~y

diffuse through

the crystal until trapped at another defect.

Experimentally, no hole centers were formed during the B-band
quenching. Furthermore, an obvious electron trap was quenched by the
same amount with the S.J.J1le wavelength dependence as Ni 3 +, namely,
.3+ -Vo. Th ere f
~ d t h at t '•. e
ore'~t was conc 1 uue

N~

.

opt~ca

1 ban d

B

shown

in }'ig. 6 rep:.esents a donor charge-transfer process between the Ni 3+
and the conduction cand;
trapped at Ni 3 +-V

o

t~e

liberated electron being subsequently

centers.

The D2 band at 575 nm mentioned before could be assigned in a
sDnilar

~lay

to donor charge transfer of electrons from the Ni

3+

-Vo + 2e

centers to the conduction band. On the other hand, the strong Dl band
at 480 nm was not correlated with a quenching of this center, and appears
to be due to an excitation of the Ni 3 +-V

o

+ 2e center into an unstable

configuration or charge state which relaxes back into the initial. state
before the liberated carriers can diffuse away.

4.

Interpretation

The Fe

4+

-VO' Fe

5+

and Fe

4+

.

impur~ty

centers in SrTiO J are charged

2, land 0 times positively with resfK:ct to the lattice, whereas the Ni
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and Ni

3+

-YO + 2e are one charge negative. From this it uppears already

at first sight that the former three are acceptors, whereas the latter
two are donors. Consideration of the excitation energies involved
necessitates a more detailed picture in which the cubic-crystal field
splitting of the d-orbitals

e g and t 2g is included.

The optical excitation energies of the Fe 5 + and Fe 4 + are at 2.53 and
2.82 eV, respectively. These values are to be compared with those obtained
by Morin and Oliver 7 from thermally-stimulated conductivity. The thp.rmal

acceptor energies are 0.75 and 1.06 eV for these two ions, respectively.
Both excitations from the top of

~~e

SrTi0 3 valence band to the impurity

and in both cases the thermal excitations are

1.8 eV smaller than the

~

measured optical charge-transfer energies. Including possible FranckCondon shifts, estimated to be of the order of up to 0.5 eV,

8

it appears

that the optical transfer excitation originates from valence-band
orbitals lying approximately 1.3 - 1.8 eV below

valence-band edge.

~)e

This is in agreement with molecular orbital calculations of Tossell

et aZ. 9 on the Ti06 8 - cluster in which oxygen 2p tu levels are found at
this energy. The top of the valence band has
strong excitation to the even
are expected.

Th~~e

d

character, and no

levels, e g and

~2g'

of the impurities

higher oxygen orbitals are non-bonding in character.

They are little affected if other central

He

ions are used in the

Me0 6 cluster such as Fe 2 + or Fe 3+ op. cit. 9 Fe 4 +, Fe s + and Ni 3 + (not
Fe
Fe

4+

2+

-'10 )

are strong field cases of the

and Fe

3+

• Thus we modify the t

2g

~le06

.j.

and

complex in contra5t to

J.,:;:

~
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E(t

2g

0

< E(e

compared to the Fe

et at. 9

and push the

t) ,

9

3+

The resul t

t 2g

+

level down to - 7.5 eV as

unrestricted SCF Xa calculations of Tossell

is shown in 1"ig.

7. 'l'he levels on the left have

tllCir spins up, those on the right their spins do\m. The energies
are rueasured from the vacuum. Assuming that the strong bands can only
result from spin-allowed transit.ions the fo110\-1ing

assignments can

be made: For the F'e S + and Fe 4+ ions with configurations (t 2g t) 3 and

3

(t Zg t) ,

(t Zg ~)

1

the lo\,'cst strong excitation possible is from
t

t... e

u

9

in t.he tail of the intrinsic

+

transition would occur at. 3.1 eV, Le.,

ab~orbtion

edge of Sr'l'i0 3 at 3.2 eV. The

loy!er energy of Z. 53 eV of the transfer
compared to 2.82 eV for the Fe
tlH~

4+

t)

-

9

E{t 2

+}

9

... t 2g

~

for Fe S+ as

shows, as expected for the ion with

higher nominal valency, a lo\,er-Iying

that the E{e

~

tu

t zg

~

orbital. This means

splitting is larger, Le., more strong-

field character is found.

l

E

Co,.,;:uction
bond

1

t

~ __ --~
/
/

/

tt~

/

leV)

-3
-4

-5
-6
-7

-8
valence

t.<lnd

Fig. 7. Stronc;r (ield Me0 6 cluster scheme adapted from 'I'ossell
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From the same scheme the optical properties of the Ni 3 +, Ni 4 + and
Ni 3 +-V O + 2e

centers can be deducen and the observed transfer bands

assigned. These three ions have strong-field configurations of
again 3d 7 (t 2 )6 (e
9

Thus all three of them have a filled

t)l, respectively.
9

t 2g } level (t 2g })3

acceptor transfer to tilis level can occur! Because the
separation is larger than the host Ti0 6
transfer of

8-

3d 7 ,

t lg t - e g

t

+

u

and no

t... e

9

t

gap, no acceptor

transitions can occur for any of these centers. Cubic

t

Ni 3 + shows a donor transfer. From the scheme there is only one possibility,
namely, its

e

9

scence of this

electron is donated to the conductor band. The ab-

t

e

g

electron in Ni 4 + means therefore that it can

t

neither accept an electron nor donate one up to the band-gap energy
of 3.2 eV. Ni 4 + in srTI0 3 is thus a diamagnetic ion, (t 29 )6,

(no EPR)

with no observable optical charge transfer.
The electronic charge distribution of the Ni 3+-Vo + 2e complex,
with two electrons located at the oxygen vacancy, is nearly the same
as that of the

,3+

N~

06. Therefore, its

donor transfer of its

e

g

t

D2

band at 575 run results from

e;lectron similar to the origin of the

525 run band of the cubic Ni 3+ 06 complex.

The above assignments show how the EPR conversion-rate method
has help0d in this particular problem. Because the Fe 4 +-v O center is a
low-spin case, the two acceptor bands observed there need further. considerations.
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IDENTIFICATION OF Fe4 + AND Fe 5+ CHARGE-TRANSFER PHOTOCHROMIC
ABSORPTION BANDS IN SrTi0 3
K.W. Blazey, O.F. Schirmer,· W. Berlinger and K.A. Mtiller
IBM Zurich Research Laboratory, 8803 Riischlikon, Switzerland

(Received 11 November 1974 by M. Cardona)

Optical absorption and the enhancement and bleaching of Fe 3+ and Fe 5+
electron paramagnetic resonance in SrTi0 3 : Al measured as a function of
wavelength and time show that the photochromic absorption bands are
due to electron transfer from 0 2 - valence states to Fe4 + and Fe 5+. They
occur at 2.09 and 2.82 eV for Fe4 + and at 1.99 and 2.53 eV for Fe 5+.

THE CREATION of strong rmtical absorption bands
by illumination in inorganic solids is not only of recent
interest 1 but also potentially useful. 2 Such effects
have been observed in SrTi0 3 and Ti0 2 especially
co-doped with transition metal ions such as Fe and
Mo by Faughnan and Kiss. 1 Different absorption
bands in the visible, created by optical irradiation
were correlated with certain valence states of the
impurities, e.g., Fe4 +, M0 5+. Although various possibilities have been discussed, the origin of these bands
was not identified. 2 Here we show that transitions
from the oxygen valence band to the transition metal
ion are responsible for the photochromic coloration
in SrTi0 3 • Charge-transfer absorption bands identifiable with Fe 4 + and Fe 5+ are correlated with electron
paramagnetic resonance (EPR) creation and quenching
curves showing that the final state of the optical transition, the transferred electron is mainly localized on
the iron ions. We further show that the charge-transfer
energy decreases as the iron valency increases.

FIG . 1. Wavelength-modulated absorption spectrum
ofa lOmm slab of SrTi0 3 :Al at 20K. (a) Oxidized
and cooled in the dark. (b) After irradiation with
2.3 eV light. (c) After subsequent irradiation with
near Lr.
and Fe 4 +- Vo were observed in EPR 3 •4 the Fermi
level of the crystal was low. The latter was rather
weak and being a shallow acceptor was frozen-out on
cooling to 4 .2 K. The wavelength-modulated optical
absorption of such an oxidized sample shown in
Fig. l(a) shows a 0 .44 eV wide absorption band at
2.53 eV. This band was previously5 seen in SrTi0 3 : Al
and later 3 assigned to Fe 5+. Irradiating into this absorption band quenches the Fe 5+ EPR absorption
and creates EPR signals 6 of Fe 3+ and of a hole trap
designated II. This II center with principal values of

The SrTi0 3 samples used in the present study
were Vemeuil grown at National Lead Co. and nominally doped with 1000 ppm Al' Iron is always present
in such crystals as a minor impurity . Since only Fe 5+
• IBM Postdoctoral Fellow. Permanent address:
Institut fiir Angewandte Festkorperphysik der
Fraunhofer Gesellschaft, D-78 Freiburg, Federal
Republic of Germany.
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IDENTIFICATION OF Fe 4 + AND Fe s+ IN SrTi0 3

the g tensor slightly larger than the free-spin value is
ascribed to a hole trapped at 0 2 - near some unidentified defect. 7 The modulated spectrum of the irradiated
crystal in Fig. 1(b) shows the disappearance of the
2.53 eV band. Subsequent illumination with near Lr.,
h v < 1.6 eV, frees holes from II which partially reverse this process, and in EPR the Fe s+ increases,
whereas the Fe3+ and II intensities decrease. The
modulated spectrum in this case shows the appearance
of two bands at 2.09 and 2.82 eV in Fig. l(c). These
latter bands have been reported earlier s.8 as due to
the presence of Fe4 +.

•

1
em-tV

sec- t

0.8

0.3

0.6
0.2
0.4
0.1

0.2

These assignments have been substantiated by an
investigation of the wavelength dependence of the
creation and quenching of the EPR of Fe 3+, Fe s+ and
I I, using the following technique which is similar to
that used to determine the quenching behavior of hole
traps in ZnS-ZnSe mixed crystals. 9 Light from a
450 W Xenon arc fIltered by interference fIlters with a
9 A bandwidth was shone through a quartz light pipe
onto the crystal mounted in a K-band EPR cavity. The
exponential decay of the Fe 5 + concentration was
measured at selected wavelengths in the energy range
1.6-3.0eV. The wavelength dependence of the decayparameter k defmed by [Fe s+] = [Fe 5+ (t = 0)]
exp (- kt) gives the sensitivity of Fe 5+ to the irradiation. The decay constant and the absorption due to
Fe s+ are compared in Fig. 2(a). All values of the decay
constant were normalized to 3.2 x 1014 quanta incident on the light-pipe entrance per sec. In this way, the
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From the behavior of the EPR of Fe s+ and Fe 3+
under illumination, we infer that the 2.53 eV band is
due to a charge transfer of valence electrons into Fe s+.
This creates Fe 4 +, unobservable by EPR, which under
the same irradiation can also capture an electron so
that finally all the iron is converted to Fe 3+. The
latter has no strong absorption below the band gap of
SrTi0 3 , although it does shift the absorption edge to
longer wavelengths 8 and therefore its presence is consistent with Fig. l(b). Holes are freed from II centers
by near i.r. and are captured by Fe 3+ converting it
into Fe 4 +. The absorption bands of Fig. l(c) are then
identified as Fe4 + charge-transfer absorption. The
near-i.r. irradiation does not completely quench the II
signals indicating that insufficient holes are created to
convert much of the Fe4 + into Fe s+ and therefore
only a weak indication of Fe 5+ is observed near 2.5 eV
in Fig. l(c).
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FIG. 2. (a) Comparison of the optical absorption due
to Fe 5+ with its EPR decay constant. (b) Comparison
of the optical absorption due to Fe 4 + with the EPR
creation constant of Fe 3+. (c) Optical response of the
EPR signals of Fe 5+, Fe 3+ and II for constant irradiation at 2.77 eV.
spectral dependence of a quantity proportional to the
transition probability is derived. The optical absorption was made comparable to this by dividing by the
energy. The good agreement illustrates clearly that
the photochromic optical absorptions at 1.99 and
2.53 eV are intimately related to the disappearance
of Fe 5+.
During the optical quenching of Fe 5+ the concentration of Fe 3+ first decreases before it increases,
see Fig. 2(c). This can only occur if the 2.53 eV absorption band is due to transferring electrons from
the valence band to the Fe 5+ and the liberated holes
being subsequently trapped at Fe 3+ forming Fe 4 +,
unobservable by EPR. The alternative possibility that
electrons are excited from the Fe 3+ into the conduction band and captured by the Fe 5 + is ruled out because the Fe 5+ decay would then be proportional to

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

230

IDENTIFICATION OF Fe 4 + AND Fe 5+ IN SrTi0 3

Vol. 16, No.5

the Fe 3 + concentration. The Fe 5+ decay rate was found
to be independent of the Fe 3+ concentration. This observation also eliminates Fe 3 +-Fe 5+ intervalence charge
transfer as the cause of the 2.53 eV absorption band.
After this initial decrease of Fe 3 + an approximately exponential increase of the Fe 3+ concentration
[Fe3+(t)] = [Fe 3 +(oo)] {I - exp (- kt)} was observed
due to the transfer of electrons from the valence band
to the Fe4 + created from the Fe 5+. The rate constant,
k, of this process, determined after most of the Fe 5+
had decayed, is a measure of its sensitivity and was
measured as a function of the wavelengths of the
irradiating light. The circles in Fig. 2(b) show this
sensitivity compared to the transition probability
spectrum derived from the optical absorption known
to arise from the presence of Fe 4+. Also, since the
concentration of the hole-traps I1 increased in parallel
to that of Fe 3+, the agreement in Fig. 2(b) is further
evidence that the optical-absorption bands are due to
excitation of electrons from the valence band to Fe 4 +.
From investigations by Lagendijk et al. 1o on the
optical quenching of Fe 3+ - Vo in SrTi0 3 at one particular wavelength, one can conclude that there also
transitions from the valence band are taking place,
since again trapping of holes at shallow levels was
observed.
We have shown that Fe 4 + in SrTi0 3 has absorption
bands at 2.09 and 2.82 eV, and Fe 5+ at 1.99 and
2.53 eV. An electron making a transition from the
valence band to the iron ions will transfer into either
antibonding orbital or a g orbital of opposite-

an.e;

ti

591

spin direction. The observed splitting may be due to
the energy difference between states originating from
these final orbital occupations or to the splitting of
the valence band, Our experiment cannot distinguish
between these possibilities. It is, however, apparent
that the transition to Fe 5+ occurs at lower energies
than that to Fe 4 +. This is consistent with the findings
of Morin and Oliver l l whose measurements of
thermally stimulated conductivity showed acceptor
levels at 0.75 and 1.06 eV for Fe 5 + and Fe 4 +, respectively.
The large discrepancy between the optical and
thermal excitation energies can probably be attributed
to Franck-Condon shifts. These are expected to be
rather large for such charge-transfer transitions because the lattice distortion will be quite strong after
the electron has been transferred from 7r or a-bonding
antibonding states. This would
orbitals to g or
also explain the large bandwidths observed. FranckCondon shifts of the order of 2 eV have recently been
inferred for the similar case of hole charge transfer
between equivalent oxygen ions near defects in MgO.12

ti

e;

The technique used here to assign optical absorption bands to acceptor charge transfer by combined
EPR and optical absorption, should be widely applicable to other cases and to distinguish acceptor from
donor charge transferY
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Electron-paramagnetic-resonance conversion-rate measurements combined with optical-absorption data in Nidoped SrTiO, have been carried out. From these experiments in oxidized and reduced crystals, assignment of
the photochromic bands in the visible could be made and the trapping mechanism identified. The (B) band at
525 nm is due to donor transfer of cubic NiH to become NiH. The free electrons created are trapped at Ni H _
Vo centers which convert to NiH - Vo + e. Acceptor charge transfer at near-band-gap energy" < 500 nm
generates NiH - Vo + 2e centers from the latter. The holes liberated are trapped at cubic NiH sites which
convert back to NiH. The D, band at 575 nm is a Ni 3 + - Vo + 2e donor band which changes this center back to
the Ni 3 + - Vo + e state. The optical transfer rates measured for the creation and quenching of the NiH - Vo + 2.
center verify the above-described mechanism.

I. INTRODUCTION

When SrTi03 is lightly doped with transition-metal ions it may show photochr6mic coloration
changes. Faughnan and Kiss'" have discussed the
photochromic behavior of SrTiOs doped with various ions: Fe, Ni, Co, Cr, and V. EPR measurements showed these impurities to have different
valencies in the optical darkened and transparent
states. Furthennore, it was concluded that
charge- transfer processes were responsible
for the change of state of the crystal as well as
for the optical density in the darkened state.
The specific charge-transfer process responsible
for the coloration in the Fe-doped SrTi03 was
shown by Blazey et al. 3 to be that between the
oxygen valence band and Fe 4 +. This was achieved
by correlating the photochromic absorption bands
with the wavelength dependence of the creation
and quenching of Fe 3+ and Fe5+ detected by EPR.
Schirmer et al. 4 have shown that the axial centers
Fe 4 +- Vo , where Vo is an oxygen vacancy, undergo
the same type of acceptor charge transfer.
Here we report EPR and optical measurements
on SrTiO s doped with nickel. The results differ
from those in the iron-doped system and it appears
that in this case some of the charge-transfer processes involved in the photochromic switching are
between the nickel centers and the conduction band.
The nickel centers usually seen with EPR in
SrTi03 have been described by MUller et al. 5 as
Ni2 + or Ni3 + substitutional on a cubic Ti 4+ site and
the axial centers N i3 +- Vo' A further center induced by optical irradiation was identified as Ni 3+_
Vo +2e, where the oxygen-vacancy-Ni3+ complex
has captured two electrons. The intermediate
center Ni 3+- Vo + e with one additional electron is
unobservable with EPR but its existence has been
predicted by MUller et al. 5
14

Optical- absorption spectra of Ni-doped oxides,
where the nickel is octahedrally coordinated as
in SrTi03 , have been reported for MgO,6 and
Al,03. 7 ,8 The transitions observed are interpreted
as dod internal transitions of the substitutional Ni2 +
and Ni 3 ' ions. The photoinduced absorption bands
of SrTi03 :Ni occur at different energies. Faughnan
and Kiss 2 correlated the principal photochromic
bands with cubic Ni 3+ and Ni'+ - Vo + 2e centers.
Their high oscillator strength, -0.1, suggests
charge-transfer processes are responsible for
these absorptions rather than internal d-d transitions.
II. EXPERIMENT

The crystals investigated were all obtained
from the N. L. Industries Inc. with the following
nominal dopant concentrations: crystal J,s 0.15wt% NiOj crystal M, 0.20-wt% NiO; and crystal
C, co-doped with 0.04-wt% Al and O.Ol-wt% NiO.
A crystal R, cut from boule M, was annealed for
6 h in a reducing atmosphere at 1000°C.
All EPR spectra were taken at K band at 77 K.
The creation and quenching curves of certain nickel centers were obtained by shining light from a
450- W xenon arc filtered by interference filters
with a 9- 'A bandwidth through a quartz light pipe
onto the crystal in the EPR cavity. Most of the
measurements were made on crystal J, since its
response to optical irradiation was approximately
exponential as expected from simple decay-rate
equations. The photosensitive concentration N of
all Ni centers studied depended on the illumination
time t as
N(t) =N("') + const e-" .

The rate constants k for different wavelengths were
normalized for 2 x 10 15 quanta/sec incident on the
light pipe. When the photoinduced quenching or
2703
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creation of a center takes place by a direct chargetransfer transition, the rate constant should be
proportional to the transition probability. It is
thus related to the optical- absorption coefficient
of the transition divided by the energy.
Optical-absorption spectra were measured with
a Beckman Acta M VII spectrophotometer while
the crystal was mounted in a CTI Spectrim cryocooler at 77 or 24 K. Spectra were taken before
and after irradiation with light from a 250-W Hg
arc filtered through the same interference filters
used to obtain the EPR quenching and creation
rates. The photoinduced changes are reversible
and the original condition of the crystals was attained by irradiating with infrared A> 715 nm or
warming the sample up to room temperature.
Crystals J and M showed EPR spectra of Ni2 +,
Ni 3 +, Ni3 +- Va' and Fe 3 + when cooled in the dark;
most of the nickel being in the cubic Ni 2 + state.
In contrast to these as-grown samples, the reduced crystal R contained cubic NF+ but no cubic
NP+, The ronal Ni 3 +_ Va spectrum was very weak
and NP+ - Va + 2e already present before irradiation. The co-doped crystal C when cooled in the
dark showed the Ni3 +- Va spectrum but neither
cubic Ni3 + nor NF+. Iron is always present in these
crystals to a lesser extent by at least a factor of
10, but in the co-doped crystal its concentration
was comparable to the nickel concentration and
observable as Fe 3 + and Fe 5 >. 9
The optical absorption spectra of these crystals
are shown in Fig. 1. Before irradiation, crystal
R shows a smeared-out absorption edge which
obeys Urbach's rule down to about 470 nm. It is
transparent for longer wavelengths. Both crystals
J and M show a strong band near 525 nm observed
by Faughnan' to be associated with the presence of
cubic NP+ and labeled B by him. Not shown in the
figure is the spectrum of crystal C, co-doped with
Ni and Ai, which contained a substantial amount
of iron impurities. The optical spectrum of this
crystal cooled in the dark was determined primarily by this iron concentration causing a broad
charge-transfer band 3 below the band gap.
Illumination of the J and M crystals with light of
wavelength - 500 nm bleaches band B but leaves a
sloping background so that absorption in this region is not reduced to zero. Under the same
treatment, the EPR spectra show that both the
cubic NP+ and the axial Np· - Va centers are
quenched. In fact, an equal number of both these
centers disappears for irradiation in the wavelength range 460;s; A:S 780 nm, The quenching-rate
constants for the cubic Np· and axial Np· - Va
centers were measured and are compared in Fig.
2. Also shown in Fig. 2 is the absorption coefficient divided by the energy of the bleachable part
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of band B. It is seen to agree with the quenching
of cubic Ni3 ' but not with the quenching of the axial
Ni3 • - Vo centers which are still quenched with
shorter wavelength irradiation.
Irradiation with wavelengths shorter than the
B band has a decreasing quenching effect on the
cubic Ni'+ which is even enhanced between 450
and 370 nm, while the Ni 3 ._ Vo centers are still
quenched. In this region where the Ni3+ is enhanced instead of quenched, the axial Ni 3• - Vo + 2e
centers appear. The threshold for their creation
is near 480 nm and their final concentration is at
least four times larger than the quenched Ni'· - Vo.
This implies that another charge state of the same
Ni- Vo center exists which is unobservable by EPR
and already present in the crystal prior to irradiation, namely, Ni 3·_Vo +e. 5
The light-generated NP' - Vo + 2e centers are
thermally stable at 77 K and the absorption spectrum associated with these centers shown in Fig. 1
exhibits two peaks at 480 nm (D,) and 575 nm (D 2 ).!
These centers can be optically quenched by irradiation with light of longer wavelength than that
required for their formation according to
N(l) = N(co,

~) + [N(O)

_ N(co,

~) ]e- W ) I.

The wavelength dependence of the creation and
quenching- rate constants as well as the final concentration N(co,~) are shown in Fig. 3. In the
wavelength region where both creation and quenching could be measured, the final concentration
was the same for both processes. Quenching of
the Ni 3• - Vo + 2e centers occurs by irradiation into
band D2 but not D!.
As already stated, irradiating crystal J with
light of - 400 nm increased the Ni3 ' concentration
whereas the Ni3 ' - Vo centers were still quenched.'
These uv-generated Ni 3 • centers may also be
quenched by irradiation. The wavelength dependence of the quenching- rate constant of these uvgenerated Ni 3 • centers is much broader with a
maximum at longer wavelength than for the NP'
centers present when the crystal is cooled in the
dark.
The EPR creation and quenching- rate experiments described so far were performed on crystal J. The reduced crystal R when cooled in the
dark showed cubic Ni 2• but no cubic NP' in its
EPR spectrum. This is consistent with the optical
spectrum where band B which is associated with
Ni 3 ' is absent (see Fig. 1).
Irradiation with 370-450-nm wavelength light
produces a large Ni 3' - Vo + 2e EPR signal in crystal R. This again is accompanied with the creation
of cubic NP' at the expense of Ni 2' . The quenchingrate constant of these uv-created Ni 3 • centers is
shown in Fig. 4 as a function of the wavelength.
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Here the trend just described for crystal J is
stronger. The Ni3 ' quenching band no longer
agrees with the B band but is very similar to the
quenching curve of the Ni3 ' - Vo + 2e centers also
shown in Fig. 4 for comparison.
Besides the charge-transfer bands described
so far, some weak and narrow lines, characteristic for internal dod transitions, were observed.
In crystalsJ, Ni, andR, lines at 723.5 nm,
731.2 nm, 1.123 J..Lm, and 1.147 J..Lm were found to
be insensitive to optical irradiation. By comparison with the spectra of MgO :NF+, G and in accordance with the EPR results, these two doublets
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are ascribed to the 3A 2 - 3 T,(.F) and 3A 2 - 3 T 2 (F)
transitions of cubic Ni 2+, respectively.
Another weak doublet around 464 nm, and a much
stronger group of lines around 2.4 J.L m were observed in crystals J, M, and R when cooled in the
dark, These lines could be enhanced by a factor
of 4 by irradiation with visible or ir light in crystal M. Subsequent irradiation with uv or visible
light did not change their intensity by more than
20%. Quenching of the factor of 4 could only be
achieved by warming the crystal up to room temperature but the 20% change was quenchable with
ir. This behavior is different from what has been
observed with EPR, and thus implies the centers
causing the 464-nm and 2.4-J.L m lines to be different from all Ni centers observed with EPR.
Cubic Ni4 + is not expected to show strong crystal-field or charge-transfer transitions at 2.4 J.Lm.
However, as Dischler and Raubero have shown,
the presence of an oxygen vacancy may drastically
change the level scheme of transition metal ions,
and selectively enhance the intensity of certain
transitions.
III. DISCUSSION

One of the major problems in investigations of
this kind is to distinguish the direct charge-transfer processes where a center is quenched or
created by the addition or subtraction of an electron by optical excitation from the indirect processes which occur due to centers trapping the
remnants of the direct process. Each of the conversion processes observed will now be discussed
in more detail.
A. Ni 3 + donor transfer

The close correspondence between the EPR
quenching-rate constants of Ni3+ and the optical
absorption band B which is necessarily a direct
process, suggests that this band is caused by a
charge- transfer process involving Ni 3 +. This is
in agreement with the findings of Faughnan.'
There are two direct processes whereby Ni3 + can
be quenched. An electron may be excited from
the valence band onto the Ni 3 + center converting
it to Ni 2+ and the hole being subsequently trapped
at another center. The other possibility is that
the Ni 3 + is photoionized to Ni 4 + and an electron
freed into the conduction band where it may diffuse
through the crystal until trapped at another defect.
Experimentally, no hole centers were formed
during the B-band quenching. Furthermore, an
obvious electron trap was quenched by the same
amount with the same wavelength dependence as
Ni3 ., namely, Ni3+_ Vo' Therefore, we conclude
that the optical band B shown in Figs. 1 and 2

represents a donor charge-transfer process between the Ni 3+ and the conduction band; the liberated electron being subsequently trapped at Ni 3 +_
Va centers. This is shown schematically on the
left side of Fig. 5. The NiH and Ni3 +_ Vo + e centers
formed are both, unfortunately, unobservable with
EPR.
Since the conduction band consists mainly of
Ti'+ d-wave functions, the donor charge transfer
responsible for the B band may be thought of as
an intervalence transfer between metal ions. This
type of charge transfer could easily explain the
high oscillator strength of the transition, - 0.1. 11
B. Ni 3 +,v o +e acceptor charge transfer

Figure 2 shows that at shorter wavelengths beyond the B band the NP+ - Va centers are quenched
by another process. In this same wavelength region Ni 3 +- Vo + 2e centers are formed. Since the
number of NP+- Va + 2e centers created was much
greater than the number of Ni'+ - Va centers
quenched, the experimental creation- rate curve
of NP+- Va + 2e shown in Fig. 3 represents the
conversion of the intermediate state Ni 3 +_ Va + e
into Ni'+ - Va + 2e rather than the two- step process
of Ni 3 +- Va into Ni3 • - Va + 2e. In view of the appearance of axial Ni 3 • centers with additional electrons,
quenChing of the NP+- Va centers in the short-wavelength region is thought to be due to an acceptor
charge transfer of an electron from the valence
band to the Np· - Va centers. The NP+ - V0 + e centers thus formed will be subsequently photoreduced further to form Ni3 +- Va + 2e centers.
We now consider the creation process of the
Np· - Vo + 2e centers. In crystal J the creation of
these centers is accompanied by the enhancement
of cubic Ni 3 • at the expense of Ni 2 +. The formation of the same center in the codoped crystal
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C is accompanied by the creation of the hole center II at 4.2 K. 3 Since the same Ni 3' - Vo + 2e center
may be induced in two different crystals accompanied by the appearance of two different centers,
it is concluded that the creation of the Ni"- Vo + 2e
itself is due to a direct process. Furthermore,
since this direct process puts additional electrons
onto the axial nickel centers, it is an acceptor
charge-transfer process from the valence band to
the Ni 3 ' - Vo + e centers. The accompanying enhancement of Ni 3 ' in crystal J and the formation
of II in crystal C are then due to hole trapping
(see Fig. 5).
It will be shown in Sec. III E that the transition
probability of the acceptor charge-transfer process producing NP' - Vo + 2e has the same wavelength dependence as the impurity-induced Urbach
tail of the absorption edge of crystal R in Fig. 1.
Thus the same charge-transfer absorption process
is thought to contribute to this Urbach behavior.
Since no maximum is observed in the creation
curve, a most probable value of the charge-transfer energy is not determined, but a lower limit of
at least 3.0 eV may be used.

2707

been created by the uv irradiation, the Ni 3 + itself
most probably acts as an electron trap during the
bleaching process. In crystal J, where the B and
D optical bands are of comparable strength, the
Ni 3 + can trap electrons released by both other Ni3 +
centers as well as the Ni'+- Vo + 2e centers. This
process explains why after uv irradiation the NP+
quenching curve is rather like a superposition of
the B band and the NP+ - Vo + 2e quenching band. In
crystal R, where uv irradiation produces many
more NP+ - Vo + 2e centers than Ni 3 ' , quenching of
the Ni 3' is no longer similar to the B band at all,
but corresponds nicely to the quenching band of
Ni" - Vo + 2e as shown in Fig. 4. These results
demonstrate that NP+ may trap electrons moving
in the conduction band but with a smaller capture
cross- section than NP' - V o , which agrees with the
fact that the latter is two times more positively
charged with respect to the lattice than NP+, The
observation that Ni 3 ' is an electron trap rather
than a hole trap is further evidence that the Ni3 ,
and Ni"- Vo quenching does not occur through an
acceptor charge transfer to the Ni 3 +- Vo centers
with subsequent hole capture by the Ni".
E. Transfer rates between NP'·V o +2e and Ni",V a +e

C. Ni' '. V 0 + 2e donor charge transfer

As Fig. 3 shows, the Ni3'-Vo+2e centers are
best quenched by 575-nm radiation. Since this
quenching occurs in all the crystals studied, it
is believed to be due to a direct charge-transfer
process. The most probable direct process is
where an electron is liberated and the centers return to Ni"- Vo +e. Conversion all the way back
to Ni" - Vo is excluded as the NP' - Vo EPR signal
does not increase while the Ni 3' - Vo + 2e is
quenched. Thus the quenching band shown in Fig.
3 is assigned to a donor charge transfer of electrons from the Ni 3 ' - Vo + 2e centers to the conduction band. This is shown on the right-hand side of
Fig. 5.

We have shown that Ni'+ - V 0 + e is converted to
Ni" - V 0 + 2e by an acceptor charge transfer. This
second electron is ionized by a donor charge transfer most efficiently with 575-nm irradiation, returning the center to the Ni 3 '_ Vo + e state. The
change in the Ni 3 ' - Vo concentration is small and
may be neglected in this connection. We may thus
concentrate on the two former centers which will
be converted by light into each other with rate
constants K'2 and K 21 • The system of two coupled
rate equations yields, for the concentration,
N2

=[Ni 3'_ Vo + 2e],

D. Secondary electron trapping

Part of the NP' quenching shown in Fig. 4 is also
clearly related to the Ni 3 ' - V 0 + 2e quenching. When
crystal J is cooled in the dark it contains approximately equal numbers of Ni 3 ' and NP'- Vo' In this
case the quenching of Ni 3 ' fits the B band and is
caused by a donor charge transfer [Fig. 5(a)] with
subsequent electron trapping by the Ni" - Vo. Irradiation with uv enhances the Ni 3 ' by hole trapping
at Ni2 + while Ni 3 +- Vo is quenched and Ni3 + - Vo + 2e created. Thus the balance between electron donors and
traps is disturbed. However, visible light still
quenches the Ni 3 +. Since no new electron traps have

where N, the total concentration of Ni- Vo in all
charge states, remains constant. The result of
Pig. 3 agrees with these formulas. Especially for
irradiation around 470 nm, where experimentally
N2 can be both quenched or enhanced, the equilibrium concentration N2(~) shown in Fig. 3 is found
to be independent of the illumination history of the
crystal. In the same wavelength region, creation
and quenching constants were found to be equal.
In fact, in both cases the sum of the rate con-
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stants of the acceptor and donor charge transfers
K'2+K2' was measured.
For >..> 500 nm, N2(oo) was found to be zero. This
implies K 12 = 0 and the transfer rate shown in Fig.

3 is Kw Le., that of the donor charge transfer.
For>.. < 500 nm, both K'2 and K21 are 0# O. The
wavelength dependence of the acceptor chargetransfer rate K'2 may be obtained by multiplying
the experimental transfer rate, K'2 +K2U with
the equilibrium concentration N 2(oo). This leads
to the wavelength dependence of K'2 which follows
the impurity- induced Urbach-type absorption.
In order to excite an electron from the valence
band via the Ni 3 +- Vo + e center to the conduction
band, two quanta of at least 410 and 580 nm are
required, i.e , a total energy of 5.2 eV which is
2 eV more than the band gap. This excess energy
is similar to the difference of 1.8 eV found between
optically and thermally determined acceptor
charge- transfer energies of Fe 5+, Fe'+, and Fe'+V0 in SrTi0 3 . 3,',12 It may be caused by FranckCondon shifts due to lattice distortions accompanying the charge-transfer processes and by acceptor
charge transfer starting from oxygen states lying
below the top of the valence band.

'Permanent address: Institut fUr Angewandte Festkorpe!1)hysik, D 78 Freiburg i.Br., West Germany.
lB. W. Faughnan, Phys. Rev. B 4,3623 (1971).
2B. W. Faughnan and Z. J. Kiss,-Phys. Rev. Lett. 21,
1331 (1968).

3K. W. Blazey, O. F. Schirmer, W. Berlinger, and K. A.
MUller, Solid State Commun. 16, 589 (1975).
40. F. Schirmer, W. Berlinger;find K. A. Muller, Solid
State Commun. 16, 1289 (1975).
5K. A. Muller, W-:I!erlinger, and R. S. Rubins, Phys.
Rev. 186, 361 (1969).
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IV. SUMMARY

By correlating EPR quenChing and creation experiments and optic al- absorption spectroscopy,
the microscopic origin of the photochromic absorptions in SrTi03 :Ni has been elucidated.
The band (B) at 520 nm, characteristic for NP+,
is caused by a donor charge transfer which converts this ion to Ni'+, the electrons liberated being subsequently trapped at NP+ or, more efficiently, at Ni 3 +_ Vo centers. Acceptor-type charge
transfer converting Ni 3 +- Vo + e into Ni 3 +- Vo + 2e
contributes to the smeared-out absorption edge
found in reduced samples of SrTi03 :Ni. The holes
liberated are trapped at NP+ centers which become
Ni2 +. A donor charge transfer converts Ni 3 +- Vo + 2e
back into Ni 3 +- Vo + e and is responsible for the
575-nm band (D 2 ) associated with NP+- Vo + 2e. The
strong band D, at 480 nm although due to the presence of NP+ - V0 + 2e was not found to be correlated
with a quenching of that center. This band is thus
most probably caused by an excitation of Ni 3 +_
Vo + 2e into an unstable configuration or charge
state which relaxes back into the initial state before the carriers liberated can move away.

S,T. E. Ralph and M. G. Townsend, J. Phys. C 3, 8 (1970).
1D. S. McClure, J. Chern. Phys. 36, 2757 (1962).
BR. Muller and Hs. H. Gunthard, J: Chern. Phys. 44, 365
(1966),

9K. A. Muller, Th. von Waldkirch, W. Berlinger, and
B. W. Faughnan, Solid State Commun. 9, 1097 (1971).
lOB. Dischler and A, Rauber, Solid State-Commun. 17,
953 (1975).

UN. S. Hush, Prog. Inorg. Chern. 8,391 (1967).
12F. J. Morin and J, R. Oliver, PhYs. Rev. B §.' 5847
(1973).
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IV. The J ahn-Teller Effect

In 1937, Jahn and Teller (JT) showed that for a polyatomic molecule "All nonlinear nuclear
configurations are unstable for an orbitally degenerate ground state". In 1950, EPR on
Cu2+ (d 9 , S = 1/2) in hexahydrated crystals provided the first proof of the static existence
of the JT effect. Subsequently a substantial international EPR effort clarified the static
and dynamic ground-state properties of paramagnetic impurities in crystals with orbitally
degenerate ground states. Reviews on these findings are now available; especially recommended is Chap. 21 of Ref. 4.1. At sufficiently high temperatures, the anisotropic spectrum,
due to either static JT distortions induced by local strain or dynamic ones induced by tunneling, will go over into an isotropic spectrum by thermal activation. The spectrum then
broadens owing to spin-lattice relaxation. This relaxation was found to be exponential as
a function of temperature for Pt H (d 7 , S = 1/2) and NiH (d 7 , S = 1/2) in A1 20 3, together
with U. Hochli, and ascribed to be of the Orbach type [IV 1J. The latter requires a stable excited state of the impurity. This is the case owing to the existence of centrifugally stabilized
local modes on the upper potential branch of the JT split vibrational state. These modes
were predicted by Slonczewski. In 1967, a review on the JT effect in magnetic resonance by
Muller appeared and is reproduced in [IV 2J, including an introduction to the JT theorem.
In that review, the knowledge acquired using EPR regarding the ground- and especially
the excited-state spectra and their relaxation can be found. Relaxation data for Ni 3+ in
Ab03, SrTi03, MgO, and CaO; Cu2+ in MgO and CaO; Pd H in MgO and CaO; Pt H in
A1 20 3, as well as Ag2+ in CaO reported by the IBM's Zurich group are given. Using the
Slonczewski theory, the JT stabilization energy for NiH in A1 20 3 was calculated from the
relaxation data to be Es = 760 cm- 1 and to lie between 480 and 560 cm- 1 for Cu 2+ in
MgO and CaO. In SrTi0 3, a V4+ (d 1 , S = 1/2) static JT system was found [IV 3J. Later,
by applying an external static electric field, the on-center position of the ion was definitely
established [IV 4J.
The EPR spin-lattice relaxation measurements at higher temperatures related to Slonczewski modes on the upper JT branch as discussed above are and remained unique. As
remarked earlier, the interest of the community concentrated on the lower JT branch, i.e.,
the ground state. These experiments were carried out with EPR, ultrasound and other
means, in part under application of uniaxial stress to perturb the ground state and to obtain information on it. As SrTi03 undergoes a structural phase transition at 105 K, the
crystal distorts spontaneously below this temperature, and a uniaxial strain is induced.
This causes the isotropic EPR line of the NiH JT ion to split, and thus was used to probe
its ground state. Three theoretical models were computed. The one that fitted the data
best was the one in which the vibronic state was in the quantum limit with no barrier
between the possible static distortions. From it, a tunneling splitting of well over 23 cm- 1
was inferred [IV 5J.
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Interesting features of small and intermediate JT polarons of static and dynamic Ti 3+
were found in BaTi0 3: Areas with larger strains in the crystal exhibit small polaron behavior, those with small strains intermediate polaron behavior. Also, indirectly the presence of
bipolarons was found [IV 6]. The JT Ni+ ion (d 9 , S = 1/2) shows static and dynamic EPR
spectra in BaTi0 3 [IV7] .
Work in structural phase transition is reviewed in detail in Chap. VII. Such a transition
can occur if the ionic constituents are JT ions which interact with one another. For crystals containing ions, such as Cu 2+, with orbital E-type doublets, such SPTs were known.
H. Thomas, with some hints from the first author , worked out a model in which the three
lowest vibronic states per ion are well separated from higher excitations. He studied the
static and dynamic properties in molecular and random phase approximations, using an
S = 1 pseudospin representation. The temperature dependences of the order parameter
and the normal mode frequencies are given in [IV s], together with the calculations leading
to them. Unfortunately, the predicted mode dynamics were not tested experimentally.

Reference
4.1. A. Abragam and B. Bleaney, Electron Paramagnetic Resonance of Transition Ions
(Oxford Univ. Press, 1970), Chap. 21.
IV 1. Observation of the Jahn-Teller splitting of three-valent d 7 ions via Orbach relaxation,
U . Hachli and KA. Muller, Phys. Rev. Lett. 12, 730-733 (1964). (p. 241)
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Conference on Magnetic Resonance and Relaxation. XIV Colloque Ampere, Ljubljana,
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OBSERVATION OF THE JAHN-TELLER SPLITTING OF THREE-VALENT d 7 IONS
VIA ORBACH RELAXATION*
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and
K. A. Muller
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In this Letter an investigation on the line broadening of octahedrally coordinated d 7 ions with tee
configuration is reported . This broadening is due
to an Orbach resonance relaxation. For Pt'+ in
Al20, and for Ni'+ in SrTiO, the obtained energy
separation ~ between the lowest two levels is
shown to be the Jahn-Teller (J-T) splitting of the
2E ground state.
Relaxation between the two states of a Kramers
doublet by the Orbach process takes place when

there is a third energy level lying within the phonon spectrum.' The relaxation time T 1 for this
process obeys the relation
T 1 =Aexp(A / kT).

where ~ is the separation of the first excited
level from the ground doublet and A is the lifetime of the excited state .
In transition metal ions this type of relaxation
was first observed by Zverev and Petelina 2 for
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Co2+ in AI 20 s . For the 0h group the ground
state of this ion is 4r. belonging to a weak field
configuration t 5e 2 • The ground state is split by
the trigonal field into six Kramers doublets. and
the predicted distance 6. between the lowest two
levels has been verified. Geschwind and Remeikas have shown that the NiH and the Pt H in
Al 2 0 3 belong to the strong-field t 6 e configuration.
The orbitally degenerate octahedral ground state
2r3 is not split either in trigonal Al 20, or in
cubic SrTiO, by the crystalline field, but the degeneracy is removed by the J -T effect. From
the isotropic paramagnetic resonance lines this
effect is shown to be dynamic above 77 oK in both
crystals .3 ,4 The lines broaden with increasing
temperature and it was thought that this broadening could be due to resonance relaxation . The
linewidths were then measured in the temperature range of 77 ° to 500 oK using a conventional
superheterodyne spectrometer at 3.2 cm. In
order to obtain the relaxation times the relation
T , =h/(1Tgj3t;.}fSZ) was used, where t;.}fsZ(T)=t;.}f(T)
-t;.}f 0' and t;.}f 0 is the residual linewidth measured
at low temperature. In the graph of Fig. linT 1
is plotted against T -1. The straight line obtained
indicates the presence of resonance relaxation.
The other relaxation mechanisms such as the T- 7
and T- 9 Raman effect and the direct process have
been shown to be negligible. The results for A
and 6., including those for NiH in SrTiO,,5 are
given in Table 1.
In order to assign the level at the energy 6.
above the ground state we conSider a Tanabe-

Ni

JUNE

1964

s+

-9

-10

-II

4

6

FIG. 1. A graph of the spin-lattice relaxation time
Tl of NiH and Pt 3+ in Al 20 3 plotted on a logarithmic
scale against inverse temperature.

Sugano· type diagram. In Fig. 2 the position of
the levels for Ni3+ and Pt3+ are indicated for the
typical values of the crystal-field parameter Dq
and the Racah parameters B =4. 5C. Those were
taken to be Dq = 1700 and 2500 cm -1, and B = 660
and 330 cm -1, respectively . 7 For Pt 3 + the lowest
lying level 4r. occurs at 18000 cm -1 above the
2r, level. Thus, the observed 6. value can only
be due to the Jahn-Teller splitting of the 2r,
level. This assignment has been tentatively pro-

Table 1. Resonance relaxation results of d 1 ions and highest reported allowed and forbidden lattice vibration
bands of their trigonal (Al z0 3 ) and cubic (SrTi0 3 ) hosts.

d ' ion

Host
crystal

NiH

Al z0 3

Ni 3+
Pt3+

SrTi0 3
Al z0 3

Resonance relaxation data
Lifetime A x lOU
Splitting 6.
(sec)
(em-I)
0.6±O.3
20
4

± 5
±

1

Highest reported
lattice modes
of host

(cm- I )

References

150

630;806

665 ± 50
470 ± 40

550;750
630;806

a, b, and
this paper
c,d,e,andf
a and this
paper

1530

±

a A . S. Barker, Phys. Rev. 132, 1474 (1963).
bU. Hochli, O. S. Leifson, and K. A. MUlier, Helv. Phys. Acta 36, 484 (1963). In this communication the
residual width has not been taken into account.
CA. S. Barker and M. Tinkham, Phys. Rev. 125, 1527 (1962).
d w. G. Spitzer, R. C. Miller, D. A. Kleinm;;-:- and L. E. Howarth, Phys . Rev. 126, 1710 (1962).
eK. A. MUlier and R. S. Rubins, to be published.
fWeak band, probably two-phonon combination band (see Fig. 3 of reference c, and R. C. Miller and W. G. Spitzer, Phys. Rev. 129, 94 (1963)].
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FIG. 2. The energy level diagram of
ions is an octahedral field computed according to Tanabe and Sugano.6
The observed splittings t:.. are included and magnified by a factor 5 for better clarity.
d1

posed for Ni'+ in SrTi0 3 • where the t:.. value of
665 cm -1 is considerably lower than the estimated
distance of the 4r 4 from the 2r3 level of 3000 to
7000 cm -1. 5 The assignment for NiH in Al 20 3
cannot be made since the large observed t:.. is
estimated to be nearly the same as the distance
of 2r, from the lowest level of the split 'r. state.
The observed splittings of 400 cm -1 to 1500 cm- I
are in the range of the J -T splittings originally
estimated by Van Vleck6 for transition metal ions.
Relatively little is known about these splittings.
It seems to be difficult to observe them by optical
spectroscopy because of the presence of the phonons which in turn favor the detection by resonance relaxation.
A g-value calculation has been made using
strong-field. single-electron wave functions.
The static J-T effect for Pt H yieldedg.l>gI13;
this enables us to assign the levels of the split
ground state. The group-theoretically allowed
wave functions (including spin) of the configuration fee = 7P transform according to 2r3 and are
explicitly given by 9

u± = Y 2°±i(Y,' + Y 2 -2)-(y 22 + Y 2 -2)+f(y).
V± = 2- 1I2 (y! + Y 2 -2)± y 20+Y2 0t(y).
The higher lying levels which interact with the
ground state via the spin-orbit coupling belong to
the configuration t S e 2 = 2p. Their wave functions
transform according to 2rsx2r3x2r3=4r4+22r.
+ 22r s ' Our calculation yields 9 g.l >gll for V which.

e

therefore. must be the lower lying level. Due to
the lowering of the symmetry by the J - T effect,
U and V couple and V is not pure but dominant. 9
For the weak-field case U and V are replaced by
Ee and Ec 5
The results for NiH in Al 2 0 3 and SrTi0 3 show
that line broadening due to resonance relaxation
can occur even above room temperature. Although we are not able to assign an excited level
to the observed D. value for Ni 3 + in A1 20 3 , this
result is interesting in another respect. The observation of resonance relaxation between levels
that are separated by 1500 cm -1 requires the
presence of phonons of this energy with sufficient
density.
Barker 'o in a recent study analyzed carefully
the infrared spectrum of A1 20 3 • The highest of
the group-theoretically allowed modes lies at
635 cm- I . He further lists a series of weak forbidden modes extending up to 806 cm -1. Weak
forbidden modes may exist up to 1500 cm- ' causing the relaxation, or combination bands of the
allowed modes of small oscillator strength may
be present due to anharmonicity. This, however,
would require a combination of three phonons.
An alternative explanation which appears just as
attractive to us is suggested in connection with
a recent theoretical study of Slonczewski l l on the
dynamiC Jahn-Teller effect. By analyzing the
motion of the J - T ion and that of its surrounding
ions he finds that an elastically and a centrifugally
stabilized mode should occur. The latter may
be well above the maximum lattice vibration fre-
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ERRATUM*

Observation of the Jahn-Teller splitting
of three-valent d7 ions via Orbach relaxation
Ulrich Hochli and K.A. Miiller

Phys.Rev. Letters 12, 730(1964)
The sentence at the bottom of the first column on page 732 should read: Our
calculations yields 9 g > g for U which, therefore, must be the lower lying level. Due to the
lowering of the symmetry by the J-T effect, U and V couple and U is not pure but dominant. 9

'Phys. Rev. Letl. 13,565 (1964)
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JAHN-TELLER EFFECTS IN MAGNETIC RESONANCE
K. A.

MULLER

IBM Zurich Research Laboratory, 8803 Ruschlikon-ZH, Switzerland

1.

INTRODUCTION: THE STATIC EFFECT IN OCTAHEDRAL COORDINATION

[n 1937, Jahn and Teller published their now well-known theorem 1.2).
They showed that for a polyatomic molecule" All nonlinear nuclear configurations are unstable for an orbitally degenerate electronic state". As
orbitally degenerate levels are very often magnetic, electron paramagnetic
resonance (EPR) is an ideal tool to study this effect.
The proof of the J-T theorem is based completely on group theory, i.e.
it is valid only if accidental degeneracy is disregarded. The authors showed
that if a level is orbitally degenerate for a certain nuclear configuration,
then the electronic energy for neighboring configurations will depend
linearly on at least one nuclear displacement.
We write the energy operator for electronic motion He in the field of
fixed nuclei as H~, and expand He in a power series of normal coordinates Qk
for neighboring configurations:

He = H~ + H' + H" = H~ +

L Vk(q)Qk
k

+

L Vkr(q) QkQr

k,r

+ ... ,

(1)

where H~ ¢p = E~ ¢p is the Schrodinger equation of the n-fold degenerate
electronic level p = 1, ... , n. The Vk's are functions of the electronic coordinates q alone. There always exist non-zero matrix elements of Vk of the
form <¢p I Vk I ¢s) i= O. This was shown by tediously working out for all
point symmetries, the reduced symmetric representations of [¢2) and I Vk I
and showing, with the exception of C oov and D oo , that there existed Vk'S
transforming as r j, as one of the representations of [¢2], i.e. Vx [¢2] E r!
and rj i= r!. Although the proof of the Jahn-Teller theorem is based
entirely on symmetry arguments, Jahn and Teller stated 1) that" If electrons
causing the degeneracy are not essential for molecular binding, only a slight
instability will result". Thus, " the effect may be small both if the degenerate
electrons are in inner atomic shells or if they are in highly excited states".
In agreement with this, no definitive evidence for the existence of the effect
due to 4f electrons of rare-earth ions has been found 3). However, if the
Reprinted from Magnetic Resonance and Relaxation.
Colloque Ampere XIV, North-Holland Publ. Co., 1967
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wave functions of bonding or antibonding electrons of an impurity or
lattice defect in a solid are relatively localized, the effect will also occur in
crystals. Physically, the Jahn-Teller effect arises because orbitally degenerate
wave functions point spacially into different directions. We wish to visualize
this for an electronic E state of a paramagnetic cation M in an octahedral
MX 6 complex. It was in such octahedral complexes that the first observations of Jahn-Teller effects were found by Bleaney and coworkers 4). The

-1

Fig. 1.

The 3d orbitals in an octahedral comrlex. The upper are t 2-type, the lower e-type.
[After Liehl 48)].

two real d-wave functions ¢3 z 2- r 2 and ¢x 2 - y 2 are shown in fig. 1. The JahnTeller active mode is also doubly degenerate. The two linearly-independent
coordinates Q2 and Q3 are shown in fig. 2. We first consider only a Qrtype
displacement. For positive QJ' two opposite nuclei, say along the z-axis,
move outward by an amount 2b, and the remaining four move toward M
by -b. Why does a lahn-Teller effect now occur? We assume the two
d-wave functions are anti bonding. An antibonding electron has a tendency
to weaken the bond and elongate the binding length. Thus for positive Q3,
the energy of the ¢3z2-r2 wave function will be lower than the one of ¢x 2 - y 2.
Conversely, for negative Q3' E X2 - y2 will be lower than E3z2-r2. This leads to the
two electronic energies as shown in fig. 3. We shall consider the seco;1d
normal coordinate later on.
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The experiments of the Oxford group 4.5) were performed on several
types of crystals containing hexahydrated divalent copper. The point
symmetry of the copper ion in all structures investigated showed a slightly
trigonal distortion. Such a distortion does not split an E level. In all cases,
an isotropic high temperature spectrum was observed, whereas at liquid
helium temperature, axial spectra along the three tetragonal and not the
trigonal directions were found. The measured g values gave gJ. < gil' The
Cu2+ has three antibonding electrons in the e subs hell, i.e. an antibonding
z

y

THE NORMAL MODE

0 2 (0 2 )0)

y

THE NORMAL MODE

0 3 (0 3 )0)

Fig. 2.

Normal coordinates Q 2 and Q3 of nuclear vibrations for an octahedral complex.
[After Kanamori 49)].

hole. From the axial g values it could be inferred that the low temperature
spectra corresponded to an elongation of the water octahedra. This means
that two antibonding type 3z 2
orbitals and one x 2 - y2 orbital are
occupied. The isotropic high temperature spectrum was assumed to be due

_,2
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to a thermally activated averaging process over the three equivalent tetragonal distortion directions.
Observations of Jahn-Teller effects occurring in octahedral coordination
were found by Geschwind 6) on Cu2 +, N? + and Pt 3+ in corundum. All
ions substitute for an AIH ion surrounded by six oxygens. These ions see
in addition to a cubic field, again a slight trigonal field component. At low
temperature, axial spectra in near tetragonal directions are observed, in
contrast to the isotropic high temperature spectrum. The explanation of
this behavior is identical to the one just given. However, for NiH and
E

----------------------~---------------------------Q3

Fig. 3. Plot of the energiesEaz 2 _ r 2 , Ex 2 _ / as a function of one normal coordinate Qaalone.
Second order effects making the "'az 2 _ r 2 function for Qa > 0 more stable are included

Pt H , gJ. > gil was found. The NiH is in a low spin state t~ e1 with one
antibonding e electron; this is also true for Pt 3 +. The theory of the g values
yields in this case 7) that the octahedron is again elongated, the antibonding
electron being located in a 3z 2 - r2 type orbital. These findings seem to indicate that the elongation of the octahedron is more favorable for estates.
Several investigations on axial low temperature spectra of Jahn-Teller d 9
and low spin d 7 ions have already been performed: Cu 2 in AgCl 7a), Ag2+
in KCl 8), Ni 1+ in KMgF 3 9) and NiH in CaO 10, 11) induce an elongated
octahedron, but Nil + in KCI9) and Rho in AgCl 12 ) have been reported
to stabilize a contracted one. In such works care has to be taken in the
assignment of S = t spectra to either d 9 or low spin d 7 ions, because it
implies a different behavior of distortion 11).
Some ions do not show a so-called static spectrum at all, down to the
lowest temperature investigated. (Under" static" one has always to state
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which microwave frequency is used.) Typical examples are Cu2+ and Ni3+
in MgO 13). All those so far investigated show in the isotropic spectrum,
well above the transition region an exponential line width broadening as a
function of increasing temperature 14. 11). To understand such a dynamical
behavior more fully, we have to discuss the theoretical analysis of the JahnTeller effect.
2.

QUANTITATIVE ANALYSIS

Van Vleck 15) was the first to consider the Jahn-Teller stabilization
energies quantitatively, and analyzed octahedrally coordinated transition
metal ions. He explicitly calculated the linear terms Vk in the potential with
a semi-ionic approach. From these linear Vk's, he obtained the electronic
matrix elements <¢p I Vk I ¢s). Rather than follow Van Vleck, we prefer
to use an effective Jahn-Teller Hamiltonian Yf JT' Yf JT is, for a certain point
symmetry, mathematically equivalent to the effective spin-lattice interaction Hamiltonian, Jf SL> well-known by physicists using EPR. However,
in Yf JT> the effective spin operators of Yf SL are replaced by orbital angular
momentum operators. The linear term Vk (q) not only transforms according
to the same representation r j , as do the Qk == Q~j, but also according to
the same basis. We can replace them by operators O~j acting on the angular
part of the electronic wave functions, and write 16):
(2)
Aj then represents the phenomenological Jahn-Teller constants which have
to be determined either by experiment or theory.
As an example we give the Jahn-Teller operator Hamiltonian for Oh
symmetry 17. 18)
Yf JT

+

= A T3

2

J1

3

A T5 [Q4 (Lx Ly + Ly Lx)

[Q2

+

(L; - L;)

+

JQ3 (3L; - L (L

3

+ 1)]

Q5 (L y L z + L z Ly)
+ Q6(L z L x +L x L z )].

(3)

The normal displacements Qk employed are those defined by Van Vleck 15).
As Yf JT stands, it applies only to the interaction with one r 3 and one r 5
mode. For large molecules or in solids one has to sum over all modes r 3
and r 5 which couple sufficiently, eventually to a continuum.
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If the effective lahn-Teller Hamiltonian is used for doubly degenerate
E-type wave functions 4>3z2 -,2, 4>x2-y2, a two-by-two matrix is obtained
(4)
We see that only a r 3 vibration couples with a r 3 state. If a trigonal distortion is added, r 3 states do not split, therefore the matrix shown also
applies to this case. If Yf JT is applied to a triplet state with wave functions
I zx ) , I xy), I yz) , then one obtains

YfJT

=

(-}..j'SQ, -,Q,

0

0

Q3

0

0

A T3

,..j3;,

-tJ

(5)

+

Ar ,

(~,

Qs

Q4

Q6

0

Q4)
;6 .

The phenomenological lahn-Teller matrices (5) also apply to Td
symmetry. Now all lahn-Teller effects, which have so far been observed
with EPR, were found with ions and radicals situated in Oh' Td or C 3v point
symmetry as regards doubly degenerate levels. For triply degenerate levels,
observations were made in Oh and Td symmetry. Therefore, all matrix elemeats we need are given in (4) and (5) which are identical to those of
Van Vleck 14) (his matrices 21 and 27). We shall not present the detailed
theory of triplet states here further, because the most quantitative data so
far obtained by resonance and relaxation are on doublets. The raising of
triplet states in Td symmetry have, however, been observed under static
conditions. We shall describe them in section 4.1. Ham 19) has investigated
the dynamic regime of triplet states and finds, in the presence of tunneling,
only a partial quenching of non-diagonal operators, such as the angular
momentum or spin orbit coupling. In contrast to optical work on V 3 + in
Al 2 0 3 20), where his theory could be confirmed recently, it has not yet been
possible, with EPR, to quantitatively separate his predicted g shifts, for
example in Fe 2 + in MgO, from those resulting from covaler,cy effects as
first emphasized by Low 21) and those induced by the phonon field as
calculated by Silsbee and O'Brien 22,23).
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We have now to consider the total Hamiltonian for nuclear motion.
It is one of the important features of the Jahn-Teller effect that the usual
Born-Oppenheimer approximation is not valid. The total wave function
cannot be written as a product of the nuclear l/J and electronic wave functions <p, because the electronic kinetic energies are comparable to the
nuclear ones. For a two-fold degenerate electronic level, the usual" Ansatz"
is l/J = <PI l/Jl + <P2 l/J2' Here, the l/Ji depend on the nuclear coordinates
alone.
The Hamiltonian in the bases of the two electronic wave functions <PI
and <P2 becomes
=

(1°0)
1

1. (p2

2

2

+ p2 +
3

w2 (Q2

2

+ Q2) + A (

- Q3 Q2)
Q2 Q3
'

3

(6)

which determines the nuclear motion. If we set Q2 = 0, then the Hamiltonian factors into two independent nuclear motions, l/JI (Q3) and l/J2 (Q3),
belonging to two electronic states as is seen in fig. 3. Near the two possible
equilibrium positions at Q = ± A/W2 M, with energy Es = - A2 /2W2 M,
the vibronic wave functions 'Pi are again approximate products of nuclear
and electronic motion, namely 'PI ~ <PI l/JI and 'P 2 ~ <P2 Ifr2' as in the
Born-Oppenheimer approximation. This justifies the" Ansatz " [in (6), the
mass M (of one ligand) is set equal to unity]. If Q2 type displacements are
allowed, one has to represent the energies as a function of two-dimensional
normal coordinate space. The resulting three-dimensional energy surface
is a cone of revolution. Mathematically, this follows from eq. (6) by using
polar coordinates in normal coordinate space: Q2 = p sin (P, Q3 = P
cos cp 24, 25). Then one eliminates the cp dependence in the Jahn-Teller
matrix by applying a unitary transformation on Yf JT
Yf' =

u+ YfU,

u

Further one puts l/Jl ,2 (p, cp)
Yf'

=

U+ Yf U

= (

=

cos
- sin

1- cp
1- cp

sin
cos

1- cp )
1- cp

•

(7)

pt l/Jl ,2 (x, y) and obtains 26)

= (J2 (-t p; + 1- w 2 p2) +

J2 (J2

+ n(J

2p2

Y

J
- Ap(Jz,

(8)

here J == (Ii/i) (~/~cp) is the angular momentum, Pp is the" radial momentum ".
The first term represents the radial nuclear kinetic energy, the second
the elastic energy, then the rotational energy follows and the last is the
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Jahn-Teller term which is now diagonal. The (J's are Pauli spin matrices in
the space spanned by the now transformed electronic wavefunctions ¢~, ¢;:
¢~ = ¢3z2-r2costcp - ¢x2_y2sin tcp,

(9)

For (p = 0 we get back our original wave functions and a coupling with
Q3 only.
If p is sufficiently large, the term containing (Jy can be neglected and the
energy of the system becomes
m 2 li 2
E = t P ; + tw 2 p2 + --2-(=t)Ap,
(10)

2p

where the upper sign belongs to ¢~. To obtain this, nuclear wave functions
l/Ji (r, cp) = .r(p) eimlP have been taken. The boundary condition requires
that m be half integral 24, 25).
Eq. (10) describes a system in which the minimum of the energy occurs
for any cp, i.e. for any combination of nuclear distortions Qz, Q3 which
satisfy Po = .J(Q~ + Q~). Opik and Pryce 27) took into account the Born
repulsion between ions and obtained a term of the form A3 p3 cos 3 (p.
Due to this third order term, the cone of revolution becomes warped. It
provides stable minima at cp = 0, t nand - tn for A3 > 0 and cp = tn,
nand n for A3 < O. A3 > 0 corresponds to an elongation of the MX 6
complex along the x, y and z axes, respectively, stabilizing 3x 2 _r2, 3y2_r2
3z 2 - r2 wave functions. For A3 < 0, the complex is compressed along the
x, y and z axes and three wave functions of the type x 2 - y2 become stabilized 28). Each set of these vibronic wave functions is, however, triply
degenerate. A similar behavior is found for degenerate wave functions under
Td symmetry as the nitrogen center in diamond. Here four possible eqUIvalent J-T distortions along [111] directions occur.

f

3.

DYNAMICAL MOTION OF OCTAHEDRALLY COORDINATED IONS
WITH DOUBLE DEGENERACY

3.1. Motion on the lower potential branch: g values, hyperfine interaction,
T z mechanism
We are now in a position to discuss the dynamical aspects of the effect
and begin with the motion on the lower potential branch. We follow, in
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part, the analysis of O'Brien 24). First we assume that the constant A 3 is so
large that we can neglect tunneling between the bottom states in the three
potential wells. At low temperatures, only these three equivalent states
are occupied and the three spectra with gil = 2-8 AjA and g.l = 2-2 A/A
are observed (for A3 > 0, d 9 ).
The nuclear wave function for each state is a product of a radial and an
angular harmonic oscillator function. Therefore, already in the ground
state, the electronic wave function is not a pure I 3z 2 - r2) or I x 2 - y2) state,
but has a component of the other one admixed by the zero point vibrations.
This effect has been observed in the superhyperfine interaction of Nil + in
KCl by Hayes and Wilkens 9). For a x 2 - y2 orbital, one expects an interaction with only four ligand nuclei, in the xy plane. However, interactions
with the remaining two is observed due to the admixture of the ¢3z2-r2 wave
function. Further, if the temperature is increased, higher states in the
angular harmonic oscillator will become occupied (the quanta of the radial
harmonic oscillator are roughly an order of magnitude larger). Therefore,
on the average, more" minority" type wave functions will become admixed.
(The electronic wave function is here assumed to follow the nuclear wave
function instantaneously.) This effect has been observed on the "static"
g values, which shift in proportion to the wave function admixed 9,29).
The admixture coefficients obtained from the gil shift are as high as 16.5 %
at 300 OK 29) for Cu 2 + in dibarium zinc formate tetrahydrate. Agreement
with the O'Brien theory was also found for the g values in the transition
region of Cu 2 + in AgCl 30).
If the temperature is further increased, states become occupied where
tunneling is important. These states are not triply degenerate but belong
to cubic A, Band E representations. Their g values are nearly isotropic and
an average of the low temperature ones, with 9 = 2 - 4 AI LJ. The low temperature anisotropic spectrum disappears because of a T2 type relaxation:
the excitation to higher-lying states becomes progressively faster. This does
not turn over the spins but changes the g shift. On the high temperature
spectrum, there are more and more occupied states whose g shifts are
barely different, thus this spectrum becomes narrower. The situation is
analogous to motional narrowing. At still higher temperatures, the spectrum
becomes broader again, because spin-lattice relaxation now sets in. This
relaxation is of the Orbach type, and is due to the existence of localized
Slonczewski-modes on the upper potential branch. We describe this in
section 3.2. From the temperature at which the spectrum changes from
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" static" to " dynamic ", we can deduce the magnitude of the higher order
A3 term; whereas the high temperature lifetime broadening gives information on the Jahn-Teller constant A.
The spectrum of Ni 3 + in corundum in the static to dynamic transition
region has been investigated more recently by Meritt and Sturge 31). They
obtained the relaxation time, between equilibrium positions, which agrees
well with the one found from acoustic dispersion and absorption measurements 32). In the latter, Mn 3 + in Y AIG has also been measured. The relaxation time for these measurements is shown in fig. 4. From it, one sees that
4

2

10- 9
8
6

4

u

~

-

2

~

10-10
8
6

4

10-11

'-----:--'------:-'-:,----::-'-::--~:-::----:c_':_:::___:_:':_:_~

o

0.15

0.20

0.25

0 .30

035

t(OKf 1

Fig. 4.

The relaxation time" of A1 2 0 3 : Ni 3 + , 0.004°'-:; as a function of T - '.
[After Gyorgy et al. 50)].

at low temperature, tunneling dominates and its time constant is of the
order of 4 x 10- 9 sec. With increasing temperature, thermally activated
" hopping" sets in. From the data, the barrier height and breadth have
been obtained using a parabolic potential well for each equilibrium position, rather than the sinusoidal one of Opik and Pryce. A height of 90 cm- 1
was obtained for NiH in A1 2 0 3 •
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If tunneling is appreciable in the bottom states, this leads to a splitting
of the three lowest equivalent energy levels which transform according
to a reducible representation r R = Ag+Eg (for NiH at 24 Gc/s this was
not resolved 31). If spin is included, the two levels transform as r 6 and r 8'
One distinguishes in EPR two limiting situations: one in which the microwave quantum is large compared to the split levels (NiH in A1 20 3) and
the other where the splitting of the two levels is large compared to the
Zeeman energy. Bersuker 33,34) was first to calculate the g values in the
whole range, but the same results were obtained independently a year later
by O'Brien 24), who gave a more detailed analysis. For large" inversion"
splitting as Bersuker 33) calls it, the g value of the r 6 level is 2-4 }./.1 but
there are two g values pertaining to the r 8 quartet. For H II [lOO] these are
g1 = 2-2)'/.,1, g2 = 2-6)./.1. For HII [111] all three spectra coincide.
Such spectra have been detected by Coffmann 35) for Cu2+ in MgO at
1.2 OK. As Bersuker 34) points out, such spectra measured as a function of
microwave quanta can also be used to obtain the splitting caused by tunneling. Recently the EPR in the metastable 2E level of Cr H in MgO was
observed at l.5 OK 36). From the data which indicate an EPR doublet if H
is not II [111], we think that inversion splitting is present there, too.
3.2. T1 mechanism,' evidence for the existence of Slonczewski modes
on the upper potential branch

In 1963 the author found an exponential line width broadening of the
isotropic high temperature EPR line of NiH 3d 7 (tt e), together with
Rubins in the cubic matrix of SrTi0 3 37), and together with Hochli and
Leifson in Al 20 3 38). It was first believed that this broadening, typiGal of
an Orbach mechanism 39), was caused by the higher-lying 4r 4 state. This
state is split by spin-orbit interaction and lies lower than the 2r 3 state in
Co2+ (3d 7) 21). However, an analysis of the optical absorption spectrum
of Ni 3+ in SrTi0 3 indicated that the lowest level originating from the 4r 4
state was about 3000 to 7000 cm -1 above the 2r 3 ground state 37). From
the relations LlHsl (T) = LlH (T) - .,1Ho, where LlHo is the residual line
width of low temperature, T1 = h/ngf3LlHsl , and the formula of the Orbach
relaxation T1 = C exp .,1/kT, the constant C = 2 X lO-10 sec and .1 = 665
± 50 cm -1 were obtained. Apparently, .,1 was smaller than the distance
of the ground state to the lowest level of the 4r 4 state.
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Thus, it was assumed that the energy separation obtained was due to
a lahn-Teller splitting. Subsequently, doubts with respect to such an interpretation arose. First, in Orbach's theory, it is necessary that the potential
for nuclear motion of the excited level in question have a stable minimum.
This is not the case if one looks at the potential of the upper branch alone,
which is V = + Ap + Wp2, P ;> 0, in the dynamical regime, according to
eqs. (8) and (10). Second, the obtained 14) splitting L1 for NiH in Al z0 3 of
T1 (sec)

o

Fig. 5. The spin lattice relaxation time Tl of NiH in SrTi03 as deduced
from the line width broadening plotted against the inverse of the temperature.

1530 cm -1 was above the cutoff of phonons in the lattice. Lattice phonons
of sufficient density are, however, necessary for an Orbach mechanism to
be operative. Third, due to the large L1 observed in Al z0 3 , the question
of whether the relaxation was not caused by the 4 r 4 level remained. The
latter ambiguity could be removed by investigating the isoelectronic Pt 3 + ion
(5d 7 ) in Al z0 3 14.40). There, the 4r 4 level is sited 18000 cm- 1 above the
2 r 3 ground level, whereas the relaxation data yield L1 = 470 cm -1. Subsequently, work was carried out together with Wysling on d 7 ions in the
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pure cubic lattices of MgO and CaO. Since theoretical estimates of JahnTeller splittings of d 7 are not available, the more commonly known d 9 ions
Cu2+ and Ag2+ were included 41_43). A summary of all resonance and
relaxation data obtained is given in table 1. It should be noted that EPR on
Ag2+ in CaO and Pd3+ in CaO and MgO had not been previously reported.
During the course of our experimental work, the theory of the dynamical
Jahn-Teller effect of Slonczewski 25) had appeared. This theory removed
the remaining doubts regarding our interpretation of the T1 relaxation, and
helped to interpret it more quantitatively. Moreover, it turned out that the
relaxation data strongly support the existence of centrifugally stabilized
local vibrations in the upper potential branch, as postulated by Slonczewski
to occur well above the continuum.
TABLE

1

Resonance and TI relaxaticn results of various d 7 and d 9 ions
in oxide crystal hosts
References

Ion

Host
lattice

Relaxation data
Lifetime
10"
(sec)

ex

37)
38, 14)
41, 42)
41, 42)
43)
43)
40, 14)

42)
42)
43)

*

NiH
NiH
NiH
Nj3+
Pd H
Pd:H
PtH
Cu 2 +
Cu2 +
Ag2+

SrTi03
AI 20 3
MgO
CaO
MgO
CaO
AI 20 3
MgO
CaO
CaO

20
0.6
7
0.2
1.2
0.5
4
7
1
25

± 5
± 0.3
±2
:+c 0.05
± 0.25
.1: 0.1
± 1
±2
± 0.2
±1O

Resonance data

Splitting

g

(cm-I)

665
1530
1300
2500
1300
1850
470
1100
1000
600

±
±
±
±
±
±

±
±
:':-

±

50
150
100
200
100
100
40
100
tOO
100

K

(Gauss)

2.180
2.146
2.170
2.282
2.115
2.150
2.220
2.190
2.220*
2.075*

19.2
21.0*
25.6*

At 100 OK

Slonczewski considered in a very general manner, the dynamical motion
of a Jahn-Teller ion in a solid or molecule, interacting with a large number
n of J-T active E modes. He found that for large collective energies, two
modes of collective motion can be separakd out, one angular and one
pseudoradial. For this to occur, at least some of the Jahn-Teller constants
A T 3 must be sufficiently large. In zero order approximation, his Hamiltonian
(see eq. (4.14) of ref. 25) becomes analogous to the one of our simple model
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of section 2. Using eq. (10) one is able to describe the barest skeleton of his
results. Slonczewski points out that for vanishing p, the radial term 1i 2 m 2/2p2
becomes important, because m is half integral and thus the m = value
does not occur. This term can be regarded as a pseudopotential of the
positive centrifugal forces. It provides a stable minimum on the upper
potential branch together with the Jahn-Teller energy Ap. On the lower
potential branch, the Jahn-Teller energy is negative, - Ap, and provides
a stable minimum with the elastic forces (1)2 p2. Here the energies are small:
the electronic wave function f/J~ follows the nuclear motion instantaneously.
It is in phase with the nuclear angular motion cp = Wa t as may be seen
from eq. (9). On the upper branch, the electronic wave function f/J; is out
of phase with respect to the nuclear motion by an amount of n.
Near p = 0, the terms (1)2 p2 and A3 p3 can be neglected and one obtains
for the upper branch
£'p';;;', tP; + 1i 2 m 2/p2 + Ap.
(11)

°

Here A is a generalized Jahn-Teller constant [eq. (5.2) of ref. 25]. Expanding
= (1i 2 m 2 /A)! in the radial potential one finds

£'p around the minimum Po

£';1

=

1(IiA Iml)-f

+ t P; + t

3At

... (p-PO)2 + ....

(Ii Iml)'

(12)

The eigenvalues of £'p using the harmonic approximation to the radial
potential are
(13)
Q

+2
1. +2~ '
_vI3"A-f m = -

o -

(filml)

t

8=0,1,2.

The lowest levels occur at a distance e = (fiA)t from one another. In our
systems it turns out that e is of the order of 400 em - 1 . One can, therefore,
assume that only the lowest m = ± t, 8 = 0, is responsible for the relaxation, otherwise a single exponential would not be found in the relaxation
data. In the lowest level one gets
E±t.o';;;',2B.

To determine B and A from the data, one n~eds to know the mean energy
of the levels from which the EPR signal is observed. There, a knowledge
of the parameter A3 is necessary. It is, as previously mentioned, only known
for Ni 3 + in A1 2 0 3 • There, the third order potential is small compared to
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kT and no degree of freedom for the angular potential energy must be
assumed. Thus E = - Es + 1- kT. The total mean distance between the
localized Slonzcewski mode and the states on which EPR is detected is
A

=

28 - E

=

28

+ Es

-

1- kT

.

From the data, the quantity A'jkT =·28+Es can be extracted. Using
Es = - A2j2w2 = 8 3 j2 (/i 2 w 2) and putting approximately w/i ~ iOk,
where 0 is the Debye temperature, one finds
A'
1 [
kT = kT 8 2.0

9(

+ 8"

8)2 ] .

Ok

For A1 2 0 3 , Ok of the phonons is about 300 cm -1. One then obtains with
A' = 1530 cm-I, 8 = 370 cm- 1 and Es = 760 cm- I . For Cu2 + in MgO
and CaO, using Ok ~ 200 cm- 1 and A3 '" 100 cm-I, the Es range from 480
to 560 cm -1, and are in order of magnitude agreement with the theory of
Liehr and Ballhausen 28). Slonczewski estimated the condition under which
his modes are sufficiently localized, and found 8 ~ Ok. For Ni 3 + in A1 2 0 3 ,
8jkO ~ I, and, with the exception of Pt 3 + in A1 2 0 3 , similar values should
pertain to the other ions, provided that A3 is not much larger than in
NiH: A1 2 0 3 . Thus his condition is too strong and perhaps only the condition A > kO is necessary.
That localized "Slonczewski modes" are indeed responsible for the
lifetime broadening observed, is also borne out by theoretical analyses of
Klemens 44) and Mills 45). Both authors showed that if localized modes are
present at a paramagnetic impurity, the lifetime should vary exponentially
with temperature. Klemens proved this for localized quanta, which are
larger than the phonon spectrum, and Mills for quanta which are smaller
than the continuum cutoff. Measurements of spin-lattice relaxation times
of the non-Jahn-Teller ion Cr H in MgO have shown that exponential
spin-lattice relaxation as a function of temperature can be found if there
exist peaks in the phonon spectrum 46). These peaks occur in MgO at 400 OK
and 700 OK, i.e. well below the splittings A we obtained with the Jahn-Teller
ions 1100-1300 cm- I . Further, the splitting A varies for a specific host like
Al 2 0 3 with the incorporated ion: 470 cm- 1 for Pt H and 1530 cm- 1 for
Ni 3 + and thus cannot be a property of the host alone.
Due to space limitation, section 4 on Jahn-Teller effects occurring in
tetrahedral and 8-fold cubic coordination is omitted. It will be the object
of a separate report.
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CONCLUSIONS

EPR is a very valuable tool for studying the Jahn-Teller effect. In this
paper we tried to emphasize some aspects into which EPR has brought
insight.
A large effort in the field still seems to lie ahead. The quantitative
explanation for static distortions of certain paramagnetic ions in tetrahedral and cubic (8-fold) coordination has not yet been given. Although
the understanding of dynamical motion has considerably improved recently,
quantitative calculations to explain the EPR Tl relaxation phenomena
observed on the lower potential branch due to the Slonczewski modes are
incomplete 47). Studies giving insight into the warping of potential sheets
are seriously lacking for most ions so far investigated. Experimentally, very
little has been done with EPR in Jahn-Teller active paramagnetic molecules
in solutions. It may be possible to use paraelectric resonance in tetrahedrally
coordinated systems to better understand the effect there.
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EPR results of V4+, with S = t, in SrTi0 3 are reported. The tetragonal
local symmetry of the impurity ion is related to strong T 2g x Eg coupling
as evidenced by intensity variations in the presence of stress. At 4.2 K the
V4+ EPR behaviour is related to the intrinsic local strain in SrTi0 3 .
A LINEAR Jahn-Teller interaction of the type
2T2g x Eg in the strong coupling regime has recently been
invoked for Cr s+ substitutional for Ti4+ in SrTi0 3 [1, 2].
Nonlinear electron-lattice couplings were strongly
enhanced when a modified heat treatment was applied
and as a result the question of local dynamics on the
EPR time scale could be addressed [3]. As a natural
extension of this work we report here on the first EPR
results of another d 1 impurity in SrTi0 3 , V4 +.
EPR measurements were performed at 9.16 GHz
using SrTi0 3 single crystals doped with 60 ppm V (as
purchased from Semi-Elements Inc.). At 4 K the spectra
showed, in addition to the lines from a number of well
known iron centers, the response of an S = t center with
a characteristic hyperfine splitting due to an 1= i
isotope. After irradiation with UV light the latter spectrum was enhanced by a factor of five. Figure 1 shows
the angular dependence when the magnetic field H is
rotated in a (001) plane. Evidently the center has
tetragonal local symmetry with the main axes in the
{100} crystallographic directions. Since the V SI isotope
has a nuclear spin I = i in a 99.76% natural abundance,
one readily attributes the S = t spectrum to V4 +, as
argued further below. An accurate fit with the experimental angular variation is obtained when we take
j( = {3H • g • S + S • A • I ., i.e. negligible nuclear quadrupole interactions, and coinciding principal axes of the g
and hyperfine tensors. It appeared sufficient to consider
the hyperfine interaction up to second order [4] and we
find gil = 1.9420±0.005,gl = 1.8945 ±0.005
IA III = (146.78 ± 0.05) x 10-4 cm -I and IAll =
(44.04 ± 0.05) x 10-4 cm -I. The g- and A -values showed
no changes with temperature up to 35 K where the V4+_
spectrum disappeared, probably due to fast spin-lattice
relaxation processes. Additional splittings in the V4+_
spectrum, as expected on account of the rotation of the
oxygen octahedra in the SrTi0 3 host crystal below Tc
[5], could be resolved only when monodomain crystals
were used. The rotation angle rp was measured to be
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Fig. 1. Angular dependence of the EPR lines of V4+ in
SrTi0 3 when H is rotated in the (001) plane, T = 4.2 K.
2.0 ± 0.1 0 at 4.2 K, i.e. rp complies with the intrinsic
rotation angle [6].
The EPR results clearly show that V4 + is substitutional for Ti 4+ whereas the experimental value of rp
very likely excludes a nearby defect ion as the cause for
the tetragonal site symmetry. Localized symmetry
lowering can, of course, also occur spontaneously,
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Fig. 2. Influence of (! 10] stress on the intensities of the M[ = ~ lines of V4 + in SrTi0 3 for H II [001]. Zero external
stress: dotted lines; PliO = 5.42 x 1Q 8 dynecm- l : solid lines.
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Fig. 3. Plot of In (h/2/II) vs external uniaxial stress (PliO) at 4.2 K, H II [001].
namely in the presence of off-center potentials [7] or, in
case the system possesses orbital degeneracy, JahnTeller interactions [8]. Since the ionic radius of V4 +
(~0.61 A) is almost equal to that ofTi 4 + (~0.64A) it is

hard to visualize that off-center displacements are of
relevance here. On the other hand, the electronic configuration would permit electron-lattice couplings to
produce localized distortions in close analogy to
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Cr S+ :SrTi0 3 [1,2]. In view of this we investigated the
behaviour of the system under uniaxially applied stress.
As is well known [8], a strong linear vibronic coupling
between a triply degenerate T state and a localized €g
mode in a cubic crystal leads to tetragonal distortions of
the octahedron around the impurity ion. In the strong
coupling limit, externally induced strain couples through
its eo and e. components leading to a lifting of the
degeneracy among the three lowest vibronic levels.
Thermal relaxation then produces an alignment among
the tetragonal distortions. With the crystal mounted in a
quartz tail of the He-cryostate, stresses up to 8.5 X
10 8 dyne cm -2 were applied. The crystal was exposed to
UV light shone through the optical transmission cavity
for optimum signal to noise ratio. With the external
stress directed along the pseudo-cubic [l 10] axis the
following qualitative changes are observed: (i) lines due
to sites in the (100] and [010] domains become suppressed and are no longer detected for P > 2.5 x
10 8 dyne cm -2, and (ii) the relative intensities of the
lines due to the remaining [001] domain sites also
change with applied stress. The latter effect is illustrated
in Fig. 2 in which the intensities for the hyper fine lines
with m[ = ~,for H /I [001], are compared. Sites with
main axes perpendicular to the (110] direction (i.e. with
geif = gil) become suppressed whereas their high field
components (with gett = gl) become stronger. The
observed phenomena reflect (i) the well known suppression of the [100] and [010] domains under [110]
stress [9] and (ij) preferential alignment among the
tetragonal distortions in the remaining [DOl] domain. In
Fig. 3 In (h(2/ 11 ) is plotted as a function of the [I 10]
stress magnitude, where h and III refer to the integrated
intensities of the gr and gil-lines, respectively. The linear
dependence is characteristic of a level splitting in a multiwell potential, the splitting being linearly dependent on
the applied stress. Specifically, when 1/1 too, 1/1"'100 and
1/11;00 denote the vibronic ground levels in the T x €g
scheme, [liD] stress splits these states into an upper
lying I/I!;OO state and a doubly degenerate ground state
(1/1 too and I/IT/OO) with an energy separation of t1E =
EI; - Et"'l = .t(C II - C12 )-1 V2 P IIO . Here V2 defines the
strain coupling coefficient and CII and C 12 denote the
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pseudo-cubic elastic stiffness constants. With V2 =
~kT(Cl1 - C I2 )t/O In (h(2/ 11 ), C l1 = 2.96 X 10 12
dyne cm -2 and C I2 = 1.12 X 10 12 dyne cm -2 [10], we
obtain from the slope in Fig. 3 1V21 = 2 x 10 4 cm- I • The
very same value was found in the case of tetragonal Cr 5+
sites (1] thereby expressing the close similarity in
electron-lattice coupling of the two transition metal
ions. When the plot in Fig. 3 is extrapolated to zero
external stress a residual local strain is found of
e = 8 x 10-5 at 4.2 K. This value is almost equal to the
intrinsic local strain of 2 x 10-4 at 4.2 K, as formerly
measured for SrTi0 3 by neutron back scattering [11].
Apparently, the strain experienced by y4+ is nearly completely due to the slight tetragonal deformation of the
surrounding oxygen octahedron [12] rather than the
intrinsic macroscopic strain. In summary, SrTi0 3 : y4 is
subjected to strong vibronic coupling of the type
T 2g x €g which, for transition ions, so far was only
known for Cr 5 +.
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Electric field effects in EPR of the SrTi0 3 :V4+ Jahn-Teller
system
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Abstract. The influence of applied static electric fields on the SrTi0 3 :V t + JahnTeller system has been studied by means of EPR at liquid helium temperatures. The
experimental results can be accounted for by considering a 2T2g electronic ground
state showing a strong Jahn-Teller interaction with a localized eg mode. In the presence of electric fields, the degeneracy of the vibronic ground state is lifted appreciably
by strain. This strain results from strong electrostrictive couplings in SrTi0 3 .

1. Introduction

Illumination of SrTi0 3 single crystals, doped with vanadium, with blue light (,X ~
396 nm) gives rise to an EPR spectrum characteristic of an S = ~ centre. The centre
has tetragonal local symmetry, the main axes being along the {lOO} directions of
the SrTi0 3 host crystal [1]. On the basis of the observed hyperfine splittings, the
spectrum has been attributed to y4+ substitutional for Ti4+. In the presence of
applied uniaxial stress, the induced strain produces significant changes in the relevant
intensities of the (hyperfine) signals of the three y4+ sites in the crystal. The straininduced effects were interpreted assuming that the SrTi0 3 :y4+ system has a triply
degenerate vibronic ground state [1]. The vibronic degeneracy is derived from a strong
J ahn-Teller interaction between the electronic 2T 2g orbital state of y4+ (d 1 ) and a
localized eg mode in the linear coupling limit [2]. Strain in the crystal effectively lifts
the three-fold vibronic degeneracy and effects an appreciable alignment among the
tetragonal J ahn-Teller distortions.
In this paper, we present results of an EPR study of the SrTi0 3 : y4+ impurity
system in the presence of an applied electric field. In a highly polarizable host crystal such as SrTi0 3 , the Stark effect of a paramagnetic ion is dominated by the local
electric field strength, E 1oc . In SrTi0 3 , especially at low temperatures, E 10c differs
by three to four orders of magnitude from the externally applied field, E [3]. Consequently, despite a relatively weak coupling of the y4+ metal ion to the polarized
lattice, Stark shifts of the EPR lines typical of the y4+ can be observed even in the
presence of moderate external electric field stengths. Here it will be shown that for the
SrTi0 3 :y4+ system in EPR, Stark shifts bilinear or quadratic in E 10c are measured,
thus providing independent evidence for the centro-symmetric position of the y4+ ion
within the octahedron of surrounding oxygen anions.

©
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Upon the application of electric fields up to 40 kY cm-I, electrostrictive interactions in the SrTi0 3 crystal give rise to the concomitant occurrence of strain. in the
crystal [4]. Given the great sensitivity of the SrTi0 3 :y4+ tetragonal Jahn-Teller distortions to strain, it is of no surprise that the electric field is found also to affect the
intensities of the EPR lines of the tetragonal y4+ sites. The results are discussed in
terms of an alignment of the tetragonal distortions along the electric field; the observations are analogous to those reported previously for the SrTi03 :Cr5+ system [5].

2. Experimental procedure
Single crystals of SrTi03 doped with 60 ppm vanadium were purchased from SemiElements Inc. and National Lead Co. EPR spectra were measured at X-band
(9.16 GHz) utilizing 100 kHz modulation. The samples were mounted in an optical transmission cavity. Electric fields were applied by means of a DC high-voltage
power supply with copper electrodes connected to parallel gold electrodes. The gold
electrodes were vapour-deposited on the polished crystal surfaces. By using the gold
electrodes, hysteresis effects in the EPR resonances caused by the electric field were
suppressed to a minimum. A load resistance of 1 Mn in the circuit prevented sparking
when applying high voltages. A stainless steel liquid helium dewar with a quartz tip
in the cavity was used in the experiments. By pumping on the liquid helium bath, the
temperature could be lowered to 1.8 K. To obtain a maximum signal-to-noise ratio for
the EPR signal of the y4+ (d 1 ) ion, the crystal was irradiated with light from a Philips
high-pressure mercury arc lamp filtered by a UG-ll filter. All experiments were done
at 4.2 K and 1.8 K. At higher temperatures, the EPR lines become weak and broad
because of the decay of the y4+ ion back into the y5+ ion [6-8].

3. Results

For an arbritary orientation of the crystal with respect to the magnetic field H, the
spectrum of the SrTi0 3 :y4+ system, at 4.2 K and zero electric field, consists
of 24 main lines of almost equal intensity. The EPR spectrum corresponds to three
tetragonal y4+ sites with gil
1.942, g1.
1.895, All
146.78 x 10- 4 cm- 1 and
A1. = 44.04 X 10- 4 cm- 1 [1,9] .
When an electric field, E, is applied along the pseudo-cubic [100] axis and H,
the magnetic field, is almost perpendicular to E and about 10° from the pseudocubic [010] axis, we observe the following changes in the EPR spectrum (cf figure 1):
(i) EPR lines corresponding to y4+ sites with a main z-axis parallel to E exhibit
a line shift. For centres with tetragonal axis perpendicular to E no line shifts are
measured. Figure 2 presents the shift of the EPR lines due to centres with tetragonal
axes parallel to the electric field as a function of the square of the internal local field,
Efoc . For electric fields larger than 6 kY cm- 1 , the line shift is found to change
linearly with El~c. (ii) EPR lines due to sites with a main tetragonal axis parallel
to E are enhanced relative to the lines associated with centres with tetragonal axis
perpendicular to E. In figure 3, we plotted In(IE/I) versus El~c' where IE is the EPR
line intensity measured for those centres with main axes parallel to the applied electric
field and I is the intensity measured for those centres with main axes perpendicular
to the applied electric field . The drawn line shows the best fit to a straight line.
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(iii) Small satellite lines denoted by x in figure I(b) appear when an electric field
is applied. These lines represent the 'forbidden' AM
±2 quadrupole transitions.
They appear when the magnetic field is perpendicular to the tetragonal centre axis.
From the position of the weak lines, the magnitude of the quadrupole interaction, IFI,
is determined as IPI = (-2.142 ± 0.005) x 10- 4 em-I. This value is ofthe same order
of magnitude as the quadrupole couplings found for y4+ in Ge0 2 [10] and Ti0 2 [11].
For the SrTi0 3 :V4+ system the same results were obtained when the temperature was
lowered to 1.8 K.

=
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,
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Figure 1. (a) EPR spectrum of the SrTi03:Vt+ system for H in the (001) plane,
about 10° away from the [OlD] axis, T
4.2 K. (b) The same spectrum, but with an
applied electric field E II [100], E
21 kV cm- I . The lines marked X are 'forbidden'
quadrupole transitions.

=

=

Upon the application of an external electric field along the pseudo-cubic [110] axis
and choosing the magnetic field along the [110] direction, the following effects are
observed (cf figure 4): (i) EPR lines due to sites with tetragonal axes along the [100]
and [010] directions undergo the same shift, while those with their main axis along the
[001] direction show no shift. The electric field does not affect the separation of the
hyperfine lines indicating that the hyperfine interactions of the SrTi03 :y4+ system are
not influenced by the applied electric field. (ii) EPR lines due to sites with tetragonal
axes along the [100] or [010] direction are enhanced in intensity, while the intensity
corresponding to centres with main axes along the [001] direction is decreased.
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Figure 2. Plot of the EPR line shift versus E?oc (E II [100)) for V~+ sites with the
tetragonal axis parallel to E. The solid line is a least square fit to a straight line.
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SrTi03:V~+ system. The solid line is a least square fit to a straight line.

4. Discussion
The electric field-induced shifts in the positions of the EPR lines of the SrTi0 3 :V4+ (d 1 )
system can be described by including in the spin Hamiltonian the following terms
[3,12] :
(1)

where

In equation (1) the Einstein notation is used, i.e. summations have to be taken over
suffixes occurring twice in the same term. With Eloc = P / £0 [3], expression (1) is
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Figure 4. (a) EPR spectrum of the SrTi03:V 4 + system for H a few degrees from
the [110) direction at 4.2 K. (b) The same spectrum, but with an applied electric field
Ell [100). E 18 kV cm- I .

=

rewritten as,

(2)
where

and the polarization, P, as a function of the applied external field at 4.2 K, has been
given by Itschner [13] for electric values up to 1.5 MV m -1. We extrapolated these
values for the polarization to those obtained by Unoki et al [14]. 7';j1d in equation (1)
is a fourth-rank symmetric tensor. For the point symmetry of class C 4h (4/m) the
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relevant fourth-rank tensor takes the form [15]

(3)

=

=

=

=

where the indices refer to the Voigt notation, i.e. 1
ZZj 2
YYj 3
ZZj 4
yz, zYj 5
ZZ, ZZj 6
zy, yz and where z, Y and Z denote the centre axes, the
z-axis being the tetragonal axis. With the electric field applied parallel to the centre
z-axis we obtain,

=

=

(4)

On the other hand, the EPR line shifts are obtained from
(5)
It follows that

(6)

and
(7)

=

=

Experimentally, we find that ~gll
-0.0030 for E z
2.4 kV cm- l and ~gJ.. =
-0.0039 for E z = 3.6 kV cm-l. From equations (6) and (7) and the extrapolated values for the local electric field strength (vide supra) it follows that T33 =
-0.55 m 4 A -2 s-2 and T I3 = -0.51 m 4 A -2 s-2.
Experimentally, EPR lines due to centres with tetragonal axes along the [010] and
[001] directions and perpendicular to the applied electric field (E II [100]) are not
shifted and thus Tn
T12
T I3
T I6
O. Since the centre main axes remain
untilted upon the application of an electric field we also find T44
T45
T66
O.
The same values for the T-tensor elements are obtained when analysing the EPR results
for E II [110].
The linear relationship between the Stark shift and the square of the local electric
field strength is good evidence that the V4+ ion in SrTi0 3 is at a centro-symmetric
position. A similar behaviour in an electric field has previously been reported for Cr5+
in SrTi03 [5], which is also at a centro-symmetric site. Likewise, a quadratic elec,tric
field dependence has been found for Fe3+ :SrTi0 3 [16] and for Fe3+ and Gd3 + impurity
ions in KTa0 3 [17, 18].
We now turn to the effect of E on the EPR line intensity. As mentioned in section 3,
an increase in the EPR intensity of the centres with tetragonal axes parallel to the
applied external electric field and a decrease of the signals due to those centres with
tetragonal axis perpendicular to the applied electric field was observed. From figure 3

=

=

=

=
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it is seen that the logarithm of the intensity ratio of the EPR signals due to centres with
a tetragonal axis parallel to the applied electric field and centres with a tetragonal
axis perpendicular to the electric field depends on the square of the internal field.
Previously it has been mentioned that SrTi0 3 : y4+ can be treated as a 2T 2g ~ eg
vibronic system in the strong coupling limit [1,9]. This system has a triply degenerate
vibronic ground state which is very sensitive to crystal strain . When an electric field
is applied such a strain can be produced by electrostrictive couplings. The strain
perturbation for the vibronic system is written as [2]

(8)
where V2 is the strain coupling coefficient, eo and e( are the strain parameters defined
by

and

Taking 1/Je' 1/J" and 1/J( as the degenerate basis set for the T-state, the electronic orbital
operators in matrix notation become [2]

L(

'

1.

= [-v'3~3/2 ~/2
0 0
~

In the SrTi03 :y4+ system, the degeneracy among the 1/JE' 1/J" and 1/J( states is lifted
in the different domains on account of the residual spontaneous local strain e [1] .
Previously it was found that e = 8 x 10- 5 at 4.2 K [1]. In zero-electric field, the
energy difference between the ground-state and upper-lying Jahn-Teller states is equal
to ~E = ~V2e [1] (see figure 5). When E "# 0, the electric field-induced electrostrictive
strain, eE' for an electric field directed along the [100]-axis is given by ~E = ~V2eE'
where eE
ezz - ~(exx + eyy ) eo and e( 0, as shown below .

=

=

=
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Figure 5. Splitting of the "'e, "'" and
states in the [100], [OlD] and [001] domain,
respectively, in the presence of the residual spontaneous local strain, e, and the
electric field-induced electrostrictive strain, eE, when E II [100].
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=

The electric field-induced strain components are given as ejk
9iljkEiEl' where
9iljk is a fourth rank tensor of the same symmetry as T in equation (3) [15]. For
centres with tetragonal axes along the [100] crystallographic axis we have

+ 912E; + 913 E ; + 916(Ez E y + EyEz )
= 912E; + 911 E ; + 913 E ; - 916(Ez E y + EyEz )
= 913 E ; + 913 E ; + 933 E ; .

en = 911 E ;
eyy
e

zz

E = E z and E z = Ey = 0,

we obtain en = 913El~c' e yy = 913Efoc and e =
933Efoc' We thus find that e8 = e
~(ezz + e yy ) # 0 and e( = e zz - e yy = O. The
electric field-induced strain, e E , can be expressed as eE = 9EEl~c' where 9E = 933-913'
Figure 5 illustrates the resulting splittings of the Jahn-Teller states.
In a three-domain crystal the Jahn-Teller sites in the different domains (E II [100])
give rise to the following intensity ratios of the corresponding EPR signals,

Since

zz

zz -

2 eE
lz) = In (lz)
= 3V
I
2kT .

I (
n I

y

(9)

z

From a least-square fit to a straight line (cf figure 3) we obtain a slope equal to 4.04 x
10- 2 This yields a value for the electrostrictive constant of 9E = 3.93x 10- 24 m 2 y-2.
This value is compatible with the electrostrictive value of 913 = 6.7 X 10- 24 m 2 y- 2
found by Rupprecht et al [4].
For SrTi0 3 it is known that when an electric field E is applied parallel to the [100]
axis, the domain axis tends to re-orient itself perpendicular to the applied electric field
[14,16,19]. The alignment of the domain axis illustrates that the applied electric field
induces through electrostrictive couplings a tensile strain perpendicular to the electric
field and a compressive strain parallel to E. As shown above, at the same time the zaxis of the oxygen octahedron surrounding y4+ likes to re-orient itself parallel to E. It
is thus found that for the SrTi0 3 :y4+ system, the Jahn-Teller distortion corresponds
to a flattening of the oxygen octahedron along the tetragonal main axis.
Finally, we briefly comment on the non-linear behaviour of the EPR line shifts as
a function of Efoc in figure 2, when E < 6 kY cm- 1 . A similar non-linear behaviour
has also been reported for a few other impurity ions at centrosymmetric positions in
SrTi0 3 , namely for Gd 3 + substitutional for Sr H [14] and the cubic Fe3 + impurity ion
substitutional for Ti4+[16]. It is added that no such non-linear behaviour was observed
for the intensity ratio, In(IEI I), versus El~c (cf figure 3). The reason is that the line
shifts directly result from the electric field-induced polarization in the crystal, whereas
the EPR intensity changes are related to electrostrictive interactions. This is seen as
follows. Previously, the effects of uniaxial stress on the EPR spectrum of SrTi0 3 :y4+
were reported [1,9]. At a stress of 9.5 x 108 dyn cm- 2 along the [100] direction, the
strain components are e zx = 4.0 X 10- 4 and -e yy = -e = 1.1 X 10- 4 , and no EPR
line shifts are observed. In this work, electric fields up to 36 kY cm- 1 were applied; at
the latter field value the strain, eE' would be 3.8 x 10- 4 , and, as already noted, at this
strain magnitude EPR shifts cannot be observed. It remains that the observed EPR
line shift when an electric field is applied, is due to induced electronic polarization.
On the other hand, intensity changes are induced by electrostrictive couplings.

°.

zz

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

273

EPR

of SrTi0 3 :VH in electric fields

9755

5. Conclusion
The electric field-induced quadratic shifts of the EPR lines of the SrTi0 3 :y4+ system reported in this paper confirm that y4+ in SrTi0 3 is at a centro-symmetric
position. Electric-field induced intensity changes in the EPR spectrum of y4+ are
also reported. The results are consistent with the idea that SrTi0 3 :y4+ is a static
T 2g ® eg Jahn-Teller system. The tetragonal Jahn-Teller distortion corresponds to a
flattening of the oxygen octahedron surrounding the y4+ site. The EPR observations
for the SrTi0 3 :y4+ system in the presence of an externally applied electric field are
similar to those reported previously for the SrTi0 3 :Cr S+ Jahn-Teller system.

References
[1]
[2]
[3]

Kool Th W and Glasbeek M 1979 Solid State Commun. 32 1099
Ham F S 1972 Electron Paramagnetic Resonance ed S Geschwind (New York: Plenum) ch. 1
Mims W B 1976 The Linear Electric Field Effect in Paramagnetic Resonance (Oxford: Clarendon)
[4] Rupprecht G and Winter W H 1967 Phys. Re1l. 155 1019
[5] de Jong H J and Glasbeek M 1978 Solid State Commun. 28 683
[6] Blazey K W and Weibel H 1984 J. Phys. Chem. Solids 45 917
[7] Blazey K W, Aguilar M, Bednorz J G and Miiller K A 1983 Phys. Re1l. B 27 5836
[8] Miiller K A, Aguilar M, Berlinger Wand Blazey K W 1990 J. Phys.: Condens. Matter 2 2735
[9] Kool Th W 1991 PhD Thesis University of Amsterdam
[10] Madacsi D P, Bartram R H and Gilliam 0 R 1973 Phys. Re1l. B 7 1817
[11] Gerritsen H J and Lewis H R 1960 Phys. Re1l. 119 1010
[12] Pake G E and Estle T L 1973 The Physical Principles of Electron Paramagnetic Resonance
2nd ed (New York: Benjamin)
[13] Itschner D 1965 Promotionsarbeit Eidgenouischen Technischen Hochschule
[14] Unoki H and Sakudo T 1974 J. Phys. Soc. Japan 37 145
[15] Nye J F 1976 Physical Properties of Crystals (Oxford: Oxford University Press)
[16] Unoki H and Sakudo T 1973 J. Phys. Soc. Japan 35 1128
[17] Geifman I N, Sytikov A A and Krelikovskii B K 1986 S01l. Phys.-Solid State 28 541
[18] Laguta V V, Karmazin A A, Glindmk M D and Bykov I P 1986 S01l. Phys.-Solid State 28684
[19] Pietrass B 1972 Phys. Status Solidi a 9 K39

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

274
Reprinted from the Physical Review 8, Vol. I, No.9, 3545-3551, I May 1970

THIRD SERIES, VOL,

1, No.9

1 MAY 1970
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The local symmetry of TiH sites in SrTiO, is known to be cubic above 106°K, and tetragonal below.
We have investigated the electron-spin-resonance spectrum of substitutional NiH in the tetragonal phase
of this compound. The components of the g tensor are observed to vary monotonically from gJ.= 2.215 and
gll=2'103 at 4°K, to gll=gJ.=2.180 at 106°K. Three models of the dynamical Jahn-Teller effect in the
presence of coupling to strain are examined. The magnitude and temperature dependence of gJ. - gil are
best explained by a model in which the g tensor is given by a Boltzmann average over the two lowest vibronic
states. The tunneling splitting appears to exceed by far the maximum spontaneous splitting of these states
(23 cm- I ). Our results indicate that the elongation of the nearest-neighbor octahedron is too small to be the
principal cause of the g splitting.

I. INTRODUCTION

of the Jahn-Teller (J-T) effect!
I NVESTIGATION
in crystalline solids has attracted increasing interest
recently. Experimental studies have been carried out
using paramagnetic resonance, a technique with which
evidence for the existence of the effect was first obtained/ as well as optical and ultrasound absorption
measurements. a.4 In the studies so far made, the main
variable used was temperature. It has been recognized
that more information could be obtained if the systems
were investigated as a function of uniaxial strain. a.•
However, the external application of stress to certain
systems has encountered difficulties. Therefore, in this
work, use is made of the "built-in" tetragonal strain in
SrTiOa present below the cubic-to-tetragonal phase
transition in this compound. Because the transition is
of second order starting with vanishing strain at the
transition, it increases in a monotonic way on cooling.
Thus, although the present study is novel in that the
strain is a variable, ultimately again the temperature
dependence of a physical quantity is measured.
I H. A. Jahn and E. Teller, Proc. Roy, Soc. (London) A161, 220
(1937).
2 B. Bleaney and D, J, E. Ingram, Proc, Phys. (London) A63,
408 (1950); B. Bleaney, K. D. Bowers, R. S, Trenam, Proe. Roy.
Soc. (London) 228, 157 (1958).
a For a survey see M. D. Sturge, in Solid State Physics, edited by
F, Seitz, D. Turnbull, and H. Ehrenreich (Academic Press Inc.,
New York, 1967).
• For surveys on J -T effects in magnetic resonance, see K, A.
Miiller, in Magnetic Resonance and Relaxation, edited by R. Blinc
(North-Holland Publishing Company, Amsterdam, 1967), p. 192;
F. S. Ham. G_ E. Report No. 68-C-246 (to be published).

1

The choice of the impurity in SrTiO a was Nj3+
substituted for TiH • Our analysis of the variation of
the EPR g factors with temperature in the tetragonal
phase provides information about the J-T effect of this
ion. In Oh point symmetry and octahedral coordination,
the "low-spin" d 7 configuration of NiH is orbitally
degenerate, with a 2E ground state,a It will, therefore,
undergo a J-T effect of appreciable size, because e-type
orbitals are involved. a,4 If the effect is dynamic, then
a single isotropic resonance line should be observed.
Such a spectrwn was reported by Rubins and Low 5 in
the cubic phase of SrTiO a, which exists above 106°K.6
When the cubic spectrum is followed to temperatures
below Ta= 106°K, the isotropic line splits into anisotropic components symmetric about [100}axes. 5 The
behavior of these anisotropic lines is the subject of the
present paper. In addition, axial spectra are observed
in the cubic phase which result from NiH ions with
local-charge compensation 5 •7 and are of no interest in
this context because the e orbitals are not degenerate
under the reduced point symmetry.
Recently, understanding of the cubic-to-tetragonal
phase transformation in SrTiOa has been considerably
improved.6.8 This transition was first detected by the
axial splitting of cubic EPR spectra of FeH impurities
, R. S. Rubins and W. Low, in Proceedings of the First International Conference on Paramagnetic Resonance, 1962 (Academic
Press Inc., New York, 1963), p. 59.
'K. A. Miiller, W. Berlinger, and F. Waldner, Phys. Rev.
Letters 21,814 (1968) and references quoted therein.
7 K. A. Miiller, W, Berlinger, and R. S. Rubins, Phys. Rev.
186, 361 (1969).
'H. Unoki and T. Sakudo, J. Phys. Soc. Japan 23,546 (1967).
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substitutional for Ti4+ ions. 9 From the analysis of the
angular dependence of these Fe3+ spectra 6 •8 as well as
those of Gd3+ ions substitutional for Sr2+/O the static
properties of the transformation were completely determined. It consists of alternate rotations of near rigid
Ti0 6 octahedra around Ti4+ ionic positions along
pseudocubic [100J directions; alternate rotating octahedra have common oxygen corners. The rotation angle
has been measured as a function of temperature below
Ta. Its relative dependence on reduced temperature
TITa similar to the one measured in LaAl03 where
the Al0 6 octahedra rotate around [111J axes. 6 It was
concluded that the rotation angle cp is the order parameter in these structural phase transitions which are
characteristic for the perovskite structure.
A simple model Hamiltonian has been introduced to
study these transformations.u From it the temperature
dependence of the rotation angle in the low-symmetry
phase was obtained to be proportional to 1 T a - T 11/2
close to Ta. Assuming rigid octahedra it is easy to show
that the cia ratio of the crystal is given by c/a= 1/coscp,
i.e., for small cp, (cla)-1 ",</>2", Ta-T. A recent careful
elastic neutron diffraction study by Alefeld l2 has indeed
shown the strain to vary linearly with temperature from
Ta to 77°K. However, cia is not 1.00028 at 77°K as
computed from the rotational angle, but 1.0004. This
means that the acoustic-optic phonon coupling U induces
an elongation (cia') = 1.0001 of the octahedra along
the c axes, where !a' is the titanium-oxygen bond length
perpendicular to the c axis.
This local strain (cia') -1 and its dependence on
temperature is of importance to the present work. A
relative measure of the octahedral strain can be gained
by the axial splitting of the substitutional Fe H impurity.13 However, the linewidth of this spectrum is
comparable to the splitting and the scatter in data is
considerable. 6 •B There is, however, a second Fe 3+
spectrum due to an ion next to an oxygen vacancy
FeH -V o.15 The width of this spectrum is smaller than
that of the cubic one. Below Ta the axial spectrum splits
into a rhombic one whose low field splittingB is reproduced in Fig. 1. The relative temperature dependence
of this splitting agrees well with the 2E level splitting
'K. A. Muller, Helv. Phys. Acta 31, 173 (1958).
L. Rimai and G. A. de Mars, Phys. Rev. 127, 702 (1962).
11 H. Thomas and K. A. Muller, Phys. Rev. Letters 21, 1256
(1968).
12 B. Alefeld, Z. Physik 222, 155 (1969).
13 In the axial splitting of the rare-earth Gd3+ ion at a SrH site
the point-charge contributions of more distant neighbors may be
as important as the one due to the tetragonal strain; see Ref. 8.
For the Fe3+ transition metal ion the local strain of the octahedron
is responsible for up to 90% of the splitting; see R. R. Sharma,
T. P. Das, and R. Orbach, Phys. Rev. 149, 257 (1966); ISS, 338
(1967); and 171, 378 (1968).
14 The observed splitting for HlI[lOO] is in part due to the axial
term b2°, and in part due to the rotation of axes by.p. An approximate (Ta - T)112 dependence for this total splitting was found in a
range from 30 to 80 0 K in Ref. 6, to which not much significance
can be attached.
16 E. S. Kirkpatrick, K. A. Muller, and R. S. Rubins, Phys.
Rev. 135, AB6 (1964) .
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FIG. 1. Local crystal field arising from spontaneous tetragonal
distortion of strontium titanate as measured by the rhombic
splitting of the tetragonal EPR spectrum of an Fe3+-V o-complex.
Based in part on Ref. 6 and in part on values newly determined
by present authors.

of the CrH impurity as measured by Stokowski l6 by
ftuorescenceY Using the cia' ratio of Alefeld l2 between
Ta and 77°K and the approximation that the rhombic
splittings of FeH are proportional to the local strain,
the local strain as a function of temperature in the
tetragonal phase at the Ti4+ cation lattice si te is then
known. 18
Thus it is possible to investigate the dynamical J-T
effect of NiH as a function of the known natural temperature-dependent strain. The experimental results
are given in Sec. II. The theory of g factors of a J-T
impurity in the presence of strain is given in Sec. III.
Comparison of theory and experiment is made in Sec.
IV.
II. NiH RESONANCE IN TETRAGONAL PHASE

When the SrTi0 3 crystals are cooled below the
transition temperature at 106°K, the isotropic Nj3+
line is observed to split smoothly into a set of three
axially symmetric lines with mutually perpendicular
tetragonal axes. They arise from substitutional NiH
ions in the three possible tetragonal domains of the
crystal. 9 Their splitting is much smoother than that of
the FeH or Gd3+ spectra. 6 •8 •10 This observation was
already made by Rubins and Low 6 who measured the
axial g values at 77, 22, and 4.2°K, using X band. In
order to provide more complete data, a series of K-band
"S. E. Stokowski and A. L. Schawlow, Phys. Rev. 178, 457
(1969).
17 A comparison of the proportionality of these two splittings is
made elsewhere: J. C. Slonczewski and H. Thomas (unpublished).
In the latter work the proportionality between .p2 and 6 is shown
to hold in the whole range below T. as well.
18 Extrapolating T. to 106°K, a linear dependence of the
rhombic splitting between BOOK and T. is observed in good
agreement with the work of Alefeld (Ref. 12) .
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Equation (1) is adequate for cubic crystal symmetry.
We bring into account the additional effect of a constant
tetragonal strain t of the nearest-neighbor octahedron
without introducing additional adjustable parameters,
by a method equivalent to Ham's.23 This is done by
adding to Eq. (1) a term, linear to Q2 and Q3, which
gives Q2 and Q3 the equilibrium values dictated by t
when the anharmonic coefficients A and A3 are set
equal to zero. Taking z to be the tetragonal axis, one
finds the required values
(2)

+
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FIG. 2. Experimental g values in SrTiO, :NiH for static field
parallel (gil) and perpendicular (gl) to the tetragonal crystal
axis.

measurements at temperatures between 4.2 and 110 0 K
were made. The higher frequency allowed a more
accurate determination of the g values. The results are
shown in Fig. 2, a certain leveling off of the divergence
in the region below 15°K, not apparent in the earlier
work, is visible. The mean t(gll+2g l ), is 2.179±O.OO1
at all temperatures. The earlier X-band results of
Rubins and Low are also shown in the figure.
III. THEORY

The shift of the Zeeman splitting factors gil and gl
of the dynamical J-T ion NiH below the phase transformation at 106°K (see Fig. 2) is very different from
the change of the Fe3+ rhombic splitting as shown in
Fig. 1. The latter is proportional to the tetragonal
deformation of the crystal as a function of temperature.
We analyze the Ni3+ g shift here in terms of the interaction between the tetragonal distortion and the
vibronic states of the J-T impurity.
Following O'Brien's19 theory of the dynamical J-T
effect, we write the Hamiltonian for the lower electronic
state including the third-order {)pik and Pryce20 term:
H= - (h 2/2M)[(a/aQ2)2+ (a/aQ3)2J-Ap
+tKp2_A ap3 cos30.

3547

IMPURITY···

(1)

Here Q2=P sinO and Qa=P cosO are the vibrational
coordinates of the octahedrally coordinated nearestneighbor ions belonging to the representation E., as
first described by Van Vleck. 21 The coefficient A measures the strength of the J-T splitting, K=Mw 2 is the
harmonic force constant for the Eo modes, and A3 is
the coefficient describing the warping of the energy
surface due to Born repulsion of ions20 and higher-order
vibronic coupling. 22
,. M .. C. M. O'Brien, Proc. Roy. Soc. A28I, 323 (1964).
20 U. Opik and M. H. L. Pryce, Proc. Roy. Soc. 238, 425 (1957).
21 J. H. van Vleck, J. Chern. Phys. 7, 72 (1939).
"A. D. Liehr and C. J. Ballhausen, Ann. Phys. 3, 304 (1958).

where d is the cation-anion distance, and E is given in
terms of the tetragonal octahedron parameters a' and
c by
t=3(c-a')/(c+2a')"" (c/a')-1.

(3)

The additional energy term VI required to produce these
equilibrium values with A =A3=O is
V1=-2X3-1/ 2KdtpcosO.
(4)
Our effective Hamiltonian is
(5)

According to Bleaney et al.,24 the g factors for fields
applied to the x, y, and z axes, respectively, for a d9
configuration in octahedral coordination, are
gz,y=g(0=n7l") ,

g.=g(0)=2+C(1+cosO) ,

(6)

where C is a positive constant of the order IA/V c I,
where A is the spin-orbit constant, and V c is the cubic
crystal field splitting. Since, for a certain type of wave
function (i.e., 3z2 -r2), the sign of the J-T interaction
for d7 is the reverse of that for d 9, one has to replace 0
by 0+71". This difference arises because the orbital
degeneracy of d9 is due to an e-hole configuration
(e=e 3) and that of d7 is due to an e-electron configuration (e). The resulting formulas are then correct for
the strong field d7 (Ni3+) configuration t6e if, in addition,
a constant term C' is added, as found in the crystal
field calculation of Lacroix et al. 25 Thus, for tl' in
octahedral coordination, we have
g.,y=g'(O=Fi7l") ,

g.=g'(O)=g-C cosO,

(7)

where g-2-C=C'.7,26
Under the conditions of the dynamical J-T effect,
interactions with phonons induce rapid transitions
between vibronic states of the impurity, and the observed g factor is a statistical mean over the vibronic
states. The mean of g., gy, and g. is always g, while the
splitting between the g values for fields parallel and
perpendicular to the tetragonal axis is for d7 :

71")),

tJ.g=gCgll=g.-g.=C< <coso-cos(0_23

(8)

F. S. Ham, Phys. Rev. 166,307 (1968).
"B. Bleaney, K. D. Bowers, and M. H. L. Pryce, Proc. Roy.
Soc. A228, 166 (1955).
"R. Lacroix, U. Hochli, and K. A. MUller, Helv. Phys. Acta
37, 627 (1964).
23
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FIG. 3. Anisotropy of the g value for
SrTiO, :NiH versus temperature. Theoretical curves are two-parameter fits of
the K-band data to three different models.
The two curves for zero barrier are indistinguishable for T>25°K.
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Neglecting the higher states we have

«sinO» =0

(COSO)1,2= ±!, E1,2= =F!kQe,

(15)

Ag=iC[exp(Qe/T) -1J/[exp(Qe/TH 1J
(quantum limit).

(16)

(9)

by symmetry, Eq. (8) reduces to
Ag =!C«cosO»,

(10)

Ag =!C[I: exp( -Ei/kT) (COSO)iJ
i

X[I: exp(-EjkT)J-I,

(11)

Case 3: Zero barrier, classical limit. In this limit we
neglect the quantization of rotational energy as well
as the effect of the barrier. Then H' effectively reduces
to VI and Eq. (11) becomes

i

Ag=!C f(Qe/T)

where Ei are eigenvalues and ( )i are averages over the
eigenstates I )i of H'.
We consider three limiting cases:
Case 1: Infinite barrier. We assumeA 3 is so large that
only the ground states of the system in the wells
centered at 0=0, ±f'lr are occupied. Then, neglecting
the amplitude of zero-point oscillation and an additive
constant in the energy, we have to first order in VI,
from Eq. (4),
(cosO)I=1,

E 1 =-kQe,

(COSO)2.3= -!,

E 2,3= +kQe/2,

(12)

where
kQ=2X3-1 / 2Kdpo

(13)

and where poe = A/K) minimizes -Ap+!Kp2. Equation
(11) then becomes
Ag=!C[exp(3Qe/2T)-1J/[exp(3Qe/2TH2J (4)
(infinite barrier),
1
Case 2: Zero barrier, quantum limit. We assume A3=0.
As is well known from the work of Longuet-Higgins
et al.,26 the Schrodinger equation for H is separable and
the ground-state angular eigenstates have the form

I

h=cos!e,

I

)2=sin!0.

26 H. C. Longuet-Higgins, U. Opik, M. H. L. Pryce, and R. A.
Sack, Proc. Roy. Soc. (London) A244, 1 (1958).

(classical limit)

(17)

where

f(x) =~
dx

InJ2~ de exp(x cose).

(18)

0

Series expanding the exponential in Eq. (18) and
integrating term by term, one finds the expression

whose sums can be evaluated numerically.
IV. COMPARISON OF THEORY WITH
EXPERIMENT

In order to compute Ag according to each of the
above models, we require the function e(T) for the
local strain. For reasons given in Sec. I, we write
e(T) = l.OX 10-4 o(T)/o(77) ,

(20)

where ocr) is a third-degree polynomial fitted by least
squares to the low field rhombohedral splitting of the
FeH-Vo-center plotted in Fig.!.
Figure 3 shows temperature plots of Ag=gl-gll
according to experiment and theory as computed
electronically.27 The curves are two-parameter fits of
our three models to the K-band data. The best least"Qualitatively similar results have been computed independently by R. Englman and B. Halperin in unpublished work.
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TABLE 1. Experimental g values of Ni3+(3d') and Pt3+(3d') in octahedral coordination.
Ion
NP+:
gl>gll

Ni3+:
gll>gL

Pt3+:
gl>gll

Host

(j

gil

gL

Reference

Igll-al

7,5
b, 29
30
25
7
30
d
e

0.215
0.2104
0.136
0.101
0.194
0.113
0.209
0.339
0.287

SrTiO, (stable axial)
CaO'
TiO, ' (substitutional)
AJ,O,

(2.244)
(2.2776)
(2.186)
2.146

2.029
2.0672
(2.050)
2.045

2.352
2.3828
(2.250)

SrTiO, (light-induced)
TiO, b (interstitial)
AI,O,
BaTiO,
YAG(Y,AI,012) b

(2.181)
(2.141)
2.220
(2289)
(2.249)

2.375
(2.254)
2.011
1.950
1.962

2.084
(2.0845)
2.328
2.459
2.393

Low and SUfiS assumed the resonance to originate from Ni+. The reinterpretation in terms of Ni l + is given in Ref. 29.
W. Low and J. T. Suss. Phys. Letters 7, 310 (1963).
o The given values of g, gil. and gl are idealizations of the reported orthorhombic ones.
d S. Geschwind and J. P. Remeika, J. Appl. Phys. 33, 370 (1962) .
• E. Simanek, K. Sroubek, K. Zdansky, J. Kader, and L. Novak, Phys. Status Solidi 14, 333 (1966).
f J. A. Hodges, R. A. Serway, and S. A. Marshall, Phys. Rev. 151, 196 (1966).
II.

b

square values of Q and C for each model, along with
rms residuals, are indicated in the figure, The two
curves for "zero barrier" cannot be distinguished for
T> 25°K, Although the curve "zero-barrier, quantum
limit" fits best, "zero barrier, classical limit" is almost
as good, and "infinite barrier" is not bad. The two limits
of zero barrier differ mostly below T= lOOK, where
the classical limit is too steep and the quantum limit is
too flat, suggesting that the truth lies in between,
Additional support for "zero barrier, quantum limit"
is found in the value of C, which is much larger for this
model than for the others. To show this, we have compiled in Table I values of g for Nj3+(3d 7), plus three
cases of PtH(5d 7), with S =! in octahedral coordination,
taken from the literature, Measured values of g (without parentheses) were obtained from the isotropic
spectrum of the dynamical J- T effect and gil and gl
were obtained either in static axial crystal fields or
static J-T distortions. Values of g in parentheses were
not measured but computed from the other two parameters using the equation
(21)

except as noted. In some of the cases shown in Table I,
gL is greater than gil and smaller in others, showing that

both signs of the tetragonal crystal field occur. If a
static J-T distortion of an octahedrally coordinated
site occurs, then gJ.> gil because it is generally found
that A 3> 0. 4 When a static axial field overrides the
J-T effect because of an intrinsic deviation from Ok
symmetry or local-charge compensation, either sign of
gl- gil is possible, depending on the detailed character
of the compensating defect. 7 ,28
In the limit of a static noncubic crystal field, IglI-gl
is equal to C; on the other hand, g= 2+C+C'. For
sufficiently large values of Dq/B, i.e., well above the
2ra-4r4 level crossover at Dq/B=2.2, the term C'
becomes negligible and g- 2 should be nearly equal to
28 H.
(1962).

J.

Gerritsen and E. S. Sabisky, Phys. Rev. 125, 1853

1gll- g 1·7 In order to test this relation we have plotted
in Fig. 4 values of g versus C taken from Table 1. The
linear relation (full line) holds to a certain extent for
PtH, for which the Dq/B ratios are of the order of 5
or higher; the larger C parameter results from the
enhanced spin-orbit coupling as compared to that in
Nia+. For the latter ion, positive departures of g-2
from the linear relation are expected due to the near
low-spin-high-spin crossover, especially for Ca0,29 For
both ions dynamical reductions of C may be present.
Both effects shift the g- 2 values upwards; the limiting
experimental ones have been joined by a dashed line.
In addition, large axial crystal fields can split and
further admix the 4r4 to the 2ra level in an as yet
unknown way, and thus shift the g- 2 values in either
direction from the full line. This effect may be present
for NiH and PtH as well.
Figure 4 also shows the values of C for our case of
uncompensated Nj3+ in SrTiO a corresponding to each
of the three models of Sec. III. The model, "zerobarrier, quantum limit" (02), lies well inside the experimental upper limit, whereas the two other models (01
and 03) are shifted left wards beyond the dashed limit
by nearly 0,1 or 100% of g-2. This comparison, thus,
further supports model 2.
Although we have limited our computation of the
quantum limit case (Qk€«rotational splitting) to zero
barrier, we argue that the magnitude of the barrier
height 2A apoa bears little on the g shifts as long as it is
not too great. The reduction factor (COSO)I, which is !
for zero barrier, actually varies in the narrow range
0.484 to ! for all values of 2A 3P03 in the absence of
strain.30 Since the only influence of the vibronic wave
function on e.g is through the factor (COSIl)1 (see case 2
above), we conclude that e.g is essentially independent
"U. Hiichli, K. A. Muller and P. Wysling, Phys. Letters 15, 5
(1965).
30 J. C. Slonczewski, Solid State Commun. 7, 519 (1969); D. P.
Breen, D. C. Krupka, and F. 1. B. Williams, Phys. Rev. 179,241,
255 (1969); J. R. Fletcher and K. W. H. Stevens, Proc. Phys.
Soc. 2, 444 (1969).
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c
of 2A 3P03. In particular, our "zero-barrier-quantumlimit" calculation is even valid when the barrier exceeds
the free-rotational level intervals, as long as kT and the
level splitting Qke are smaller than the excitation energy
3r of the first excited singlet which arises from the
strain-free tunneling frequency r. Of course, if the
barrier is sufficiently large, then we will have 3r«Qke,
and the "infinite-barrier" model is approached.
Thus, the good fit of "zero-barrier, quantum limit" to
the data in all respects down to 4.2°K does not mean
that the barrier is inconsequential to the energy levels.
It only indicates that our system SrTi0 3:NiH satisfies
the condition 3r»kQe(OOK) = 23 em-I. This bound on
3r differs markedly from the small value 3r"" 1 cm-I
determined by Sturge et at., for the similar system
Ah03 :NP+, by means of acoustic relaxation measurements,31 as discussed by Ham. 4 In both cases the NiH
ion has octahedral coordination with oxygen neighbors,
and yet r is quite different.
We should also mention in this connection the values
3r= 15.3 and 6.5 cm-I , for the excited levels of Eu2+
in CaF 2 and SrF 2 , respectively, which were determined
optically by Kaplyanskii and Przhevuskii,32 according
to the interpretation given by Chase. 33 Additional
support for one of these values is provided by the EPR
determination of 3r=18±4 cm- I for CaF 2 :Eu2+ given
by Chase. 33
Thus, the available data indicate a wide variability
in r for apparently similar systems. Since r depends
exponentially on barrier height in the WKB approximation, this circumstance may arise from a narrower
variability in anharmonic potential.
We may reason that the good fit of the "zero-barrier,
quantum limit" at higher temperatures must be fortuitous in considerable degree. This follows from the fact
31 M. D. Sturge, J. T. Krause, E. M. Gyorgy, R. C. LeCraw,
and F. R. Merritt, Phys. Rev. 155, 218 (1967).
32 A. A. Kaplyanskii and A. K. Przhevuskii, Opt. i Spektroskopiya 19, 597 (1965) [English transl.: Opt. Spectry. (USSR)
19, 331 (1965)].
33 L. L. Chase, Phys. Rev. Letters 23,275 (1969).

that the strong coupling theory of the dynamical J-T
ellect employed here is valid only when the rotational
splitting is less in order of magnitude than the vibrational frequency w which, in temperature units, might
be SOOoK. At temperatures ranging up to 106°K,
higher-rotational states will probably contribute to Ag.
Although we have carried out computations involving
higher states, we have not included them here because
the fits shown in Fig. 3 cannot be meaningfully improved by varying an additional parameter.
As an alternative to our strain-interaction term of
Eq. (4) based on displacement of the vibrational
equilibrium point, one may consider a strain-dependent
crystalline field, described by a coefficient V 2, which
has the experimental value 2.4± l.OX 104 em-I in
Al20 3:NiH .31 Ham has shown that these two approaches
are physically equivalent4 with, in our notation,
(22)
The Q values of our three models vary little, the "zerobarrier-quantum-limit" model yielding V 2= l.2X 105
cm-I, which is much larger than the value given above.
The fact that the former value of V 2 for Al20 3:NiH is
reasonable in other respects, according to Ham,4 suggests that strain of the nearest-neighbor octahedron is
not the principal cause of interaction in SrTi03 as we
have assumed. If we had taken the macroscopic strain
e(77°K) = 4.0X 10-4 in place of the local strain e(77°K)
= l.OX 10-4 in Eq. (20), our Q would be reduced to give
V 2 = 3.0X 104, which is reasonably close to the above
value in Al 20 s :NiH • This result might suggest that the
long-range contribution of strain to the crystal fieJd is
dominant.
An additional indication of the relative unimportance
of the nearest-neighbor strain is provided by the EPR
linewidth of SrTiOs :FeH , which can be accounted for
by random local strains (2XlO-4 ) of the same order of
magnitude.'" If the nearest-neighbor strain were the
principal splitting agent, the NiH resonance lines would
'" K. A. Muller (unpUblished).
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not be as sharp as those we have observed (og/C""O.l).
However, it would be premature to draw a firm conclusion about this point because we should expect that
the "soft optic R-comer mode," which becomes statically displaced in the tetragonal phase,8,11 may also
contribute to the local crystal field.
According to the "zero-barrier-quantum-limit" model
as well as the "infinite-barrier" model, /lg should level
off below 5°K. To test this the g shift at 2.1 OK was measured. Interestingly enough, /lg does not level off at
2.1°K (Fig. 3) and the system appears to behave in
this region more like the "zero-barrier-classical-limit"
model, whereas this is not the case above 5°K. In this
connection, a second soft mode in SrTi0 3, the Cochran
ferroelectric mode may be of importance. In this temperature region, the latter mode has a very low phonon
frequency of w < 10 cm-t,35 which is lower than both
35

p, A. Fleury and

J.

M. Worlock, Phys. Rev. 174, 613 (1968).
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rotational modes. Although linear J-T coupling is not
possible for vanishing wave vector, such a coupling to
this mode, whose frequency obeys the equation
w2(q) =wo2+aq2,
becomes allowed for q,c.O. The strength of the q=O in
the summation is negligibly small as compared to the
q,c.O values. Moreover, quadratic coupling for q=O is
allowed. Thus, it is possible that the ferroelectric mode
yields such low rotational levels at this temperature
that the system behaves more in the classical manner.
To clarify this, more data points between 0.3 and 2°K
are needed.
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Conduction states in oxide perovskites:
Three manifestations of Ti3+ Jahn-Teller polarons in barium titanate
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A comprehensive study of conduction polarons in purified BaTi0 3 crystals, containing about lOO-ppm Nb as
extrinsic ions, is presented. Nb5+ is compensated by Ti 3 + (3d!) ions, many of them isolated. Small Ti3+
pol arons, stabilized by crystal strains, and polarons of intennediate size in less strained crystal regions are
identified. Both species break the point symmetry, indicating stabilization by a tetragonal T2Xe lahn-Teller
distortion. There is indirect evidence for the presence of bipolarons in the crystal ground state. They have a
rather small dissociation energy, 0.01 eY. The investigations are based on electron paramagnetic resonance
(EPR) performed at T<20 K under application of uniaxial stress. This allows to obtain local infonnation on
the intrinsic lahn-Teller properties of the conduction states of an oxide perovskite. For the small polarons stress
has the following effects: (i) aligns the tetragonal lahn-Teller axes along the stress direction, and (ii) enlarges
the radius of the aligned orbitals, transforming them into intermediate ones. The stress alignment of the
intermediate polarons is different: The lahn-Teller axes orient perpendicular to the stress axis. Several of the
polaron features are elucidated by comparison with the stress-dependent lahn-Teller properties of the impurity
ion M05 + (4d!), where the d electron is prevented from tunneling to its Ti 4 + neighbors. The EPR ofTi J + in
reduced BaTi0 3 is attributed to polarons bound to doubly filled oxygen vacancies.
001: I 0.1I O3lPhysRev 8.66.1651 06

PACS number(s):

I. INTRODUCTION

The structure of conduction-electron states in oxide perovskites and especially in BaTi0 3 (BT) has been studied
intensively in the past. I - 6 There is evidence that in this compound such carriers are on the verge of forming small polarons, i.e., the electrons are self-localizing within about one
bond length. These previous studies, however, have been
performed with strongly perturbed specimens, i.e., reduced
ceramics or single crystals, containing intended or accidental
defects. The corresponding spatially fluctuating potentials
tend to induce the formation of small pol arons, and conclusions from such investigations are not necessarily representative for unperturbed crystals. In this paper, in contrast, specially prepared specimens of high quality will be
investigated, approaching the ideal case of no perturbation,
thus furnishing information on the intrinsic nature of electron
polarons in BT.
The present study is part of a systematic effort to elucidate the structure and further properties of polarons in oxide
materials by electron paramagnetic resonance (EPR).7 Such
investigations, yielding the most detailed conceivable insight
into the microscopic properties of such systems, establish a
firm basis onto which interpretations of further, less conclusive experiments on global properties, such as optical absorption or conductivity, can be based. Using nearly ideal
material, we succeeded in identifying the EPR of Ti 3 + free
polarons in an oxide perovskite, allowing to elucidate the
intrinsic nature of such charge carriers. In the previously
investigated strongly perturbed samples they are usually
bound to defects at the low temperatures needed for EPR

71.38.~k,

71.20.Ps, 76.30.Fc, 77.84.Dy

studies. Important structural information on the polarons is
gained by observing the behavior of the EPR signals under
uniaxial stress. It turns out that a Jahn-Teller (JT) effect
(ITE) is at least partly responsible for the polaron formation.
The specific nature of the Ti3+ (3d!) electron polarons is
highlighted by comparing their stress dependence with that
of a (4d l ) electron, realized by a MoS+ impurity in BaTiO l .
This system is quite similar to Til +; both cases are distinguishable, however, with respect to the nature of their nei?hbors: Ti3+ is surrounded by ions of the same type, Ti +,
whereas these ions differ from MoS+. Therefore a Ti3+ conduction electron has a strong tendency to be delocal ized to
its Ti4 + neighbors; this is absent for a d electron at a deep
defect, such as MoS+.
In the first section a short overview on the general features of polarons and their connection with the JTE will be
given. Then the experimental details of the investigation will
be outlined. The experimental results follow then, starting
with those referring to Mos +, succeeded by the Til + features. A separate section is reserved for polarons bound to an
oxygen vacancy in reduced BT. Each of these subsections
will contain a specific discussion, dealing with the locally
appearing results. A general discussion, including the comparison with a theoretical treatment of the structure of Til +
polarons in BT, follows and a summary will conclude the
paper. Some of the main results of the EPR investigation of
Ti3+ polarons have been published earlier in a very abridged
way.8 Here we present an extended treatment of the subject.
II, POLARONS

On general features of polarons recent overviews, e.g., by
Emin and Holstein,9 Devreese,1O and Shluger and
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Stoneham, II may be consulted. The latter paper is concerned
especially with small polarons. The following brief introduction to the topic is centered on the symmetry aspects of polarons.
In crystalline matter conduction electrons can choose
among equivalent sites. The dynamics of the carrier transport
is determined by an interplay between interactions breaking
the translation symmetry and those conserving it. Tunnel ing
interaction, leading to band formation, belongs to the latter
category. If it prevails, conserved translational symmetry is
found, characterized by the same probability density of the
charge carrier at each of the equivalent sites. A polarization
of the lattice by the electron tends to decrease its mobility, up
to the point where self-localization takes place, spontaneously breaking the translation symmetry of a system.
For small polarons the charge carrier and its accompanying lattice distortion are limited to about one lattice site and
its first neighbors. Such polarons can form if the coupling to
the lattice includes short-range contributions (see, e.g., Ref.
9). In all practical cases the transport of small polarons is
characterized by thermally activated hopping, an incoherent
process. Their tunneling can be neglected and they thus show
broken symmetry. Large polarons, favored by long-range
Coulomb interaction, can be considered to be the other
boundary case. They extend beyond one bond length. Their
transport occurs coherently and they thus conserve translational symmetry. Here the coupling to the lattice expresses
itself, e.g., by renormalization of the carrier effective mass to
its polaron mass.
Ideal polarons can be conceived theoretically; in real
cases the interaction with lattice irregularities has to be taken
into account. A major source of such perturbations are
charge-compensating ions: one cannot dope a crystal to be
n-conducting without introducing the corresponding donor
cores. The best for which one can hope is to study the properties of polarons by approaching a situation of zero doping.
Also crystal strains, caused by other sources, have to be considered. It is thus difficult to strictly separate the cases of
spontaneous symmetry breaking from those where localization is biased by potential fluctuations.
The formation of polarons shows features similar to those
met in the JT effect. 12 The latter applies to impurity ions
exhibiting-in the case of unbroken point symmetry-orbital
degeneracy or near-degeneracy of their ground states. Interaction with the lattice tends to break the point symmetryleading to a static JT effect-because the resulting lifting of
the degeneracy can lower the energy of the system. Still also
JT cases of conserved point symmetry are encountered; these
are the situations labeled dynamic JT effects. In these instances the renormalization of expectation values, for instance, of operators which restore the point symmetry, such
as spin-orbit coupling, is described by the Ham reduction
factors, 12 their inverses are analogs of the renormalized mass
of large polarons. Static JT effects have features similar to
those of small polarons. Also in the case of the JTE lattice
strains play an important role. However, their influence is
most pronounced for EX e situations, less for the T 2X e
case, with which we deal in this paper. Depending on the
relati ve influence of tunneling and strains, all cases starting
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from the purely dynamical case, where tunneling prevails,
over quasidynamic, with little strains, to quasistatic, where
some tunneling effects are still observable, up to the pure
static situation have been classified and observed. 13
A combination of JT and polaron features is found in JT
polarons: They can form, if a mobile charge carrier finds
degenerate orbital ground states at each of the equivalent
sites of a crystal. In the special case treated here, TiH (3d l )
in the cubic symmetry of the B site of an AB0 3 perovskite, a
threefold orbitally degenerate ground state is present in the
initial, undistorted nearly octahedral crystal environment, the
symmetry of the d orbitals symbolized by xy, yz, and z,x. This
degeneracy is spontaneously lifted by a tetragonal distortion,
leading to a new, nondegenerate ground state, having xy
symmetry, if the distortion axis is labeled z. It should be
understood that each of the other tetragonal directions, x or y,
can likewise be axes of equivalent distortions; the corresponding JT ground states have then yz or xz symmetry, respectively. Further details will be given in a later section.
Such a JT effect can occur for the conduction electron at
each of the Ti sites, breaking not only the local point symmetry but simultaneously also the translational symmetry.
The concept of JT polarons 14 was a heuristic principle in the
search for high-temperature superconductivity. IS For present
notions about the role of JT polarons in this field, see Muller
(Refs. 16 and 17). Also several features of the colossal magnetic resistance compounds of the type Lal_xSr,Mn03 originate from JT pol arons, see, e.g., Ref. 18.
The combined interaction of two like charge carriers with
the lattice can lead to a stabilization energy which is larger
than that of two separate polarons. If this surplus binding
energy of two carriers is larger than their Coulomb repUlsion,
they will attract each other, forming bipolarons. Unfortunately, in all practical cases approached so far by EPR (Ref.
7) studies, such bipolarons have been found to pair diamagnetically and thus to be EPR silent. Still their presence can
be inferred sometimes in indirect ways.
III. EXPERIMENTAL DETAILS

The BT crystals used in our study were grown using the
crystal vibration method l9 from a melt strongly deriched
from the frequently present alkali acceptor impurities, such
as Na or K. Such defects are usually compensated by oxygen
vacancies, which are potential trapping centers for conduction electrons. The alkali ions were washed out from the
starting component BaC0 3 . Also the Ti0 2 component was
produced essentially free of alkali ions and likewise of Fe
and Al by employing a special purification procedure. The
presence of a small concentration of Nb as a background
impurity, however, could not be prevented. The BT starting
material and the crystals grown from it thus are weakly
doped with NbS +. As quoted by the supplier of the Ti0 2
component, the Nb content is about 150 ppm. Since the distribution coefficient4 of Nb in BT is about I, the Nb content
in the grown BT crystals can be estimated to be around 100
ppm. In BT, NbS + acts as a donor and is compensated by
Ti H . These ions lead to a bluish coloration of the crystals,
which-in contrast to reduced crystals-cannot be removed
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by oxidation. With crystals prepared in this way the E]'R of
isolated Ti3+ was observed 2o without further treatment.
Resonances from reduced crystals or those grown from more
impure starting materials are different. In addition to isolated
Ti 3+ also Ti3+ -Nb s + pairs were identified. Astonishingly, a
sizeable concentration of the Ti 3 + ions is not associated with
Nb s + donors;2o mainly these isolated Ti3+ ions are treated in
this paper. The crystal containing Mos + was kindly made
available by Dr. R. N. Schwartz, Malibu, California.
The EPR experiments were performed with a Bruker ER
200 S-SRC spectrometer near 9 GHz at temperatures between 4.2 and 20 K, achieved by an Oxford ESR 910 cryostat. Uniaxial stress was applied to the specimens using a
setup as described by Kool21 In this context it is useful to
mention that all the stress-induced phenomena reported in
this paper take place in a completely reversible way without
any hysteresis phenomena. Thus no stress-induced defect
formation or other deterioration of the investigated samples
occur.
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IV. INTRODUCTORY EXAMPLE:
JT EFFECT OF MO s + IN BT
Figure I shows the angular dependence of the EPR spectra of Mo s + (4d l ) in BT (Ref. 22) at 15 K for a rotation of
the magnetic field in a (100) crystal plane. The branches in
Fig. I result from the 96Mo isotope, which has zero nuclear
spin (I = 0). The resonances of the remaining stable isotopes, having 11=0, show hyperfine structure,22 which supports the assignment to Mo but is not relevant in the present
context. The lines in Fig. I mark the resonance positions
predicted by the spin Hamiltonian H = 1l-8BgS with S = ~;
the principal values of the nearly axial g tensor, typical for
Mo5+, are given in Table I. The evaluation indicates that the
Mo s + ion resides in an almost perfect tetragonal environment, slightly trigonally distorted, as expected if it replaces
Ti 4 + in the rhombohedral crystal phase of BT, present below
183 K. Small tiltings of the g-tensor principal axes, consistent with the influence of the weak trigonal crystal-field component, cause the small splittings in Fig. I.
The prevailing tetragonal symmetry is caused by a static
T 2 X e JT effect. 12 Here the representation symbol T 2 indicates the threefold degeneracy and the symmetry properties
of the orbitals (xy, yz, zx), and e the distortion mode of the
crystal environment (Fig. 2). The presence of a IT effect is
proved by the behavior of the system under uniaxial stress,
as applied along a [IOOl-type axis. In such an experiment the
concentration of occupied d orbitals extending perpendicular
to the stress axis increases, i.e., those of xy symmetry do, if
stress is applied along a [IDOl-type direction called z-an
assumption that will be made throughout this paper without
limiting generality. The sample could only be rotated around
the stress axis i.e., the magnetic field was always perpendicular to this axis and thus varying in the xy plane. The xy
orbitals then lead to the nearly-angle-independent branch in
Fig. I. Simultaneously the orbitals extending along the stress
axis, i.e., those of xz and yz types, are depopulated. The
orbital occupation changes are caused by a reorientation of
the tetragonal axes, and the electrons-previously equally
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FIG . I. (a) The g values of the paramagnetic resonances of
in BT depending on the angle between crystal axes and direction of magnetic field. The lines are the resonance positions calculated on the basis of the g-tensor information given in Table I.
The small splittings are caused by the weak: trigonal crystal-field
component of the rhombohedral phase of BT. The orbitals corresponding to the various branches are indicated. Under uniaxial
stress, assumed to be applied along the [OOIJ axis. the intensity of
the lowest, nearly-angle-independent branch increases at the expense of the upper two branches. (b) Same for the Ti 3 + small polaron signals. Under uniaxial stress, alignment occurs, as for M05 + .
In addition the lowest branch shifts to lower g values, as indicated.
M0 5 +

distributed over the three possible distorted configurationsnow favor that orbital having the lowest energy in the
stressed case. The rearrangement of the electrons to the new
energetical situation takes place at small stresses already and
at temperatures as low as 4.2 K.
We want to mention here that also the weak trigonal
crystal-field component will lift the assumed degeneracy of
the T2 orbitals into a singlet and a doublet. This splitting,
however, is expected to be small enough that it can be overridden by the tetragonal IT coupling. But still in the strict
sense one ought to speak rather of a pseudo-JTE, taking into
account the sl ight initial Iifting of the degeneracy, instead of
a pure ITE.
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TABLE 1. Principal g values of the various Ti 3 + polaron manifestations and related defects.

Bllt

Blly

Bllz

1.907a
1.898'
1.892

1.907
1.898
1.892

aligned b

1.890
1.897
1.806'
1.920
1.916
1.911

1.890
1.935
1.806
1.920
1.916
1.911

Ti" (small polaron)
P=O
P = 0.24 GPa

Ti H _Nb 5 + b
Til + (intermediate polaron)
P=O
P = 0.24 GPa

Mo s +
Axial Til + centers in
reduced BaTi0 3

1.936'
1.932
1.928

aligned b
1.882'
1.937
1.930
1.930

'The relevant axes are slightly tilted in a (IID)-type plane towards
[III J by 0.9 for MoST and 4. I 0 for Ti 3 +. The branches in Fig. I
mark the resonances resulting from all equivalent centers possible
in cubic symmetry.
b"Aligned" means that under stress only one axis, z, is realized. A
measurement for B along the stress axis is not possible.
0

As an alternative to the T, X e JTE the association of
Mos + with an ionic defect co~ld cause the tetragonal symmetry. This, however, would not be consistent with the observations. The rearrangement of a JT distorted environment
of Mos + during reorientation involves only slight shifts of
the relevant ions, whereas a defect next to Mo5+ would have
to change sites. In the latter case the reorientation barrier
therefore is expected to be much higher than in the previous
one. For instance, Hackmann and Kanert 23 found for the
hopping time 7 of an oxygen vacancy between oxygen sites
in
SrTiO l
the
temperature
dependence
7
= 70 exp(O.62 eV/kT), with 70= 5.3X 10- 14 s, yielding 7
= 450 h at 600 K. At 4.2 K the corresponding time would be
effectively infinite. Taking such an oxygen vacancy as a
sample case for an associated ionic defect in the present case,
no movement would be expected at 4.2 K, the temperature at
which reorientation was observed. If instead of a vacancy an
extrinsic defect was associated with Mo H , the barrier for
reorientation would even be higher, because then two ions
would have to exchange sites.
In the absence of external stress the JT ground states,
resulting from equivalent [I OOj-type lattice distortions, have
equal energy. This is necessarily so because the IT coupling
is an internal interaction, which cannot lift the equivalence of
the three tetragonal lattice rearrangements. External stress,
on the other hand, favors one of the JT ground states with
respect to the other two. The orbital population is determined
by the Boltzmann distribution. Quantitatively, this leads to 21

r=======

Ixz> IYz>

Err

-------f··········
~--~----ir--

Ixy>

FIG. 2. Static T 2 X e Jahn-Teller effect of (nd') ions in the octahedral crystal field of a perovskite unit cell. One of the three
equivalent IT distortions is indicated. The indicated orbital ground
state is of xy type. In the lower part it is shown how the electron
energy is stabilized by - 2EJT by this distortion. Since simultaneously the elastic energy rises by En a total stabilization by - EJT
results.
with 1,1: EPR signals of aligned (.ry-type) centers; 111 ,1: EPR
signals of not aligned (xz, yz) centers; P: stress; V: stresscoupling coefficient; and Cii: relevant stiffness constants of
BT. Figure 3 shows the experimentally determined quantity
In(2I,IIl I1 ,I) as depending on P. Using the stiffness
parameters 24 CII- c22= 66 GPa the value of V= 0.90
x 104 cm -I is derived. The fact that xy orbitals are stabilized
by stress along z is consistent with the corresponding slight
deformation of the octahedron surrounding MOH: The axial
oxygen ions along the stress axis will approach Mo5+,
whereas the equatorial ones will move somewhat outside.
The negative charge distribution in the xy orbital then avoids
the ligands more than in xz or yz.
In contrast to the situation of TiH, to be treated in the
next section, no stress-induced changes of the Zeeman or
hyperfine splitting of the aligned orbital, xy, were observed.
This means that the radial extension of the orbital is not
altered.

(-I:::.E)

21,1
-=exp - 111 ,1
. kT

V. EPR STUDIES OF TI 3 +

A. Small polarons

with

(I)

The EPR signals in Fig. 4 have first been attributed to
isolated TiH and TiH _Nb5+ by Possenriede et al 2 0 The assignment of the latter resonances is based on the ten-line
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FIG. 5. Change of the gl value of the Ti 3 + small polaron signal
depending on stress. The line is a guide for the eye.
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FIG. 3. Stress alignment of the three equivalent JT ground states
according to Eq. (I) . The stress-coupling coefficients, corresponding to the slopes of the lines. are 0.90 X [-04 cm - I for Mo s + and
0.27X 104 cm - I for Ti3+. In strain-free crystals the lines should
cross the ordinate at O. The shown deviations are attributed to nonzero initial average strains.
hyperfine structure, typical for 93Nb (I = 9/2; 100% natural
abundance). Although one would expect that a conduction
electron has a lower energy at a Nb5+ site, one has to accept
the experimental finding that the electron mainly resides at
Ti, as implied by the notation TiH - Nb5+: (i) the g values
(Table I) are nearly identical to those of isolated Ti H . Nb4 +
in a sixfold cubic environment would lead to quite different g
tensors 25 (ii) The hyperfine splitting caused by 93Nb is comparatively small 2 5 The Nb donor thus forms a rather shallow
potential. This is supported by the fact that a sizeable concentration of TiH is isolated (Fig. 4). The spontaneous transfer of the Nb donor electron to the Ti conduction band in
BaTi0 3 has recently been mentioned in Ref. 26. We are
mainly concerned here with the properties of such isolated
Ti J + In an environment of equivalent Ti 4 + ions they indicate broken translational symmetry, typical for small polarons. Without application of external stress, the EPR of
isolated Ti3+ (Fig. 4) shows features similar to those of
Mo5+; the topology of Fig. I (b) is isomorphous to that of
Fig. I (a) again indicating nearly exact tetragonal symmetry.
8111100J
9.0GHz

15 K

335

340

345

350

B (mT)

FIG. 4. EPR signals of Ti3+ and Ti3+ _Nb s + in BT at 15 K.

Information on the g tensors is given in Table 1. Also a stressinduced alignment occurs, quite comparable to the case of
Mos + . This again proves the presence of a JT effect. The
stress-coupling factor, however, is much smaller than in the
previous case (Fig. 3). Also in strong contrast to the situation
of Mo5+ the g1. value of the aligned xy orbital decreases
strongly when P is raised [Figs. I (b) and 5].
No change of the EPR spectra occurs for stress along the
trigonal [III ]-type directions. Since the JT distortions create
tetragonal symmetry along the three [100]-type directions,
[III] stress affects all these distortions equally, and none of
the JT ground states is preferred energetically with respect to
the other two. Also this demonstrates that the slight trigonal
crystal-field component at the Ti sites, present in the lowtemperature rhombohedral crystal structure, does not have to
be considered in our argumentations.
What causes the stress-induced line shift [Figs. I (b) and
5], present for Ti3+ but not for Mo5+? The gil and g1. values
of an (nd l ) ion in axial symmetry with an xv lowest orbital
are given by27
.

and

2kA.

g1. =ge-

E;.

(2)

Here the deviations from the free spin value g e are caused
by spin-orbit admixture A of excited orbitals, competing with
the crystal-field excitations Ell and E1. . We cannot measure
g il of the aligned xy state under stress, because the direction
of the latter, which defines the tetragonal axis, always lies
perpendicular to B. E1. is caused by the JT splitting, separating the xz and )'Z orbitals from the x)' ground state, Fig. 2.
The reduction factor k comprises two components: k
=kCOykJT' where the first one takes into account covalency,27
and the second, quenching of orbital angular momentum by
the JT effect. 27 Since A > 0 for Ti 3+, a decrease of g1. is
caused by a declining E 1. . In the case of a (T 2 X e) JTE the
energy spacing E1. corresponds to 3EJT (Fig. 2); we thus
conclude that EJT is decreasing. The influence of kJT works
\65106-5
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into the same direction: 12 k JT =exp(-3EJT lhw); here hw is
the energy of the representative coupling vibration.
We shall attribute the change of EJT to an increasing delocalization of the polaron wave function under rising stress.
This is suggested by the observation that there is no stressinduced g shift for Mos +, which does not have the banding
tendency of Ti 3 +. In order to show that delocalization tends
to decrease the IT coupling28 we point out that the JT energy
can be written as a sum of contributions resulting from the
IT coupling to phonons specified by different wave vectors
q: EJT= 2. "E'jT . If the extension of a polaron wave function, labeled G, exceeds the wavelength 2 TTI q of a coupling
phonon, the interaction with such a phonon is averaged away
and thus the corresponding Eh decreases with rising polaron
extension. Quantitatively,28
(3)

assuming, as a model case, a Is hydrogenic i'l'(r)i 2 with
radius G. It is seen that with rising polaron radius G, phonons
with large q are progressively excluded from the coupling.
Consequently, E JT is lowered if the polaron radius increases.
Why is the radius of the xy ground state of the polaron
increased under stress? The following model may be put forward. Each of the TiH ions is accompanied by a IT distortion; in the unstressed crystal all three distortion axes are
present with a statistical weight of 1. The resulting disorder
will lead to sizeable local potential fluctuations to which
each Ti3+ contributes as well as adjusts itself in a selfconsistent way. To this disorder caused by the small Ti3+
polarons discussed here there will be additional contributions
by the further TiH objects introduced below. The potential
fluctuations resulting from these sources will tend to decrease the mobility of the conduction electrons, thus lead to
enhanced coupling to the lattice, and correspondingly lower
the wave-function radius. If the disorder is removed by stress
alignment of the JT axes, the potential fluctuations become
weaker, and delocalization sets in, causing a lower E JT. This
chain of arguments is supported by the fact that there are no
stress-dependent g shifts for Mo5+: because of the inequivalence of Mos + to its Ti neighbors, the radius of the Mos +
ground state is expected to be smaller from the outset and not
to be increased by stress. The situation can also be described
in the following way: Under increasing alignment the crystal
becomes more strain-free and the orbital approaches the
eigenstate expected for a conduction electron in an ideal BT
crystal. Such states are predicted to be of intermediate size
by an embedded-cluster calculation,z9 to be commented below. Small polarons can form only if supported by lattice
irregularities, such as strains. As a corollary we furthermore
arrive at the important conclusion that the g.i value of Ti3+
gives an indication for the radius of the ground-state orbital.

BII [110]
9.13 GHz
4.2K

300

320

360

340

380

B(rnT)

FIG. 6. EPR signals of the investigated crystal at low temperature (4.2 K) for various stresses. The small polaron resonances and
their shift under stress [see Figs. I(b) and 5] are indicated by the
vertical dashed lines, marking the initial (P=O) and final (P
= 0.26 GPa) positions. They are seen to be superimposed upon a
strong resonance signal, which is attributed to polarons of intermediate size. The width of this signal is larger than that of the small
polarons and decreases with rising stress (see also Fig. 8 below).
The intensity of the small polaron signals decreases under stress
[see also Fig. lI(a) below].

respective signals essentially unperturbed by other ones appearing only at low temperatures (Fig. 6). Furthermore, quite
unexpectedly, the EPR intensity of the TiH polarons rises
with temperature (Fig. 7). This increase of the small polaron
intensity / occurs exponentially according to the relation

/=

a
p(-E)
. kT" +C.
yex

(4)

The factor liT takes account of the Boltzmann distribution between the EPR Zeeman levels. This influence, on the
basis of which the usual increase of EPR signals with lowering temperature is expected, is overcompensated by the
exponential. With Ea=O.OI eV it appears to describe the activation of the Ti3+ small polaron EPR from a diamagnetic
precursor state. The parameter c denotes a temperatureindependent background concentration.
At low temperatures (e.g., at 4.2 K in Fig. 6) the EPR
spectra of the material are dominated by a broad structure,
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B. Intermediate polarons

All the EPR studies of Ti3+ reported so far (Fig. 4) have
been performed at 16 K, because this allowed to observe the

FIG. 7. Increase of the small polaron signal with temperature.
The line is calculated on the basis of Eg. (4)
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FIG. 8. Dependence of the width of the intennediate polaron
signals in Fig. 6 on stress and temperature: the widths of the lines
decrease with rising stress and they increase with rising temperature. The lines are guides for the eye.
attributed to Ti 3+ polarons of intermediate size for reasons to
be discussed below. It is not observable at 16 K, because its
width rises strongly with temperature (Fig. 8). The broad
signal is seen to be composed of two angular-dependent
components, if observed for clarity under P = 0.24 GPa (Fig.
9). Using this stress leads to sharper component lines, as
indicated in Figs. 6 and 8 , and thus allows a more definite
signal decomposition. But also for P = 0, where the width is
large (at least 7 mT), an analysis has been attempted anddespite limited resolution-it was clearly observed that in
this case an additional, third component contributes to the
spectra (Fig. 9). In this figure the P = 0 data are compared to
those taken with P = 0 .24 GPa. All the relevant g-tensor
components are listed in Table I. It is seen (Fig. 9) that for
P = 0 the responsible centers are characterized by three
equivalent tetragonal axes. For P = 0.24 GPa the horizontal
branch does not appear any more, indicating a stress- induced
alignment of the axes. It is thus again straightforward to
assume a JT effect as the cause of the tetragonality. However,
in contrast to the previous case of the small Ti3+ pol arons,
here the branch corresponding to orbitals extending perpendicular to the stress axis (i .e., of extended xy type) is re-

1.93
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~" 1.91

~

1.90
1.89

o
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80
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FIG. 9. Angular dependence of the intermediate polaron resonances under P = 0 (full lines) and P = 0.24 GPa (dashed lines).

FIG. 10. Scheme of the alignment of the plane of the intermediate polaron orbitals under stress as applied along the indicated
direction. The shown delocalization of the electron density is based
on the calculations in Ref. 29. The shadings represent the electron
densities at the respective sites.
moved under stress. The alignment thus rather occurs as
sketched in Fig. 10, favoring extended orbitals of yz and xz
types.
There is no doubt that the new centers also have to be
attributed to Ti3+: (i) Especially their g values are quite
close to those of the small Ti 3 + polarons under stress. (ii) On
the other hand , they are distinctly different from those of
other defect species, such as M0 5 + (Table I). As mentioned
above, the smaller g values of the present Ti 3 + signals point
to a larger polaron extension. Not knowing the radii of the
corresponding wave functions exactly, we cautiously label
them intermediate polarons, leaving open the question of
whether they can already be considered large ones. As seen,
e.g., in Fig. 6, they coexist with the small polarons and can
be assumed to exist in crystal regions that are more strainfree from the beginning.
It should be noted that the EPR signals of the intermediate
polarons and especially their large widths correspond to a
much larger concentration, if compared to the small ones. By
calibration with an EPR standard it is found that the small
polaron concentration is about 0.1 ppm (as related to the Ti
content) at 14 K, whereas the intermediate ones are present
with about 4 ppm. Thus most of the paramagnetic Ti polarons manifest themselves as intermediate ones. The majority of Ti3+ ions, however, must be present in a diamagnetic
configuration, since the concentration of Nb5+ , to be compensated, is of the order of 100 ppm, see above. This additional reservoir of Ti 3 + is likely to consist of bipolarons, as
outlined below.
First the remarkably different stress alignment of the intermediate polarons will be discussed. As pointed out, their
energy is determined less by the JT coupling to the lattice
and more by the onset of banding, i.e., by a decrease of
kinetic energy accompanying delocalization. All orbital configurations tending to increase the banding thus will be stabilized. Under stress the crystal will expand slightly perpendicular to the stress ax is; a dilatation by about 3 x 10- 3 per I
GPa is calculated from the elastic parameters of BT24 There
will thus be a limit for the stress-induced expansion of an
xy-type orbital, since under increasing stress the Ti4 + neighbors along x and y will start to be removed from the initial

165106-7

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

288

S. LENJER. O. F. SCHIRMER. H. HESSE. AND TH. W. KOOL

PHYSICAL REVIEW B 66. 165106 (2002)

TiH site and tunneling to the equatorial Ti 4 + neighbors will
therefore be limited. On the other hand, the Ti 4 + neighbors
along z will move closer to TiH (Fig. 10); a compression by
12x 10"3 per I GPa is calculated. Now a more efficient
banding along this direction is possible, but only if the
ground-state orbital of TiH reorients in such a way as to
move high density towards the z direction, i.e., leave the xy
configuration and assume an Xl. or yz character, as shown in
Fig. 10. This banding along the stress direction is mediated
by the PIT orbitals of the 02 - ions between the Ti ions neighboring along the stress axis. The increase of banding under
uniaxial stress is also suggested by the observation, that the
shape of the EPR signal assigned to the intermediate polarons tends to become more Lorentzian with increasing
stress, indicating an onset of exchange narrowing.
In the previous publication8 on the topic a reorientation of
the intermediate polarons, as presented here, was not taken
into account as a possibility. The explanation of the angular
dependence of these stress-aligned objects, different from
those of the small pol arons, was rather based on the assumption that the conduction band had a minimum at k O. However, this model could not account for the fact that the g
values of the intermediate polarons changed so little under
stress P O.
In this context two observations are mentioned that underline the present interpretation of the alignment of the intermediate polarons. In the tetragonal phase of BT, existing
between 8 °C and 120°C, the crystal is elongated along its
fourfold, [00 I ]-type axis. This corresponds to a negative
stress, if compared to our present investigations. Assuming
that the majority of the conduction electrons form intermediate polarons (or bipolarons, see below) such a negative
stress will favor orbital expansion perpendicular to the elongated tetragonal axis. In this way it stabilizes the extended
xy-type states. This explains the fact that the electrical conductivity in tetragonal BT is larger perpendicular to the tetragonal axis than parallel to it 4 It should be noted that this
feature cannot be explained by the alignment behavior of the
small polarons: According to their alignment behavior, see
abo ve. negative stress should orient the plane of the corresponding orbitals along the axis, favoring conduction along
and not perpendicular to it.
These arguments are furthermore supported by the fact
that there are no indications for small or intermediate polarons in SrTi0 3 , also slightly doped with Nb; JOthe material
rather shows the behavior of free electrons moving in a wide
band. This is due to the slightly shorter lattice constant of the
materiaL about 2% less than that of BT 4.00 A. Thus band
transport is expected and found to be the prevailing transport
mechanism in SrTi0 3 . This may explain the circumstance
that EPR of Ti H conduction states has never been observed
in SrTiO, . These findings show how sensitively the Ti 3+
conduction states in Ti-oxide perovskites react to lattice
changes. Also the different manifestations of the IT effects of
Mo5+ in both compounds can be explained on this basis:
while static in BT, they are dynamic in SrTi0 3 . 31

*

*

C. BipoIarons

As has been mentioned above. there is evidence that Ti H
can manifest itself in a third way in BT. The temperature

dependence of the small polaron Ti H concentration (Fig. 7)
suggests that this object arises from a diamagnetic background with an activation energy of 0.01 eY. Since diamagnetism is typical for all bipolarons indirectly identified so far
in the course of EPR studies/ it is likely that the observed
Ti3+ signals arise from thermal dissociation of bipolarons,
for which the energy gain via a common lattice distortion by
two electrons outweighs their Coulomb repulsion by the very
small amount of 0.01 eY. The recombination of dissociated
electrons to bipolarons is expected to be strongly impeded by
slow diffusion. Under this circumstance a background concentration of those TiH polarons will thus remain which are
kinetically hindered from recombination. This accounts for
the parameter c in Eq. (4). The present findings support an
earlier suggestion 32 that the ground state of conduction electrons in BT consists of bipolarons. Since the TiH concentration in the crystals, which can be detected by EPR is only
about 4 ppm (see above), whereas the total Nb5+ concentration is estimated to be about 100 ppm, it is likely that a
sizeable concentration of Ti3+ bipolarons is present in the
investigated specimens at low temperatures. The orbital
structure of TiH bipolarons is known from crystallographic
studies of Ti 4 0 7 .33 Here TiH -TiH pairs at neighboring sites
have been identified. This is different from the electron distribution in bipolarons postulated previously by Moizhes and
Suprun J2 for BT, assuming two electrons on one Ti site,
equivalent to Ti 2+.
D. Further observations

In addition to the shift of their resonance positions, the
small polarons also show a decline of their intensity [Fig.
II (a)J under increasing stress. Apparently this is caused by
the transformation of these objects into polarons of intermediate size, as indicated in Fig. II (b). Here it is seen that the
concentration of small polarons relative to the intermediate
ones decreases. It is also observed that the width of the EPR
signals of the intermediate polarons declines under stress
(Fig. 8) whereas that of the small polarons is rather insensitive to such influence. To explain this we have to consider
first that the wave function of the small polarons has high
amplitude near one Ti site only. Because of the low tunneling
tendency of small polarons, their energy is dominated by the
corresponding rather localized lattice distortion. The strain
disorder in the unstressed crystal primarily serves to localize
the charge carrier and contributes comparatively little to its
energy. We therefore have a unique wave function for all
small polarons and the EPR signals thus are rather sharp. In
intermediate polarons, on the other hand, an electron encompasses several Ti ions, and the wave-function amplitudes at
each of these sites are influenced by the combination of
stronger tunneling, the remaining locally varying strains, and
the weaker polaron coupling. Relative to it, the strain remnants now are more important. The wave function in this
case is therefore not unique and varies from carrier to carrier,
depending on the local strains. Therefore also the g values,
via the level energies [Eq. (2)J depending on the wave functions, are expected to have larger spreads. The stress alignment on the other hand sorts out definite distortions, overrid-
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FlO. 11. (a) Decrease of the intensity Isp of the small polaron
signals under rising stress. The line is a guide for the eye. (b)
Decrease of the intensity I,p of the small polaron signals relative to
those of the intermediate polarons lip, under rising stress. The line
is a guide for the eye.

ing the internal strains, and thus leads to more defined and
equal wave functions. A line narrowing results. Such an effect has previously been reported for the stress dependence
of magnetic-resonance linewidths of a defect in silicon;34 in
this specific case a carrier could choose among three sites
equivalent with respect to the defect core, and tunneling was
competing with strains, as in the present case. A pronounced
EPR line narrowing was observed under stress. 34
On the same basis the width of the intermediate polarons,
rising with temperature, Fig. 8, can be explained. Because of
the increased tunneling the mobility of the intermediate polarons is raised. The accompanying lattice rearrangements
raise the probability for longitudinal T1 relaxation of the
spins, leading to increased line widths.
VI. TIH POLARONS BOUND TO AN OXYGEN VACANCY

Previously35 several TiH defects with g tensors slightly
different from those of the Ti 3+ small polaron were observed
by EPR in undoped BT after a strong reduction treatment.
Among them there are three axially symmetric ones (see
Table I) having somewhat smaller g~, i.e., slightly larger
axial splitting energies [Eq. (2)] between the T 2 sublevels
than the small polaron resonances. These signals have
before 35 been assigned to the most fundamental intrinsic defects in BT, oxygen vacancies, Vo , i.e., to one electron captured at an empty oxygen site, leading to V~. Experimentally

it was established that the ground-state wave functions were
of T2 (e.g., .>;y) type, similar to the case of the small polarons
treated above. This electronic structure of the defect appeared to be in accord with a model derived from previous
theoretical treatments of the V~ center;36.37 they indicated the
ground-state of the system to be of T 2 type. However, for
several reasons, listed, for instance, in Ref. 38, these calculations did not model the situation reliably. More recent theoretical treatments,38-40 using larger orbital basis sets than
the previous ones, definitely and independently showed that
the ground-state wave function of V~ rather has a (3z 2
- r2) electronic structure and a high density within the vacancy. Centers with orbitals of this symmetry could, however, not yet be identified in reduced BT, although they
would be easy to monitor by EPR. 41
How can this discrepancy be resolved? The isolated vacancy does not appear in a paramagnetic state if it is a negative U system. This means42 that two electrons in V0 do not
repel (U> 0) but attract each other by joint lattice distortion,
outweighing the Coulomb repUlsion. This leads to a diamagnetic ground-state, just as for bipolarons, which are special
negative U systems referring to quasifree and not to bound
charge carriers. For a "negative U" - Vo center only the configurations with no electrons V~ or with two electrons Vb are
stable. 42 The nonexistence of the singly ionized oxygen vacancy V~-being paramagnetic-is possibly also supported
by defect chemical studies of BT: under oxygen pressures
between43 105 and 10- 15 Pa there is no evidence for singly
ionized oxygen vacancies V~, at equilibrium conditions.
How are the TiH EPR signals arising from reduced BT (Ref.
35) to be explained then? The charge states Vb and V~ have
been identified by Muller, Berlinger, and Rubins 41 indirectly
by their influence on the EPR of neighboring NiH (3d 7 )
impurity ions (Fig. 12) in SrTi0 3 . NiH has a strong crystal
field, low spin configuration, i.e., the T 2 subshell is filled and
the seventh electron is accommodated in an x 2 -l orbital, if
Vo is saturated with two electrons. If it is empty, the 3z 2
- r2 orbital is lowest (Fig. 12). No evidence was found for
the configuration with one electron in V0, supporting the
negative U nature of Vo. Because the effect of the full V0 is
evidently to repel negative charges at a neighboring cation,
the lowest orbital of a TiH ion next to full Vo is thus expected to be of xy type (Fig. 12), as established experimentally. This model, corresponding to a bound TiH polaron
next to a filled V0, is able to explain the configuration of one
of the axial TiH centers in Table I. Because t..g ~ in this case
is lower than for the small polaron, as can be seen from Table
I, the axial field is stronger than in the latter case. Here the
splitting of the T 2 states results not only from the JT-type
stabilization of the X)' orbital but also from the influence of
the neighboring full V0, evidently lowering the energy of
this orbital and raising the energy of xz and yz.
Exactly one of the three axially symmetric centers, identified in reduced BT, as listed in Table I can then be assigned
to a TiH polaron bound next to Vb. It is not known which
one this is. The other axial centers of this type as well as
several other ones with nonaxial symmetry35 are likely to
arise from a TiH polaron bound to Vb plus additional de-
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Ni3+

or strongly doped crystals. The localization by defects will
prevent the formation of intermediate polarons.

vn. DISCUSSION

Vo

FlG. 12. Structure of the Ti 3 + polaron bound to
as compared
to established models of Ni3+ next to V 0; see Ref. 41.

fects. They are all characterized by smaller average Ag.l
values than for small polaron TiH, supporting the association with defects. This occurs especially if the crystals contain acceptor ions, i.e .• ions negatively charged with respect
to the lattice. It is expected that in these cases TiH is associated both with Vo and the acceptor, situated in different
relative orientations. This has been proved 35 especially for
associations with Na and K. Concluding, it appears that the
TiH EPR signals observed in reduced BT have to be attributed to a polaron bound to V::" either isolated or in conjunction with a second lattice perturbation.
Such systems demonstrate the influence of defects on the
polaronic properties of the material. This supports the remark, made in the introduction, that no information on the
intrinsic properties of polarons is to be expected in reduced

The theoretical studies mentioned above are based on an
embedded-cluster modeling29 of TiH polarons in BT. These
calculations clearly show that the eigenstate of a TiH conduction electron in ideal BT is represented by a polaron of
intermediate size. However, this occurs only if correlation
effects are carefully taken into account. 38 Hartree-Fock -type
approaches tend to predict too strong localization at one lattice site only_ In contrast, under an appropriate inclusion of
correlation effects, it is seen that energy is gained in an ideal
BT crystal if the electron is delocalized from a single TiH
site at least onto its first Ti neighbors and even beyond. The
calculation predicts that 28% of the conduction-electron density is found at the central Ti site, 44% is transferred to the
four nearest Ti sites along [lOO]-type directions, and 28% to
the four next-nearest Ti positions (along [llO]-type directions). For visualization of this extent of the electron density,
see Figs. 10 and 13. It was also found that electron density is
almost entirely restricted to one [IOO]-type plane. This
proves the presence of a IT effect also in the case of such an
intermediate polaron theoretically; the energy would be
higher if the electron was delocalized also into the equivalent
(010] and [001] planes. So the local cubic symmetry is broken. However, the studies also show that the intermediate
polaron is not only stabilized by coupling to an e-type JTvibration mode but also to an a-type breathing mode. This is
expected because of the charge unbalance of Ti 3 +: The Coulomb field originating from this extra charge is nearly isotropic in the nearly cubic crystal, inducing a breathing ionic
screening and corresponding binding. A total-energy gain of
2.15 eV by coupling of the electron to the lattice was identified; this is the sum of the IT energy, 0.09 eV, and the
breathing contributions, 2.06 eY. In order to find the net stabilization energy the 2.15 eV would have to be subtracted
from half the conduction bandwidth. The low-energy
subpeak44 of the BaTiOJ conduction band has a half-width of
about 2 eV,45 indicating that the polaron level will lie close to
the rigid-lattice conduction-band edge. The estimate thus
shows that a Ti3+ electron is on the verge of forming small
polarons. Experimentally, the IT coupling is more directly

@
..

...

•

"
FIG. 13. (a) Schematical indication of the TiH electron density of a small polaron. (b) electron density of the intennediate polaron
eigenstate of ideal BaTi03 • as based on Ref. 29, and (c) assumed electron·density distribution of Ti 3 + bipolarons in BaTi03 , as based on
(b).
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available, because it alone breaks the point symmetry and
thus causes the anisotropy of the g tensor. From gl [Eq. (2) J
one calculates

2

2H.

E JT =----.
3 ge- g"-

(5)

For the investigated paramagnetic Ti 3 + objects and for
M0 5 + one derives the JT energies EJT: TiH small polaron:
0.072 eV, TiH intermediate polaron: 0.060 eV, and Mo5+ IT
ion: 0.233 eV, using the values A(Ti3+)= 154cm- l ,
A(Mo5+) = 1030 cm- I , and, as an estimate, k= 0.8. It is
seen that the empirical JT coupling energies for Ti3+ are
close to those predicted theoretically.
VIII. SUMMARY

By EPR investigations of very pure BaTi0 3 , containing
about 100 ppm Nb as extrinsic defects, at temperatures between 4.2 and 20 K and employing uniaxial stresses between
o and 0.26 GPa, we identified two paramagnetic manifestations of Ti3+ (3d l ) conduction polarons. TiH compensates
the Nb 5 + impurities and is not, in most cases, associated
with Nb5+, which thus apparently represents a rather shallow donor potential. The first TiH species has a relatively
localized wave function and is therefore considered to be a
small polaron. It has axial symmetry with an axis easily reorientable along the direction of uniaxial stress. This indicates first that Ti3+ is isolated and second that the axial
symmetry is caused by a JT effect, T 2 X e. Both features
show that two symmetries are broken: Ti3+ in an environment of equivalent Ti 4 + ions breaks the translational symmetry of the crystal; the axial Jahn-Teller distortion indicates
that the essentially cubic site symmetry is also broken. For
comparison the Jahn-Teller effect of the extrinsic ion M0 5+.
(4d I) was also investigated. Consistent with the Jahn-Teller
distortion it exhibits the same reorientation features as Ti 3 + .
In addition the latter ion shows a shift of its g value, indicating that the Iahn-Teller coupling is changed under stress.
This is absent for M0 5 +. The reason for this change must
thus be sought in the tendency of the Ti3+ orbital to delocalize, expected because of its equivalent Ti neighbors. A larger
orbital has a lower Iahn-Teller coupling. This is proved by
calculating the phonon form factor of the system for varying
orbital radii. The Ti 3 + orbital will expand if the electron can
tunnel freely. Uniaxial stress apparently removes obstacles
impeding tunneling. We think that these consist of strain
fluctuations caused by the superposition of the local IahnTeller distortions. Under uniaxial stress the distortions are

P. Gerlhsen, R. Groth, K. H. Hardt!. D. Heese, and H. G. Reik.
Solid State Commun. 3, 165 (1965).
2H. G. Reik and D. Heese, Phys. Solid State 24, 281 (1967).
3E. Y. Bursian, Y. G. Girshberg, Y. A. Grushevsky, and Y. Y. Shapkin. Ferroelectrics 8, 417 (1974).
4 A. Feltz and H. Langbein, Ferroelectrics 15. 7 (1977).
I

aligned and the crystal becomes more homogeneous, allowing a less restricted tunneling.
In this way the previous small polarons turn over to those
of intermediate size and merge with the larger reservoir of
such objects present already before applying stress. They
probably exist in crystal regions that are already less strained
before applying stress. A theoretical modeling of electron
polarons in BT by embedded-cluster calculations indicates
that the intermediate polarons are the eigenstates of an unperturbed crystal. Polarons of this type are also paramagnetic
and can be aligned under uniaxial stress, indicating that they
likewise owe their axiality to a IT effect. Their alignment
behavior, however, is different from that of the small polarons. These turn the plane of their ground-state orbitals
perpendicular to the stress axis, whereas for the intermediate
ones the orbital planes are parallel to the stress axis. This
different behavior is attributed to the fact that the small polarons are stabilized by local stress-induced distortions supporting the Iahn-Teller effect, whereas the intermediate polarons are favored by orbital orientations enhancing
tunneling. Numerous further observations corroborate this
model, such as decrease of the intermediate polaron linewidth under stress and its rise under growing temperature.
The concentration of polarons rises exponentially with increasing temperature. Apparently they originate from a diagmagnetic background reservoir, representing the third manifestation of Ti 4 + polarons. Their diamagnetism is consistent
with the assumption that they represent bipolarons, i.e., two
electrons at neighboring Ti3+ sites, attracting each other by
joint lattice distortion, which overcompensates their Coulomb repulsion. The binding energy of these electron pairs is
rather small, about lOme V. The presence of bipolarons requires that these should be present in the low-temperature
ground-state of the crystal. The observation of paramagnetic
Ti3+ objects then apparently is based on a metastable situation: They represent those few electrons kinetically hindered
from diffusion-limited recombination to bipolarons.
Also Ti 3 + polarons bound to defects created by reducing
BT have been identified. They show g values similar to those
of the free polarons discussed before. Assessment of all experimental facts indicates that they are bound to oxygen vacancies filled with two diamagnetically paired electrons.
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Abstract
Application of uniaxial stress reveals the Jahn-Teller (IT) properties of the
defect ions Ni+ (3d 9 ), Rh2+ (4d 7 ) and Pt3+ (5d 7 ), all incorporated on Ti4+
sites in BaTi0 3. In all cases the vibronic ground states are stabilized by an
E @ e J ahn-Teller effect, here leading to tetragonally elongated defect-06
octahedra. Orbitals of (x 2 - y2) type are thus lowest for the hole-like Ni+,
and (3z 2 - r2) for the electron-like strong-field cases Rh 2+ and Pt3+. The three
systems are characterized by motionally averaged isotropic spectra at elevated
temperatures. At low temperatures strong dependences on the distribution of
internal strains are found, leading to a coexistence of isotropic averaged and
quasi-static tetragonal situations for Ni+, becoming more static under uniaxial
external stress. The latter behavior is also identified for Rh2+. For Rh2+ and
Pt3+ the coupling of the IT systems to the external stress could be determined
quantitatively, predicting rather low IT energies by a simple model calculation.
The observation of tetragonal distortions of these defects thus points to the
presence of regions with strong internal strains. The impurity ion Fe5+ (3d 3),
also replacing Ti4+, is found to go spontaneously off-center along [Ill] type
directions. The defect axis orients parallel to the stress direction, indicating an
axially compressed Fe5+ -06 oxygen arrangement in the off-center situation.

1. Introduction

BaTi0 3 (BT) is a representative member of the large class of oxide perovskites, AB03. Its
use in many fields of application is supported by the possibility to tailor its properties by
incorporating selected defects. Their identity, including their ionic and electronic structure,
their energy levels and often also their optical absorptions, could be ascertained in many cases
(see, e.g. [I D, mainly by using electron paramagnetic resonance (EPR) and related techniques.
The present state of knowledge on defects in BT thus constitutes a basis for the assessment
© 2007 lOP Publishing Ltd
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of their role in other oxide perovskites, where the knowledge about defects is often more
scarce. The point defects identified in BT comprise transition metal (see, e.g. [2]) and rare earth
ions (see, e.g. [3]). Likewise, intrinsic defects such as free electron Jahn-Teller (IT) polarons
and bipolarons [4, 5] as well as hole polarons bound to acceptors have been studied [6]. The
microscopic structure of the isolated oxygen vacancy is still under discussion [7].
In the present contribution we add to the knowledge on defects in BT by determining
the properties of several transition metal dopings characterized by their JT and off-center
instabilities. Because of the underlying coupling to the lattice they show strong responses
to the application of external uniaxial stress. This is instrumental for unraveling the details of
their interaction with the lattice.
As indicated, the ions Ni+, Rh2+, Pt3+ and Fe5+ are studied, all incorporated on Ti4+
sites. Ni+ (3d 9 ) has one hole in the 3d shell. In a sixfold cubic oxygen environment the orbital
E doublet lies lowest for holes. An elongation of the octahedron stabilizes the (x 2 - y2) partner
of the doublet. The application of stress will show this case to hold, induced by an E 0 e IT
effect.
When Rh2+ (4d 7 ) and Pt3+ (5d 7 ) are incorporated into BT, a strong cubic crystal field
splitting occurs, and thus the first six electrons are diamagnetically paired in the (t2)6 subshell.
The last electron, (e)l, therefore gives an overall E character to the ions. Here it is found that
the (3z 2 - ,2) orbital is the ground state. This also points to an elongation of the surrounding
octahedron, stabilizing an electron in such an orbital. All IT cases studied are characterized by
a spin S = 1/2.
Fe5+ (3d 3 , S = 3/2) is isoelectronic to Mn4+ and C~+, but is likely to have a smaller ionic
radius. It thus tends to go strongly off-center along a [111] type direction «( 111)) from its Ti4+
home site in BT. It will be shown that this is borne out by the trigonal crystal field splittings
in the sequence of isoelectronic ions Cr3+, Mn4+, and Fe5+; the latter ion is characterized by
an especially strong axial crystal field, separating the S = 3/2, Ims I = 11/2) substates from
Imsl = 13/2) by a considerable energy.
2. Theoretical background of the E ® e JT effect

The investigation of this IT situation has a long history (see e.g. [8-16]). We shall list here only
those aspects of the relevant theory which are necessary to explain the present results. In cubic
symmetry the two orbital partners of an E state are degenerate. A IT distortion along one of
the two modes of an e vibration will lift this degeneracy. Assume that a charge carrier, electron
or hole, is accommodated in one of the E orbitals, e.g. in 'Pz, which has become the ground
state by a corresponding IT distortion. Its probability density is tetragonally symmetric around
a z-axis, i.e. along the double arrows in figure I. This situation, stabilized by the corresponding
lattice distortion (figure I), is the result of a static IT effect.
Locally, the lattice vibrates with the amplitudes of the corresponding e-distortion mode,
as symbolized in figure I. Together with the related vibrational function, Xz, the vibronic
eigenstates of the systems are given by the product IJI z = 'PzXz. In an ideal unstrained lattice,
all the vibronic states with equivalently oriented axes, IJI x = 'PxXx and lJI y = 'PyX),' are equally
likely to occur as ground states.
In EPR, a nd 9 hole in an elongated octahedron, as in figure I (left), having an (x 2 _ y2)
ground state, is characterized [10, 11] by an axial g-tensor with the components
and

g.L = gs - 2UI b..

(1)

This can alternatively be formulated using the scalar and the tensorial parts, respectively, of the
2
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Figure 1. Two types of possible E orbitals, present as ground states in Ni+ (3d 9 ), x 2 - y2 type (left).
and in Rh 2+ (4d 1 ) and Pt1+ (5d 7 ). 3z 2 - r2 type (right). They are shown to be stabilized by the
tetragonal partner of an e-vibration mode. P denotes the direction of the axis of the applied stress.
which tends to orient the elongated tetragonal distortions with their axes in the plane perpendicular
to P, as indicated.

Zeeman interaction. proportional to gl and g2, respectively. by
and

(2)

Here g1 = gs - 4kAl!::. and g2 = -2U/!.l. The spin-orbit coupling of the ion is proportional
to the constant J..; it is negative for a hole; k is an orbital reduction factor. and !::. can be
approximated by the crystal field splitting of the system in the cubic, undistorted precursor
state. For an nd7 ion in a strong crystal field the admixture of crystal field excited states to
the ground state leads to more complicated expressions for the g-tensor [17, 18J, because there
are several excited crystal field states which can be coupled to the ground state by spin-orbit
coupling. It may suffice to state that, in contrast to the d9 hole case, gil < g.l is predicted for
an electron in a (3z 2 - r2) state.
If the energy barrier between the equivalent orbital orientations is small enough. the ground
state of the system will tunnel between these wells and the corresponding vibronic states.
applicable for unimpeded tunneling, will be [J 0, 11)
W(A)

= NA[\lI x + \lIy + \liz}

W,(E) = N,,[\lIx - Wy]
\lIo(E)

= No [2W z -

\lIx - WyJ,

(3a)
(3b)
(3c)

where the Ni are the relevant normalization constants. The A singlet state lies higher by the
tunneling splitting 3f than the E vibronic ground states.
Both the static and the tunneling situations of an E ® e IT system are borderline cases.
Starting from the static case stabilized in one well, tunneling will lead to an onset of excursions
of the ground vibronic state to the two neighboring wells. This quasi-static situation is mirrored
by the g-values, which are generalized in the nd9 case with (x 2 - y2) type ground state (see
figure 1) to
and

(4)

Here q is the 'Ham reduction factor'; it is the ratio between the expectation value of the
anisotropic part of the Zeeman operator, calculated with the corresponding vibronic states,
as compared to those calculated with the pure electronic parts. For the static case, q = 1
(see equation (2)).
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It is not only the JT coupling but also the influence of crystal strains which determines the
alignment of the E orbitals. If such internal distortions, measured by a quantity 8, representing
the average random strain active at the JT site, are stronger than the tunneling splitting 3 f,
813f > 5, a static situation can result even in the presence of sizable tunneling. Cases falling
in the range 0.8 < 813f < 5 are termed 'quasi-static' [14]. The competition between tunneling
and strain will also influence the EPR Iineshapes, usually causing some asymmetry (see figure 2
of [14] or equation (2.5.7) in [II)).
JT coupling and tunneling are internal interactions in a crystal. Therefore, all equivalent
axes of JT distortions occur with equal probability and, statistically averaged, the symmetry
of a specimen is not lowered with respect to the JT free situation. This is also the case for
random internal strains, having no preference direction. The situation changes, if an external
uniaxial stress P is applied. Then some of the JT distorted surroundings will be more favorable
energetically with respect to the stress direction than other ones. On this basis the application
of uniaxial stress will influence both the value of q and the lineshapes, since such stress has the
tendency to at least partly impede the tunneling excursions, this influence will thus raise the
value of q from its value in the unstressed case towards that of the static one. For this reason
the lines will also become more symmetric.
Isotropic lines are expected if all wells contribute equally to the resonances and if the
transition rate between the wells liT » 6.g fiB B / h (6.g, g-splitting between contributing
states; fiB, Bohr magneton; B, magnetic field). The corresponding states can result
from a coherent superposition of the contributions of the three component vibronic orbitals
(equation (1)). The states of A-symmetry among these have finite expectation values only
of the scalar, isotropic parts of the Zeeman interaction [10, 11]. However, also phononinduced relaxations between the wells can lead to isotropic resonances. At temperatures high
enough that the classical barriers between the three wells are surmounted, motional averaging,
corresponding to an equal contribution of all wells, will take place. At lower temperatures,
direct and Raman phonon processes can induce reorientation processes between the ground
states of the wells, also possibly causing isotropic signals. The linewidths of these isotropic
lines, however, show angular dependence, since they arise from averaging between component
lines with splittings dependent on the magnetic field orientation. As long as kT is larger than
the strain splittings between the ground states of the wells, the transition rate between the
wells is independent of the strain size (see [II], equation (2.5.8)). If the converse holds, the
strains dominate; then the line positions are not isotropic anymore and eventually the quasistatic appearance of the spectra can result.
The strain induced static, anisotropic signals and the isotropic ones, averaged by one- or
more-phonon processes, can be observed simultaneously with the same specimen, if the strains
vary throughout the crystal [19]. From regions with low strain sizes isotropic lines can be
registered, while those with large strains lead to the anisotropic spectra.
The application of uniaxial stress not only allows us to probe the details of the prevailing
influences, which dominate the actual manifestations of the JT effect, but also to determine
the strain coupling coefficient V2. This is based on the fact that externally induced strain
is a further agent to lift the degeneracy of the originally degenerate ground state orbitals, as
described by the perturbation Hs = V2 (eeUe + ecUc) [10, II]. Here the strain is represented
by ee = ezz - &(e xx + eyy ) and ec = ~.J3(e.u - eyy), with strain tensor components
_ I (aU;
Ue -_ (-I
0)
d UE -_ (0
+1)
.
h ... 11
eij 2: aXj + ~)
ax;'
0 +1 an
+1 0 are operators actmg on t e ImtJa y

degenerate orbitals. Experimentally, V2 is derived from the Boltzmann population of the lowest
levels resulting from the combined action of JT coupling, internal strains and external stress.
Assuming, for simplicity, a discrimination into two JT distorted configurations, an energetically
4
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favorable one, leading to a signal hav with statistical abundance
unfavorable ones, one finds [20,21]

In (

hav/nfav

)

lunfav/nunfav

=

3V2P

.

nfav,

and similarly for the

(5)

2kT(cll - C12)

The Cii are components of the stiffness tensor; for the special, approximately cubic case of
BT, two of them, CII and Cl2, are sufficient to characterize the situation [22]. Considering
an octahedral cluster with cube length R, reduced mass M and a vibration frequency w,
Ham [10, II] calculated a relation between V2 and the JT energy:

(6)
This is derived from a simple model taking only the first neighbors of the JT ion into account.

3. Experimental details
Most of the experiments were performed with a Bruker 200D SRC EPR spectrometer, operating
near 9 GHz. Temperatures between 6 and 180 K could be achieved with an Oxford flowing He
gas cryostat, regulated with an Oxford ITC instrument. The investigated specimens had typical
dimensions of 2 x 2 x 3 mm 3 . The treated defects were present as unintended background
impurities in nominally undoped crystals. The charge states Ni+, Pt3+ and Fe5+ were created
from precursor charge states by illumination with the full output of a 150 W xenon arc lamp,
while Rh 2+ was detected without further treatment. The recharging to Ni+ and Fes+ proceeds
by capturing an optically induced conduction band electron by Ni 2+ and a valence band hole by
Fe4+, respectively. The optical creation of such carriers is often observed in oxide perovskites
(see, e.g. [I D. The precursor charge state of Pt3+ is not known. Uniaxial stress was applied
to the crystal using a setup as described by Kool and Lenjer [20, 21]. Due to the geometrical
constraints of the EPR equipment only stresses perpendicular to the magnetic field B could be
applied.
At temperatures below about 180 K the BT crystals assume the rhombohedral crystal
phase, characterized by trigonal, (111) -type lattice distortions, resulting from local domains.
For the ions Ni+, Rh2+ and Pt3+ such low symmetry influences turn out to be so weak that
they can be neglected in the present context. The (111) domain fields are not collinear with the
(100) JT distortions of all the JT systems studied here. The resulting competition causes slight
tilts of the principal axes of the g-tensors of these S = 1/2 systems from the (100) directions
towards (111). Empirically, it is found that these tilts are rather small, indicating a rather weak
influence of the domain field compared to the local JT distortion fields. For the case of Pt 3+ a
corresponding splitting will be shown, see section 4.3. For Fe5+ both the off-center excursions
and the rhombohedral crystal fields are collinear along (111) directions. Possible influences of
the domain fields for this case will be discussed in section 5.

4. Experimental results and their interpretation
4.1. Ni+ (3cP)

The corresponding EPR signals were first reported by Possenriede et at [23] in 1992, but could
not be assigned definitely at that time. The angular dependence of the Ni+ EPR spectra with B
rotated in the (001) plane of the crystal at T = 6 K is shown in figure 2.
Indicated are the g-values of signals caused by a defect having tetragonal symmetry with
axes along (100) type directions. The corresponding g-tensor components are gil = 2.365 and
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Figure 2. Angular dependence of the Ni+ resonances, given by the corresponding g-values. Three
branches corresponding to a tetragonally distorted environment and one isotropic branch (dashed)
are superimposed.
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Figure 3. Signals of Ni+, when B makes an angle of 35° with the [100] direction (vertical line in
figures 2 and 4) under P = 0 and 0.16 OPa.

gJ. = 2.189. In addition, an isotropic signal with gay = ~(gll + 2gJ.) = 2.249 is observed.
Its linewidth is strongly angular dependent, being for instance 29 G for B II [111], while it is
broadened beyond detection for B II [100] at T = 6 K. Furthermore, the shapes of the EPR
signals of the tetragonal spectrum are somewhat asymmetric at P = 0 (figure 3).
Under application of external uniaxial [00 I]-stress (note P -.l B) the following changes in
the EPR spectrum are observed.
(i) The intensity of the two lines stemming from tetragonal centers with their axes
perpendicular to the stress direction, i.e. those showing an angular dependence in figure 2,
increases; the angular independent one at gJ. = 2.189 decreases; it corresponds to centers with
their axes parallel to the stress direction. The latter line cannot be observed at stresses higher
than 0.16 GPa, when all intensity has been transferred to the angular dependent ones. Under
stress the observable lines become more symmetric. These facts are visualized in figure 3,
exhibiting the EPR spectrum at stresses P = 0 and 0.16 GPa and at T = 6.0 K. Figure 4 shows
the angular dependence of the Ni+ spectra for B rotated in the (001) plane of the crystal under
an externally applied uniaxial [001] stress of P = 0.20 GPa.
(ii) The gJ. -value becomes smaller under increasing uniaxial stress, whereas gil remains
unchanged. The difference .6.g = gil - gJ. thus increases.
6
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Figure 4. Angular dependence of line positions of Ni+ under uniaxial stress along a lOO-type
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Figure 5. Turnover from an anisotropic spectrum of Ni+ at low temperatures to an isotropic one at
elevated temperatures.

(iii) Under rising temperatures first a line broadening occurs and at higher temperatures a
transition from an anisotropic to an isotropic spectrum is observed (figure 5).
No hyperfine lines are detected. This does not contradict the assignment to Ni+, to be
detailed below, because the only Ni isotope with nonzero nuclear spin, 61 Ni, having I = 3/2,
has a natural abundance of only 1.13%. Each of the expected four hyperfine lines thus has only
an intensity of 0.3% relative to the central I = 0 line. Under the prevailing signal to noise
conditions they cannot be detected.
The relative weights of the isotropic and the anisotropic signals depend strongly on the
thermal history of the samples and the application of uniaxial stress. This is illustrated by the
following representative observations.
(i) If a stress P = 0.2 GPa is applied at 6 K, the isotropic line at g = 2.249 (dashed in
figure 2) disappears and the intensity of the tetragonal spectrum increases.
(ii) In an experiment where the specimen was cooled quickly to 4.2 K by adding liquid
helium to a cryostat holding the crystal, only the isotropic line was observed, at g = 2.248.
(iii) If, under this experimental condition, a uniaxial stress P = 0.048 GPa is applied, the
isotropic line shifts from g = 2.248 to 2.255 and two anisotropic lines appear, characterized by
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gil = 2.364 and g1. = 2.139. Their widths are, respectively, 12 and 31 G. These findings are in

line with those of the previous experiments.
We shall now interpret the experimental observations. First the assignment to Ni+ (3d 9 )
will be proved and then the JT related features of the system will be pointed out. The observed
values of the g-tensor components are typical for Ni+, but could possibly also be assigned
to strong field NiH [24]. The alignment under stress, however, is compatible only with Ni+.
First, the observation that gil > g1. indicates that an (xl - yl) type orbital is the ground
state (equation (I)). Since the application of stress increases the concentration of centers with
axes perpendicular to the stress direction, they are characterized by spontaneously elongated
octahedra (figure 1). For an elongated octahedron a (Xl -l) orbital ground state occurs only
for a hole state. This establishes Ni+ (3d 9 ) as the charge state of the investigated defect. For
the alternative case (NiH (3d 7 )), only the strong field case could show g-values in the range
of the observed ones [24]. But then gil < g1. should be found for the identified situation of an
elongated octahedron, see below, where cases of this type, i.e. Rhz+ and Pt 3 +, are treated. The
assignment to Ni+ is further supported by the recent identification of the defect Ni~a in BT [25],
i.e. of Ni+ found at a Ba site where it goes off-center, as also identified by the application of
uniaxial stress. The average g-value of this defect, 2.25, is identical within experimental error
to that treated here. This comparison with Nita' having otherwise slightly different g-tensor
components, supports the assignment of the present defect to Ni+ replacing Ti 4 +, implicitly
assumed so far.
The application of uniaxial stress first proves that a JT effect is active: the alignment
of the tetragonal defect axes occurs as fast as the EPR spectra can be observed, i.e. within
a few seconds; this takes place even at low temperatures (4.2 K) and low stresses. If the
tetragonality were caused by association of an ionic defect, the reorientation would be very
slow or practically forbidden at low temperatures. Also, the fact that a motionally averaged
spectrum is observed for T > 46 K argues for the presence of a JT effect.
The tetragonality of the defects then indicates that the JT distortion is caused by coupling
of the E-orbital ground state to an e-vibration distortion (figure I). The question arises of
whether the axes are strictly aligned, as characteristic for a static JT effect, or whether there
are still excursions to neighboring wells, due to an onset of tunneling. Application of uniaxial
stress will reduce such excursions and thus increase the axiality. Exactly this is observed: the
g-tensor anisotropy increases under stress. Therefore, the unstressed case rather corresponds to
a 'quasi-static' situation. Quantitatively, this is expressed by an increase of the reduction factor
q towards unity. For the quasi-static situation the g-values are expressed by gil = g, + qgz and
g1. = g, - 2qgz (equation (4)). At the highest stresses tolerated by the given crystal specimens
we obtain qgl = ~ (g il - g1.) = 0.082 and g, = g il - qgl = 2.282. In the similar case of Ni +
in MgO the values qgl = 0.145 and g, = 2.2391 [19] were found. Apparently in our case q is
not as large as for MgO. Therefore BT:Ni~ is not completely in the 'pure' static region, even
at the maximal stress. This is also confirmed by the observation that the two remaining EPR
lines stilI have somewhat different widths (figure 5).
The line shapes become more symmetric under stress: this is in line with the fact that
uniaxial stress represses the state mixing by tunneling, as outlined in section 3.
Among the isotropic lines, two types are observed: one arises at elevated temperatures,
T '" 25 K, certainly due to a motional averaging by jumping across the classical barriers,
from the signals reflecting the static JT effect. The other type of such signals is found at
low temperatures simultaneously with the tetragonal ones. These features point to a phononassisted relaxation process between the ground states of the wells. Apparently, in some regions
of the investigated specimens the sizes of the strains are low enough that kT is larger than the
strain splittings between the wells. As mentioned in section 3, then the influence of strains on
8
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Figure 6. EPR spectra of Rh 2+, for B at 40° from [100] in the (001) plane, without and under
uniaxial stress at T = 5.0 K; see figure 7. The low field signal, with B 1- z, characterized by
a Rh hyperfine splitting into two lines, vanishes with rising stress and the other signals increase
correspondingly. For these the Rh hyperfine splitting is too small to be resolved. The arrow indicates
the change of a line position under uniaxial stress.

the isotropic lines is reflected at most in the angular variation of the linewidths. Spectra related
to tetragonally stabilized centers originate from regions of higher strains. This simultaneous
presence of two types of signals has also been reported previously for Ni+ in MgO [19].
The changes of the relative intensities of anisotropic and isotropic lines under slight
external influences (uniaxial stress or temperature changes) indicate the fragility of the
undistorted low strain order of BT: for instance, it is seen that under application of uniaxial
stress the isotropic line may vanish completely, indicating the increasing disorder introduced
in this way. On the other hand, in one experiment it appeared that fast cooling to liquid helium
temperature established a situation with low strains throughout the sample. Furthermore,
slight variations of the g-tensor components, in some instances observed under the specified
treatments, point to the influence of tunneling, depending on local order, on these spectral
parameters.
Unfortunately, the strain coupling coefficient of Ni+ could not be determined because the
related EPR signals interfered on their high field side, i.e. near the position of the isotropic
signal in figure 2, with those originating from Fe3+,
4.2. Rh 2+ (4d 7 )

This defect is characterized [23] by an electronic spin S = 1/2, a hyperfine coupling to a
100% abundant nuclear spin I = 1/2 (as for I03Rh), a tetragonal g-tensor with components
gil = 2,030 and g.l = 2.298 and a turnover of the corresponding angular dependent lines to a
motionally averaged, isotropic one for T > 46 K. All these features support the assignment to
an E ® e JT effect. Here we present new details on the JT coupling, obtained by application of
uniaxial stress along [001]. The following changes in the EPR spectra were observed:
(i) As in the previous case of Ni+, the intensity of the signals stemming from tetragonal
centers with their axes perpendicular to the stress direction increases and the concentration of
axes parallel to the stress direction decreases. The latter lines are not observable anymore at
stresses higher than 0.25 GPa (figure 6),
(ii) The g.l-value decreases (see figure 7), and since gil is not changed by stress, the
difference 1':,.g = gil - g.l becomes smaller. Figure 7 shows the angular dependence of the EPR
spectrum with B rotated in the (001) plane (perpendicular to P) of the crystal (P = 0.24 GPa).
From the observed intensity changes (figure 8) of the EPR signals the strain-coupling
coefficient V2 could be determined.
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Figure 7. Angular dependence of the EPR signals of Rh 2+ under a uniaxial stress of 0.24 GPa.
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Figure 8. Occupation ratio of aligned and not aligned defect axes, in logarithmic scale, versus the
strength of the applied uniaxial stress.

The fast reorientation of the tetragonal defect axes and the transition to a motionally
averaged, isotropic spectrum at elevated temperatures again proves that an E ® e IT effect
is active. In the same way as for Ni+, it is also concluded that an elongated octahedron is
present: the axes align perpendicular to the stress direction. In the present situation, however,
the fact that gIl < g1- indicates that a 3z 2 - r2 orbital lies lowest. This is consistent with a
single unpaired electron. The interpretation of figure 8, using equation (5), leads to the stress
coupling coefficient V2 = 0.91 X 104 cm- I . Interpreting this quantity on the basis of the
simple cluster model (equation (6» yields a IT energy EJT = 404 cm- I , if a representative
phonon energy of 200 cm -I is assumed [I I]. This is a rather low val ue for E JT, if compared,
e.g_to EJT = 3000 cm- I for Ah03:Ni+ [11]. For a small IT energy a dynamic ITE would be
expected, characterized by two lines. The fact that, in spite of this, spectra of a tetragonally
distorted center are observed indicates that considerable internal strains are active, stabilizing
the tetragonal distortions. The g-anisotropy becomes smaller under stress (figure 7), indicating
that the crystal field splittings increase.
43. Pt1+ (5d7 )
The Pt3+ center in BT [23, 26-28] has the following pI:operties: S = 1/2, hyperfine interaction
typical for 195pt (34% I = 1/2), approximate tetragonality with gIl = 1.958, 81- = 2A55.
10
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P = 0.17 GPa
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Figure 9. Spectra of Pt3+ at 4.2 K for B 35° away from [100] in the (00 I) plane. under P = OOPa
(above) and P = 0.17 OPa (below). Compare with the stress dependence of the Rh2+ spectra
(figure 6). The weak splitting of the low field line for P = 0 OPa. best seen for the I = 0 isotopes.
is caused by the competition between the (111) rhombohedral domain fields and the (100) locallT
distortions [23].

Several observations support the assignment to an E ® e JT effect. This model can account in
particular for the unusual angular dependence of the intensities of the hyperfine lines of 195pt,
when compared with those of the remaining nuclei, having I = O. These features consist
in a pronounced different saturation behavior of these lines, when compared to the I = 1/2
signals [23]. The phenomena are successfully explained by a hyperfine induced electron spin
relaxation having an angular dependence typical for an E ® e JT effect [11]. Also the motional
averaging of the spectra at elevated temperatures, T > 100 K [29], supports an interpretation
in terms of an E ® e JT effect.
The application of uniaxial [001] stress yields the following results, quite similar to those
observed for Rh 2+ .
(i) As in the previous cases, the intensity of the lines resulting from tetragonal centers with
their axes perpendicular to the stress direction increases and the intensity of that parallel to P
decreases; the corresponding line is not observable anymore at stresses higher than 0.16 OPa
(figure 9).
(ii) The value of g.l decreases: g.l = 2.455 at zero stress and g.l = 2.452 at P =
0.17 OPa. There is no observable shift of the gil value under the influence of stress, so t:;.g
becomes smaller.
(iii) The hyperfine coupling value A.l increases from A.l = 111 X 10-4 cm- I at zero stress
to 115 x 10- 4 cm -I at P = 0.17 OPa. The A I value hardly changes under increasing stress,
so t:;.A = All - A.l becomes larger. In listing these g.l as well as the A.l values we did not
consider small deviations stemming from the rhombohedral phase of BT.
As in the previous cases, the center aligns with its axis perpendicular to the stress
direction; thus the octahedron surrounding Pt3+ is elongated. Just as for Rh2+ the strain
coupling coefficient could be determined: V2 = 0.60 X 104 cm- I ; this value is of a size
comparable to that of Rh2+ and differs considerably from that claimed previously [26] for
Pt3+, V2 = 2.87 X 104 cm- I • The now established smaller value of V2 corresponds to
EJT = 180 cm- I (equation (6». The tetragonality, observed in spite of this small stabilization
energy, again points to a strong influence of internal strains. Also, the decrease of f...g under
stress can be attributed to the fact that stress decreases the deviations from strict alignment.
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Figure 10. (a) EPR signals of Fe5+ in BaTi03 under P = 0 and 0.21 GPa. The letters refer to the
branches of the angular dependence plot in (b). (b) Angular dependence of the Fe5+ EPR signals for
a rotation of B in a (1 10) plane, as indicated in (c). Each of the branches corresponds to one of the
four equivalent centers, axially symmetric around the body diagonals, numbered in (c). This means
that EPR line a is caused by centers with axes along body diagonals 3 and 4, line b correspondingly
by I and 2. (c) The correlation between the body diagonals of a BT crystal, the numbers of the
branches in (b) and the direction of the stress axis.

5. Off-center Fe5+
The EPR of Fe5+ in BT (see figure 10) is described [30] by a Hamiltonian:
H eff = /LBS eff geff B

(7)

(/LB Bohr magneton) with an effective spin 5 eff = 1/2 and a g-tensor with essentially (111)type axial symmetry, having the following components: g~ff = 2.010(3); g1ff = 4,013(3), In

fact, resonances resulting from a superposition of four such axial centers are observed, with
axes defined by the four body diagonals (figure 10(c)). These numerical values are typical for a
system with a true spin 5 = 3/2 and an orbitally non-degenerate ground state, as expected for
a (3d)3 ion in octahedral symmetry, which is additionally exposed to a strong axial crystal field
component. For the actual spin 5 = 3/2 the appropriate, axially symmetric Hamiltonian is
H

=

/LBSgB

+ D(S;

- ~S(S +

I».

(8)

If the splitting 12D I between the Ims I = 11/2) and Ims I = 13/2) substates is much larger
than the used microwave quanta (""'0.3 cm- 1 in the present case), it is allowed to truncate the
S = 3/2 spin space to the 1m, I = 11/2) subspace of the lower lying doublet, spanned by an
effective spin 5 eff = 1/2. The Zeeman splitting is then described by the effective Hamiltonian
(equation (7»). The components of the effective g-tensor geff are related to the 'true' g-values,
gil and gl., by the perturbative expression [35]
eff=2
gl.
gl.

{1_~[gl./LBB]2}
4
2D
'

(9)

The values gil = 2.010(3) and gl. = 2.013(3) are found. Here it is surprising that these are
larger than the g-value for the free spin, gs = 2.002. For nd-shells less than half filled, as for
Fe5+, one expects g-values smaller than g,. In their study of the 3d 3 ions Cr3+, Mn4+ and Fe5+
in SrTi03 (ST), MUlier et al [32, 33] have shown that this discrepancy has to be attributed to the
admixture of valence band 0- hole states to the Fe5+ ground state, having levels close to the
valence band edge. Equation (9) allows us to determine the value of D from measurements at
two different values of B, corresponding to two different microwave frequencies. For Fe5+ in
BT IDI = 1.15 em- I is found [30], to be compared with IDI = 0.65 cm- I for the isoelectronic
12
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ions Mn4+ [31] and IDI = 0.023 cm- l for Cr3+ [34] in BT. All these values are valid for
T = 20 K and below. This sequence of D values leads to the supposition that Fe5+ sits
especially strongly 'off-center', as supported by its small ionic radius.
The application of uniaxial stress P leads to the following phenomena: with increasing
stress and P perpendicular to B, with B lying in the (110) plane and rotated a few degrees from
the [Ill] direction towards the [110] axes of the crystal (see figure 10), it is observed that the
low field line (a in figure 10) increases in intensity at the cost of the high field line, b. Figure 10
shows the effect of applying uniaxial stress up to P = 0.21 GPa. At P = 0.23 GPa the high
field line is not observable anymore.
Figure 10(c) demonstrates the orientation of the stress axis with respect to the (Ill )-type
body diagonals of the crystal. The diagonals 1 and 2, lying in a (110) plane, are directed
perpendicular to the stress axis, while diagonals 3 and 4 have components parallel to it. Since
resonance a, corresponding to branches 3 and 4, increases with rising stress, while that of b
decreases, it is seen that the axes of the center reorient, with the (Ill) directions parallel to the
stress axis being favored. This means that the oxygen octahedron surrounding Fe5+ adapts to
its presence by a trigonal axial compression. This oblate, lens-like geometry favors orientation
of the axis parallel to the stress direction. Since the reorientation occurs at low temperatures
(T = 30 K) as fast as the EPR signals can be observed (a few seconds), this observation clearly
shows that the trigonal symmetry is an intrinsic property of the Fe5+ -06 cluster and not caused
by the possible association with a second ionic defect.
The rearrangement is not caused by a JT effect, since the ground state of Fe5+ is orbitally
non-degenerate. An Fe5+ defect, going off-center from its Ti4+ home site along one of
the (Ill )-type body diagonals, is the natural explanation for the stress dependence. This
is supported by the following observations: Cr3+, charged negatively with respect to Ti 4 +,
is repelled by its negative 0 2 - ligands [31] and thus shows a rather low trigonal crystal
field parameter. Mn4+ participates in the same ferroelectric off-center excursions as the Ti4+
ions [31]. The positive charge and low ionic radius ofFe5+ support a further movement towards
one of the neighboring triangles of three 0 2 - ions along a body diagonal of the oxygen cube.
This situation corresponds to a trigonally compressed octahedron.
The stress dependence of the alignment ratio (figure 11) allows us to quantify the coupling
of the defect to the lattice. At zero stress, the low field line a (branches 3 and 4 in figure 10)
should have twice the intensity of the high field line, b, branch 2. In plotting In(Ja/2h) versus
the stress P IOII ] (figure 11) and assuming a Boltzmann distribution, the elastic dipole moment
,BIIll] could be determined from In(Ja/2h) = ~U/kT with ~U = ,BIll I] P[OI I]· Deviations
from linearity at low P are caused by an unequal initial presence of the four (111) off-center
excursions. It can be assumed that the off-center movements are biased by the local domain
fields or by local strains. In the first case the measured ratio (Ja/2/b) would mirror the relative
weights of the domains present in the investigated specimen. Since, however, for the JT ions
Ni+. Rh 2+ and Pt 3 + it was observed (section 3) that the influence of the domain fields was weak
compared to the fields caused by the local JT distortions, the same is likely to occur also for the
fields originating from the local off-center excursions. The transition to the linear part of the
graph (figure II) would then take place, if the action of external strain overrides the influence
of local strains. A final decision concerning the role of the domain fields cannot be made in the
present case of Fe5+ in BT nor in the parallel case of Mn4+ [34], where the action of external
strain was not investigated.
From the linear part of the graph in figure II the value ,B[ III] = 4.13 X 10- 30 m3 is
determined (for information on the physical background of ,B, see [35]). This value is of the
same size as those found for the Ni~a and Na+ -0- centers [25, 36] in BT and the systems
Fe 2+-0- and Cr5+ in ST [35, 37].
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Figure 11. Stress dependence of the signal ratio of favorable versus unfavorable off-center
orientations in BT:Fe s+.

The question arises of why Fe5+ in BT behaves so differently to Fe5+ in ST. In the
latter case an isotropic signal is observed [32], independent of temperature, and all features
indicate that the small Fe5+ ion tunnels fast between several equivalent off-center positions [32].
Judging from the behavior of C~+ in SrTi0 3 , which goes off-center along (1 OO)-type tetragonal
directions in this material [38], an analogous situation would be expected for Fe5+. Its offcenter displacement in BT along (Ill) could be caused by the slightly larger lattice constant of
BT, 4 A, about 2% more than that of ST. In the latter system Fe5+ thus tends to be pushed back
on-site, whereas it has more space to move off-center in BT, in the same way as the Ti 4 + host
ions of this ferroelectric material.

6. Conclusion
Three ions, Ni+, Rh2+ and Pt3+, have been identified to show an E 0 e JT effect in BT.
The application of uniaxial stress definitely led to the conclusion that a related spontaneous
symmetry lowering and not an association with an ionic defect is present, which is a possible
reason for the observed low defect symmetries. Furthermore, uniaxial stress allowed us to
determine in two cases the stress coupling of the defects and to give an estimate of the related
JT energies. They turned out to be rather low, which led to the conclusion that the observed
phenomena, consistent with static JT effects, were mainly due to a stabilization of the JT effects
by internal strains. Some observations allowed the conclusion that the influence of tunneling
between the equivalent distortions is playing a role. On this basis the changes of g-values and
lineshapes induced by the application of uniaxial stress could be explained. The stress response
of Fe5+ in BT, in contrast, is caused by the off-center movement of this ion. It constitutes a
further manifestation of iron contaminations in BT as well as in other oxide perovskites, causing
their coloration [39] in the 'as-grown' state in spite of their large band gaps.
14
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We present theory a of structural phase transitions in which the lowering of symmetry
originates from a Jahn-Teller effect of the ionic constituents with electronic E-type doublets. We consider a model in which the three lowest vibronic states of the Jahn-Teller
complexes are well separated from the higher excitations. The static and dynamic properties are studied in an S= 1 pseudospin representation.
We consider a crystal containing Jahn-Teller
(JT) ions with doublet electronic ground states in
octahedral, tetrahedral, or trigonal symmetry.
The electronic doublet !/ill =12z ,2 - X / - y
1/1'2
=1..[3(x ,2 - y,2) at lattice site l is split by the JT
coupling with the local normal coordinates Q '3
=P, cose" Q'2 =P, sine, of the same symmetry.
For fixed Q, ={p, cose" P, sine,}, the electronic
ground state is given by1

competition between the entropy, favoring disorder, and the interaction energy

n,

(1)

(2)

favoring order. We assume that "ferrodistortive'>:! order with elongation of the octahedra is
most favorable.
The above consideration. assumes perfect localization of the amplitude x(Q,) of the vibronic wave
function

The ground-state energy has C 3V symmetry in the
Q'3-Q '2 plane. The linear JT coupling together
with harmonic and anharmonic lattice-energy
terms produce an energy surface with minima occurring at P, =p and e, =0, ± !IT, or at e, =± tlT, IT
(corresponding to elongations or contractions of
the octahedra along one of the three cubic axes,
respectively). The distribution of the ionic complexes over the three valleys is governed by a

(3)

in one of the three Valleys. Because of the ionic
kinetic energy, however, the system can tunnel
between the Valleys. The vibronic wave functions
are then still of the form (3), but with X a superposition of "Wannier" wave packets an(e,) =a(8,
- tlTn) centered at 8, = tlTn (n =0, ± 1). Since x(Q,)
and a(8,) transform as a double representation,
the Bloch therorem takes the form 3

(4)
with half-integer "wave numbers" 1/ =± t, t. Thus, one obtains a low-lying doublet 1/ =± ~ and a highlying singlet 1/ =t, separated by a tunneling energy tn. We assume that n is small compared to the
excitation energy of higher states, and take only these three lowest states into account.
We make use of an S = 1 pseudospin representation. The operators are expressed in the Wannier
basis (au a o, a -1) as linear combinations of the unit matrix, the three spin matrices Sx, 5" 5., and the
five matrices
E 1 = t..[3(35.2 - 2), E2 =Sx2

-

5,2,

T1 = 5,5. +5,S"

T2 =SzSx +Sx5.,

T3

=5x5, +5,sx'

(5)

The JT tunneling Hamiltonian is given by
H,)T=_

tn[v'2 5,x- (5,/-5,;)]=...;. tn(v'2 5,x-E'2)'

(6)

For Q,s and Q'2 we find, in the strong localization limit,4 by neglecting overlap terms
(7)

Here Q, has been assumed to be normalized so that (p, ) =1. We study the linear response to external

820
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forces F Iext. The Hamiltonian is then given by
H ="6HIJT - t"6'QI'VII' 'QI' _"6F l ext .QI'
II'

(8)

I

The static properties are calculated in the molecular field approximation (MFA) with a density matrix
p

=ll I exp(- {3H I mol)/Z II Z I =tr I exp( - (3H Imol).

(9)

Here, HI rml is the molecular field Hamiltonian
H/ool =H /

T_

F/OOI'QI;

Fz"lOl ="6'I,VI/' • (QI') + F/"'.

(10)

Z I is computed from the eigenvalues E 10: of HI mol. For F Imol in the Q3 direction,
E 11.2 = 1.{n
- F I rml ± [902 + 60F I mol + 9(F JlTlOI)2]1I2}." E
= _ 1.(0
_FI
rrol)
4
3
2
·

(11)

The (Q) are determined by the self-consistency equations
(QI) =Z I -laZ /a({3F /001).

(12)

In the disordered phase, (QI) =0 for F Iext =0, and one finds the single-particle susceptibility
X(5) = [( t{30 + 2) exp( t{3n) - 2 exp( - (30)] /3n[2 exp( t{3f1) + exp( - (3n)].

(13)

Assuming one JT ion per unit cell, one obtains after Fourier transformation for the collective susceptibility the feedback expression
(14)

The disordered phase becomes unstable with respect to ferrodistortive ordering, if the largest eigenvalue Vo of
occurs for q =0. The stability limit Tl is then given by 1 =voXS( T l ).
We consider particularly the case n«vo' Then, kTl"'tvo' However, also in the opposite case, n
> v o, there always exists a transition. This is a direct consequence of the JT effect which leads to a
ground-state doublet, in contrast to ordinary lattice-dynamical models like the two-valley model of
hydrogen-bonded ferroelectrics, 5 which have Singlet ground states.
In the ordered phase, one has first to find the order parameter (Q3) from Eq. (10) with F Iext =0. In
the limit n« v o' Eq. (12) takes the form

v.

(Q3) = [exp({3FlTlOI) - exp(- t{3F IllOI ) cosht{30] /Z,
Z =exp({3FIllOI) + 2 exp(- t{3F lTlOI ) coshitlO,

(15 )

where FIllOI =vo(Qs)'
In the uniform-field case q =0, one finds for the collective susceptibility
X3S =XS3 (5) /(1 - VOX33 (5)),

X22

=X22 (5) /(1 -

VOX22 (5)).

(16)

In the limit 0 «v o,
XS3 (5) = (9/2kTZ2) exp(t,BFlTlOl) cosht{30,

(17)

X22 (5) = (3/0Z) exp(- ttlFlllOl) sinht{30.

One finds a stability limit T2 > Tl which is determined by Xss. The transition is of first order, as
expected from symmetry. The thermodynamic phase boundary Tc is found from the condition that the
free energies of the two phases become equal. Figure 1 gives the order parameter as a function of
temperature.
The dynamic behavior is determined by the equations of motion for the eight operators S I.. S ,., S I.,
E 11> E 12> Tn, TI2> and TIS' In the random-phase approximation (RPA), we obtain from the static parts
(18)
This relation is easily seen to be satisfied by the MFA equilibrium state. For linear deviations from
the equilibrium state, the eight equations decompose into two sets of four. The first set describes the
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(O)

w,

T~

FIG. 1. Temperature dependence of the order parameter (Q-) and of the JT energy.

FIG. 2. Temperature dependence of the normal-mode
frequencies for q =0.

motion of the operators which are even under the reflection Q3 -

o

Q3'

o

o

- iw

o
13(f1/12 -

-

(19)

-iw
tVq(S»)

fI/12

and the second set that of the operators odd under reflection,

f1/12-tVq(S)
- f1 -

t(3F fml

Q)

-

o

o
n
_ f1/12

][I5S,]
I5Sz _

-iw

fVq(E2)

f1/12

-if!

15T3

-iw

o

I5T2

-0.

(20)

The first set has a double root Wi (e) =0 corresponding to the two MFA constants of motion, HIT _FITDIQ3
and E 1 - 13E 2 = - 3 -112(3S/ - 2). In a more refined theory, these roots will correspond to a pair of relaxation- or diffusion-type modes, analogous to the parallel spin-deviation modes in uniaxial ferromagnets. 6 The remaining pair of roots is given by
(21)

From the second set, we obtain for T> Te another double root Wi (0) = 0, corresponding to the additional
MFA constants of motion in the disordered phase, 12s, + T3 and Sz +13T2 • The remaining pair w2 (0)
coincides with w2 (e). For T < T e , we obtain in the limit Q« Vo
(22)

The mode frequencies are shown in Fig. 2 as functions of temperature. All the nonzero frequencies
show a strong temperature dependence, but none of them is the soft mode connected with the stability
limits at Tl and T 2 • The soft mode will be one of the relaxation- or diffusion-type modes which are
represented in the RPA by Wi (e) =0.
The present theory has to be improved by taking the coupling with the elastic displacement field
H coo pI =g[(2fzz - fn - f,,)Q3 +13(f .. - E,,)Q 2

1

into account.
A number of JT spinels show ferrodistortive
transitions and local distortions (Le., large
(Q
above Te as revealed by Mossbauer spectroscopy and x-ray techniques. 7.6 However, the
interaction energy in these systems may be so
large that coupling to higher vibronic levels has
to be taken into account. 9 The conditions of the
theory may thus be better satisfied by the recently investigated double perovskites 10 A(Cu X Zn 1_.)-

n)

822

(23)
W06 with A = Ba, Sr, which show ferrodistortive

JT transitions. In these crystals even for x = 1
the distance between nearest-neighbor Cu complexes is about twice that in the spinels. In the
recently found Cu-hexanitro compoundsl l such as
~(Cu,A)(N02)6 which are derived from the double
perovskite structure, the distance between JT
ions is still larger. Depending on the A ion, they
show ferrodistortive or antiferrodistortive tran-
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sitions. Phase transitions induced by crystalline
field effects of rare-earth ions, on the other
hand, have recently been investigated both experimentally and theoretically.12
*Work supported by the Sonderforschungsbereich
" Festkorperspektroskopie."
1See for instance M. C. M. O'Brien, Proc. Roy. Soc.,
Ser. A 281, 323 (1964).
2See H.Griinicher and K. A. Muller, Mater. Res.
Bull. 6, 977 (1971).
3Thi;; corresponds closely to the representation given
in :&ls. (27) of Ref. 1.
'Corresponding to the limit w - '" of Ref. 1.
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5R. Brout, K. A. Muller, and H. Thomas, Solid State
Commun. 4, 507 (1966).
6H. Tho':;;-as, Phys. Rev. 187, 630 (1969).
7
-M. Tanaka, T. Tokoro, and Y. Aiyarna, J. Phys. Soc.
Jap. 21, 262 (1966) .
8L.~ervinka, S. KrupiCka, and V. Syne~ek, J. Phys.
Chern. Solids 20, 167 (1961).
9 R. Englrnan-;nd B. Halperin, Phys. Rev. B 2, 75
(1970).
10C. Friebel and D. Reinen, Z. Naturforsch. 24a, 1518
~m.
-Reinen, C. Friebel, and K. P. Reetz, J. Solid
State Chern. 4,' 103 (1972).
12E. Pytte ~d K. W. H. Stevens, Phys. Rev. Lett. 27,
862 (1971), and references contained therein.
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V. Non-Kramers Ions

The majority of EPR studies have been carried out on ions with half integral spin S or,
more generally, total angular momentum J. These ions contain an odd number of electrons
in the d- or f-shell. Owing to time inversion symmetry, the famous Kramers' theorem
holds. It states that in a crystalline electric field the resulting levels are at least doubly
degenerate. This splitting can be removed by an external magnetic field, breaking the
time reversal symmetry, and EPR becomes possible. For ions with an even number of
electrons in the respective shells, this is not the case, and under low crystalline symmetry,
singlet ground-state levels may result such that in the presence of a magnetic field no
EPR is observable. These ions have been termed "non-Kramers" ions. Under not too low
crystalline symmetries, magnetic doublet ground states can occur for these ions, and EPR
has been reported. The observations were analyzed using an S = 1/2 formalism, but lead
to a break in the accepted meaning of the effective spin-Hamiltonian. This is the case
because the operators in this formalism do not have the transformation properties of the
spin angular momentum in real space. In paper [VI], Muller showed that a spin-l with
an invariant effective formalism exists in which the operators have these properties. In
addition to a magnetic field, electric field splittings or shifts can occur. In the paper, the
spin-Hamiltonians up to quadratic terms in the Hand E fields are given. The S4 and D2d
symmetries are the only ones in which an electric field splits the "non-Kramers" doublet
linearly for fields parallel to the main axis. For all other cases, the electric field has to be
perpendicular to the main axis.
For non-Kramers doublets, this coupling makes the EPR transitions appear, which are
due to the high-frequency electric field in the microwave cavity. The coupling to the highfrequency magnetic field is minimal and results from the zero external field splitting of the
doublet. EPR lines are usually recorded by modulating the external magnetic field by an
amount smaller than the occurring linewidth and then detecting the modulated amplitude
in a phase-coherent way. With this technique, the signal-to-noise ratio is substantially
improved. The derivative of the EPR line is therefore plotted and, owing to the zero field
splitting of the non-Kramers doublet, has an asymmetric shape. On the other hand, the
large coupling to external electric fields makes it possible to modulate the two levels of the
non-Kramers doublet by an external electric field. The occurring lineshapes, with electric
or magnetic modulation , were computed theoretically by P. Wysling and compared with
experiments for Pr3+ in yttrium ethylsulphate and lanthanum magnesium double nitrate,
as well as for Ho3+ in yttrium ethylsulphate. The lineshapes found agreed well with the
computed ones and allowed the determination of the electric field coupling constants with
an order of magnitude higher accuracy than in earlier work. Moreover, the electric-field
modulation technique results in a high degree of discrimination of the EPR lines of nonKramers ions in a crystal versus other Kramers ions present as impurities. This work is
reproduced in [V2]'
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VI. Effective-spin Hamiltonian for "non-Kramers" doublets, K.A. Miiller, Phys. Rev. 171,
350-354 (1968). (p. 315)
V 2 . Electric-field-modulated resonance lines of non-Kramers ions, P. Wysling and K.A.
Miiller, 1. Phys. C: Solid State Phys. 9, 635-645 (1976). (p. 320)
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Effective-Spin Hamiltonian for "Non-Kramers" Doublets
K. A.

MUELLER

IBM Zurich Research Laboratory, 8803 Riischlikon-ZH, Switzerland

(Received 1 December 1967)
The u~; of a spin-t formalism to analyze paramagnetic and paraelectric resonance experiments of "nonKrame;-s ?oublets lea.ds t~ a break with the accepted meaning of effective-spin Hamiltonians. The operators
appeann~ m the Hallll~toma~ do not have the transformation properties of spin angular momentum in real
space. It IS shown that ~n a spm-l. formalis~ an invariant effective Hamiltonian exists in which the operators
d? have th~se properties. In tbls formalism, operators for linear and quadratic electric-field effects are
glv~n a~d dis:ussed. The S, and Du symmetries are the only ones in which an electric field parallel to the
mam aXIS splits the "non-Kramers" doublet linearly.

I. INTRODUCTION: SPIN-! FORMALISM

basis vectors

O

VER a decade ago Bleaneyl used a spin-! formalism
to analyze the paramagnetic-resonance data of
the lowest "non-Kramers" doublet of Pr3+ in trigonal
fields observed by the Oxford group. He introduced an
effective-spin Hamiltonian of the form

gFO.

a=(~)

(2)
~as

been added in both works3 •4-again independentlym analogy to the strain term in (1). If in (1) and (2)
the operators Si are equated to the Pauli matrices
Uk (Sx=!UI, Su=~U2, and S.=~(3) acting on the two

~ B. BJeaney et at., Phil. Mag. 43, 999 (1952); 46, 991 (1954).
Tables of data are found in W. Low Paramagnetic Resonance
in Solids (Academic Pres~ Inc., New York, 1960), pp. 120 ff; I
Ursu, Rezonanta Electrontca de Spin (Editura Academici Republici Socialiste Romania, 1965), pp. 372 ff.
: F.1. B. Williams, Proc. Phys. Soc. (London) 91, 111 (1967).
J. W. Culvahouse, D. P. Schinke, and D. L. Foster Phys. Rev.
'
Letters 18,117 (1967).

~=(~),

and one abbreviates further
Av+yEv=Im(b) ,

(1)

The fir.st term represents the splitting of the doublet by
the aXial component of the magnetic field, the second
term the hyperfine interaction, and the last two terms
take into account the splitting induced by distortions
p:es~nt i~ the crystal. Ax and Au stand for probability
dlstnbutlOns (for example, Gaussian) of the strains
present; they are centered at zero strain. The Hamiltonian (1) has been used to analyze all the data so far
obtained with "non-Kramers" doublets. 2
Williams, for PrH in ethyl sulphate,3 and Culvahouse
et al.,4 for the same ion in the double nitrate salt have
shown conclusively and independently that the transitions between the magnetic-field split levels of the
"non-Kramers" doublet are mainly induced by the
high-frequency electric field. The matrix elements
responsible are those of the electric field components
p~rpendicular to the trigonal axis; those caused by the
mlcrowave magnetic field result from its component
parallel to the trigonal axis, and are due to the straininduced zero-field splittings.1 In order to analyze the
electric-field-induced transitions, a term of the form

and

~gll~Hz=c,

(3)

(c b)

(3')

then the 2X2 matrix
X+X'=Re(b)uI+Im(b) U2+ CU3=

b* -c

is obtained. Here the hyperfine term has been omitted
for simplicity. The form (3') of a Hamiltonian is to
lowest order the most general one for a "non-Kramers"
doublet in trigonal symmetries lacking inversion. This
is true if the shift of the center of gravity au2 aI is
of no interest. This has been shown by Williams 3 and
Griffith· using the transformation properties of the wave
function of the doublet which obey the relation 02,f;=1/;,
where 0 is the time-reversal operator.
To obtain (3') from (1) and (2), only the algebraic
properties of the Pauli matrices have been used. However, the use of symbols Sx, etc., in (1) and (2) may
create the impression that these operators have the
transformation properties of spin angular momentum;
that this is not true under time reversal has already
been noted by Culvahouse et al. 4 In fact, with such an
identification the Si would anticommute with 0, whereas
Ax, Av and Ex, Ev commute. Thus X+X' would not be
invariant. Moreover, the S operators in (1) and (2)
do not have the spatial properties of angular momentum, as can be seen for the D3h point symmetry encountered for Pr3+ in ethyl sulphate. 3 For such a point
symmetry, Ax, Av and Ex, Ev are even under reflection
in the mirror plane perpendicular to the symmetry
axis, whereas the spin-angular-momentum operators
S. and Su would be odd, leading to a spatially non-

'J. S. Griffith, Phys. Rev.
171
350
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TABLE I. Constants of linear electric zero-field splittings for various paramagnetic ions and host crystals (in wave numbers per kY/.cm).
Host lattice

Ion

g value

R in cm-1f(kY fcm)

Point
symmetry

Remarks

References

Ethyl sulphate

Pr'+

gil = 1.69

>3.9X1Q-4

D.A

EJ..D axis

a

Double nitrate

Pr'+

gll= 1.55

4. OX 10-<

C, •

EJ..C axis

b

Silicon

Fe·

g=2.070

(4.7±0.2)"X1o-'

Td

Ell [100J

c

AbO,

Cr'+

g=1.984

(5.97±0.1O) X1o- e

Ca.

Ell C axis

d

Cu»

g=2.078

(1. 19±0.05) X1Q-6

NiH

g=2.195

Mn H

g=2.002

(6.8±0.30) X 10-7

e

yH

g= 1.991

(2.44±0.05) X 10-6

e

4. 15X1Q-6

e
e

• F.!. B. Williams. Proc. Phys. Soc. (London) 91, 111 (1967).
b J. W. Culvahouse. D. P. Schinke. and D. L. Foster. Phys. Rev. Letters
18, 117 (1967).
o G. W. Ludwig and H. H. Woodbury. Phys. Rev. Letters 7, 242 (1961).

d J. O. Artlnan and J. C. Murphy. Bull. Am. Phys. Soc. 7, 14 (1962);
J. Chern. Phys. 38, 1544 (1963); Phys. Rev.135,AI622 (1964); E. B. Royce
and N. Bloembergen. Phys. Rev. 131, AI912 (1963).
• J. J. Krebs. Phys. Rev. ISS, 246 (1967).

invariant Hamiltonian. 6 In other words, S., Su, and S.
denote directions in a fictitious spin space-as has also
been discussed by Griffith 5 •7-whereas E., E u, and H.
are components in real space.
In order to avoid incorrect results from unjustified
use of transformation properties, we propose to abandon
the misleading symbols of spin angular momentum in
(1) and (2) and to write the Hamiltonian in the form
(3'), where the indices do not refer to real space.

formalism also for a "non-Kramers" doublet for the
symmetries required, in which the operators do transform like angular momentum vectors.
The vectors (.1.., .1.u) and (E., Eu) transform as
partners of the E or E' representation for C3v or D3h
symmetry, respectively. If we exclude, for the moment,
effects that are proportional to products of electric and
magnetic field components, then, to lowest order, the
only operators that can be generated from spin operators and that transform as E' vectors in C3h and D3h are
(S.2- Su2) and (S.Su+ SuS.). In C3, C3v, and D3
in addition to these operators one has another pair
(S.S.+S.S.) and·.(SuS.+S.Su) that transform as E
vectors. Such operators, as is well known, do not split
an S= ~ state. Therefore one is forced to use an S> ~
formalism, the simplest being an S= 1 state with the
Hamiltonian acting on two states 1+ 1) and 1-1). These
two functions transform as the true wave functions
of the doublet, Le., as partners of an E or E' representation, respectively.
Normally, in an S= 1 formalism the 10) state is
included for reasons of completeness. The latter is,
however, not wanted here. It can be stated either that
only the states with nonzero M. value are considered, or
that the 10) state can be eliminated by adding a term
D( S.2-1), where D has either sign and I D I»hv, the
quantity v being the radio frequency employed. Furthermore, if it is considered that the S.S. operators
are inactive in the absence of the I 0) state, then the
Hamiltonian takes the form

II. SPIN-I FORMALISM

Clearly, by using an S= ~ formalism for "nonKramers" doublets, one has lost the advantage that
the transformation properties of the operators are
transparent from their notation, in contrast to the
case of Kramers doublets, where the operators S., Su,
and S. are in fact those of spin angular momentum. s
This property greatly facilitates the use of spin Hamiltonians when spatial transformations are needed or
dynamical effects are analyzed. It has contributed
appreciably to their popularity as compared to the
equivalent Koster-Statz matrices. 9 Therefore we believe
it would be worthwhile to find a spin-Hamiltonian
• For example, if the external magnetic field is zero and the
applied electric field parallel to the x axis, E = Ex and Eu = 0 3C'
leads to one state at +yE with wave functions h'1(o+tll, a~d a
second one !Y1 (a-~) at -'YE. If a reflection in a plane perpendicular to the symmetry axis is performed on 3C', then the state
!Y1(a-~) has the energy +'YE and the other -'YE, which is
a contradiction.
7 The SUbscripts x, y, and z on the S operators are only used to
distinguish the three Pauli matrices which together with the unit
matrix, form a basis of all2X2 matrices and, therefore, suffice to
represent any Hamiltonian of a two-level system.
S To be sure, it is a straightforward matter to derive the transf?rn;'ation properties in any given specific case; the disadvantage
hes In the fact that they are not universal.
, G. F. Koster and H. Statz, Phys. Rev. 113, 445 (1959); 115,
1568 (1959); W. Hauser, in Proceedings of the First International
Conference on Paramagnetic Resonance, Jerusalem, 1962 edited by
W. Low (Academic Press Inc., New York, 1963), p. 2'h.

3C=~[glli3HzSz+D(Sz2-1) +AIISzI.

+ (.1..+RE.) (S.L Su 2) - (.1.u+REu) (S.Su+Su S .) J,
D»hv.

(4)

The factor ~ has been introduced to ensure that the
values of gil, A II, .1.., and .1.u listed in the Tables for
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TABLE II. Spin-Hamiltonian terms for "non-Kramers" doublets in an S= 1 formalism for Cn, Dn, and Sn point symmetries
(hyperfine interaction omitted) .
Term

Remarks

!{glltlH .S.+D(S!-1) I

D»h.

!R{E.(Sz·- S ..) -~(SzS.+S.Sz) I

xin v plane or xon C.
axis

!R'{E.(SzS.+S.Sz) I

Only linear E.
splittings

tT{E.Hz+E.H~IS.

g-factorshifts

I

HR,(E;-E1) (S;- S1) +R22 (E.E.) (SzS.+S.Sz)
tG{ (Hi-H.') (S"- S.") +2 (HzH.) (SzS.+S.Sz)

Quadratic splittings

I

I

Pr3+, UH, etc., remain correct. 2 This is also true for the
transition probabilities if, furthermore, R='Y=GJ.{3.3,4
The constant R is employed to conform to the notation
that Bloembergen and RoycelO introduced in their
analysis of electric-field-induced EPR line shifts of
Cr+ in Al20 3. In Table I, R constants are listed for
Pr3+ as estimated from the transi~ion probabilities;
also listed are those of several transition-metal ions in
silicon ll and Al20 3 10,12 obtained from static-electric-field
shifts. It is easily seen that the more the g values deviate
from the free-electron value the larger the constants in
Al20 3 become, i.e., the larger the contribution of orbital
angular momentum to a particular level becomes.
The Hamiltonian (4) is invariant if the x axis lies
in a mirror plane (perpendicular to the main axis) in
C3., and coincides with a twofold rotation axis for D3
symmetries. If the coordinate system is oriented in such
a way that the y axis has the above property, then all
the x and y indices in (4) must be interchanged. Expression (4) is only slightly more cumbersome than
(3) and (3'), but offers, in addition to the advantages
already discussed, the possibility of adding higher-order
terms in using the known basis-function properties of a
given point group.'3 For example, in a number of C and
D symmetries a term quadratic in the electric field is
possible:
~R[(E.2- El) (S.L Sl) +2(ExEv) (SxSv+SvSx)].

(5)
B. E. Royce and N. Bloembergen, Phys. Rev. 131, A1912
(1963) .
11 G. W. Ludwig and H. H. Woodbury, Phys. Rev. Letters 7,
240 (1961) ; F. S. Ham, ibid. 7, 242 (1961).
12 J. J. Krebs, Phys. Rev. 155, 246 (1967).
13 We emphasize also that the symmetry-allowed Zeemann term
g~{3(H.S.+H .S.) yields automatically zero matrix elements in
the proposed S= 1 formalism (4), whereas in (1) and (2) g~=O
is a necessary condition, corresponding to D» h. in (4).
'0

C.I! c.., c.., Co. II C'h, C</o, C.A II
D.II Du, Dad II D'h, D</o, Du II s., S.II
CaII Ca. II C'A II D. II D'h II

C., C.,
D., D.,

tT'{EJl.IS,
H~{ (Ei-E.") (S;- S.") +2 (E.E.) (S.S.+S.Sz)

Applicable to symmetries

Du II

S,II

C" C., c, II Ca., C••, C•• II S.II Da, D., D.II
Dull Dahll
C., C., C. II c,., c.. , C•• II
Ca, C.II Ca., C•• Cah, Ceh II Da, Dell Dad II
Dah, D'h II S., S.
C, II c.. II C'h II D, II D.h II Du II
Ca, C.II C,., C"'II C3h, C•• II Da, D.II Dad II
D'h, D'h II S., s.
C.II C•• II C,. II D,II D</o II Du II
{

II

Replacing (Ex, Ev) by (B., B.) yields the quadratic
magnetic field term.
Except for Du and S4, the z component of the electric
field will not split a "non-Kramers" doublet to any
order for all Cn and Dn point symmetries. Physically
this is because either the point symmetry is not lowered
or, if it is, say from C3h to C3, the doublet is only shifted.
Mathematically this occurs because the E. component
transforms in a number of cases as S.2, which yields
the same shift for the two states 1+ 1) and 1-1).
Finally we discuss the electric-field-induced g shifts,
i.e., terms of the form EiBkS Z mentioned previously.
To obtain these operators, one Sk component in the
spin-operator products is usually replaced by the
corresponding component of the magnetic field. Such
a replacement in (4) yields operators of the form
ExSxB., which give zero matrix elements in the 1+ 1),
1-1) subspace with which we are dealing. However,
from the pair of operators Ex( SxSz+ SzSx) and
E.( S.Sz+ SzSv), and from E xS z2 mentioned above,
the terms

{T(ExB.+E.B.) +T'(E.B.) I S.

(6)

are deduced.
In Table II we list the various operators appearing in
(4)-(6), in decreasing order of importance. The first
one is necessary for all "non-Kramers" doublets.'3 In
the last column the C, D, and S symmetries are given
for which a particular operator is applicable. If the
symmetry is not listed, a lower row in the table must
be referred to, i.e., to an operator for a higher-order
effect. We see for example that in C4v no operators that
are linear in the electric field exist. This may appear
to be in contradiction to (3) and (3'), but these matrix
elements have been deduced by Williams 3 by using
the time-reversal properties of the wave functions of the
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doublet and the spatial properties in Cah symmetry. For
all Ca and D a symmetries no restrictions to (3) and (3')
result if inversion symmetry is absent, i.e., excluding
D 3d • However, even in the absence of inversion a "nonKramers" doublet may not split linearly as a function of
applied electric field, as in the cited example of C4v • Here
the symmetric product of the representation of the
"non-Kramers" doublet is [EJ=A 1+B 1+B2, whereas
the Ex and E,; components transform as partners of E;
thus no coupling can result. The same argument can be
followed through for all the symmetries where a fourfold or sixfold rotation axis is present, even for 54.
The D2d point-symmetry group is isomorphic to
C4• and D•. From the symmetric-product representation
of the "non-Kramers" doublet given above we know
that a perturbation that transforms as Bl and B2 will
couple with the doublet. Whereas in C. v and D4 the
appropriate basis vectors transform as x2- y2 and xy,
respectively, in D2d the basis of B2 transforms as z or
xy (see Table II). Thus an electric field parallel to
the main axis will split the doublet linearly. This is
also the case for E states in 54 symmetry. These two
are the only axial point symmetries where this occurs.
Experimentally this interesting possibility should be
realizable by incorporating an ion into an appropriate
host. Consider, for example, a tetrahedral lattice site
where the four ligand ions are at the corners of a compressed cube, as shown in Fig. 1. Several transition
and rare-earth ions have been incorporated substitutionally for Zn2+ into the cubic ZnS.14 There the Zn

b

a
Anion

(S-2)

o

Cation

(Me+ 2 or Me+ 3 )

a ¢ b

FIG. 1. Realizable example of a cation in D 2d point symmetry:
uniaxially compressed ZnS along a [100J direction.

----

For a review see R. S. Title, in Physics and Chemistry of II- VI
J. S. Prener and M. Aven (North-Holland
Publishing Co., Amsterdam, 1967), Chap. 6; R. C. Watts and W.
C. Holton, Phys. Letters 24A, 365 (1967); R. S. Title, B. L.
Crowder, and J. W. Mayo, in Proceedings of the International
11

Compounds, edited by

Conference on II-VI Semiconducting Compounds, Providence,
R.I., 1967, edited by D. G. Thomas (W. A. Benjamin, Inc.,

New York, 1967), p. 1367.

atom sees a Td symmetry environment. The latter can
be lowered to D2d by a uniaxial stress along a [OOlJ
axis of the crystal. If the ion under consideration has
in Td a T2 ground state with basis functions transforming as x, y, z, then the uniaxial stress will yield a "nonKramers" doublet with representation E (basis x, y).
This doublet is then further split linearly by an electric
field parallel to the [OOlJ axis.I 6 Note that in this case
the term D5.2 introduced by the author in (4) has a real
meaning. It describes the splitting of the T2 state under
uniaxial stress P, i.e., Dcr. P. Therefore, in this example,
D may not be large compared to the microwave quantum, and additional terms such as those listed in Table
II would be necessary to explain the data.
In 54 point symmetry we are able to· propose even
more specifically a system in which linear splittings
and/or rf-induced transitions for an electric vector
parallel to the main axis should oc<;ur. Mimsl6 has
proved from the electric-field-induced g shifts of rareearth ions having a lowest-lying Kramers doublet in
CaWO a that the point symmetry of the rare earth is
54. Kritonl7 has observed on this lattice site the EPR
spectrum of the "non-Kramers" doublet of H 0 3+ with
gll=13.69 and A 11 =0.299 cm-1.I8 Thus, taking into
account the theoretical work of Kiel,19 this system
should be a realistic candidate. 20
So far we have completely omitted a discussion on
the hyperfine interaction. In the spin-l formalism this
is again a self-evident and near-trivial matter, whereas
for the 5=~ formalism time-reversal properties of the
wave functions had to be invoked. 5
From spatial symmetry, a hyperfine term of the form

is allowed if we assume that the asymmetric parts of the
interaction are smal1. 21 The indices ~r denote a righthanded coordinate system in real space which need not
coincide necessarily with the x, y, and z axes defined by
the fine-structure terms. This coordinate system may be
transformed into the xyz one by the real orthogonal
matrix at thus: S(qr= Il·Sxy. or I(qr= Il·Ixy •. If this is
carried out 5 x, 5 v, 5. and Ix, Iv, I. operators appear
in (7). Because of the crucial term D( 5.2-1), D»hv
in (4), the 5 x and 5 v operators again yield matrix
elements with the very distant 10) state and need not

2

•
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15 The T2 state in Td symmetry is split linearly for fields applied
in any x, y, or z direction.
16 W. B. Mims, Phys. Rev. 140, A531 (1965).
17 J. R. Kriton, Phys. Rev. 139, A1930 (1965).
I' We believe, h2wever, that the zero-field splitting of the timereversal doublet ~ =0.03 em-I observed by Kriton (Ref. 13) is
rather due to a distribution of strainsD-, or random internal electric
fields CAE,) than to the Jahn-Teller effect. See also, K. A. Muller,
Ref. 3, in Proceedings of the International Conference on Magnetic
Resonance and Relaxation, Ljubliana, September 1966 (NorthHolland Publishing Co., Amsterdam, 1967), p. 192.
19 A. Kiel, Phys. Rev. 148,247 (1966).
20 Work in progress at this laboratory.
21 H. M. McConnell, J. Chern. Phys. 24, 764 (1956); F. K.
Kneubuhl, Physik Kondensierten Materie I, 410 (1963).
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proposed at the International Conference on Magnetism, Boston, 1967, by Orbach. 22

be considered; thus we get
3C=~ (Azzlx+AZl/I.+Azzlz) S.,
Ax.=

2

L

CtjxAjjCtji.
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Equation (8) represents the most general hyperfineinteraction Hamiltonian, and is the same as given in
Ref. (5) except for the factor ~. The latter is again
introduced in order to ensure that the parameters Ax.
are quantitatively the same as given in the S= ~ formalism. If A .. =AZl/=O, (8) reduces to the term that we
already introduced in (4) without justification at that
point.
Note added. A spin-l formalism was independently
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Abstract. The detection of electric-field-modulated resonance lines of the non- Kramers ions
Pr3+ and Ho3+ in yttrium ethylsulphate and Pr3+ in lanthanum magnesium double nitrate,
allows an accurate determination of the strength of the electric interaction. The lineshape
functions for electric- and magnetic-field-induced and modulated lines are calculated for the
two-dimensional space of a general non-Kramers doublet The lineshapes for electric-fieldinduced absorption agree well with the detected lines, showing that the resonances observed
in these two crystals are caused by this excitation.

1. Introduction
The doubly-degenerate ground state of an ion with an even number of electrons is a
non-Kramers doublet. The degeneracy is usually removed by crystal-field components
of lower symmetry due to random strains, lattice defects or Jahn-Teller distortions. An
additional magnetic field enhances the separation of the energy levels, so that resonance
absorption can be performed. The observed spectra are often due to electric-dipole transitions, as found previously by Williams (1967) and Culvahouse et al (1967, 1968), but
apparently not in zircon structures (Hillmer and Schwab 1974).
The random static crystal fields arising from small deviations from the ideal point
symmetry shift the resonance magnetic field of each ion proportional to the square of the
electric-field strength. Therefore, the observed resonance line shows a remarkable tail
on the low-magnetic-field side. We have seen that an external electric field redistributes
the local electric fields, and thus the number of ions at resonance for a certain magnetic
field changes. Electric-field modulation therefore alters the absorption power periodically
(as the usual magnetic-field modulation does) but the lineshapes, which -are calculated
in the present paper, are different from those obtained with magnetic-field modulation.
In order to obtain the transition probability, the Hamilton operator acting on a nonKramers doublet is first discussed strictly in two-dimensional space with linear electricand magnetic-field interaction (Griffith 1963). The distribution function of the random
crystal fields influenced by an external electric field is then evaluated. The calculated
lineshapes agree well with those found experimentally for Pr3+(4r) in yttrium ethylsulphate (YES) and lanthanum magnesium double nitrate (LaMN) as well. as for Ho3+
(4f10 ) in YES. For these ions, we obtain the electric coupling constant and the distribution of the local crystal fields, with quite narrow error limits.
635
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2. The Hamiltonian for a non-Kramers doublet
Any Hamiltonian can be decomposed into £( Q, P) = qQ + pP where Q and P are Hermitian operators normalized to one, which commute and anti-commute, respectively, with
the time-reversal operator T(Abragam and Bleaney 1970a). In order that the Hamiltonian
be invariant, the quantities q and p have to transform according to rQ and r~, respectively.
With respect to a non-Kramers doublet with eigenstates t/I and Tt/I, where interaction
to other states can be neglected, the most general Hamiltonian is

£(Q, P) = ( ;

~p).

For non-vanishing matrix elements, q and p must transform according to representations
which belong to the symmetric product of the representation of the non-Kramers doublet
and, furthermore, the components concerned have to be invariant with respect to the
symmetry operations of the point group of the magnetic non-Kramers ion, which is
always axial.
Confining our attention to the linear terms (the quadratic ones being negligible), q
and p are reduced to RE and GH (G = gfJ), respectively. (In the literature, a factor of!
is used, which we omit for convenience.) One has H = HI! for all symmetries; this is also
shown by Griffith (1963) in a similar way. Therefore, no first-order magnetic transitions
occur. E denotes the electric field of lower symmetry interacting with the doublet. In the
point symmetry groups C 3 , C 3v' C 3h, D3 and D 3h, one has E = E 1-' but E = Ell for S4
and D 2d, as pointed out by Muller (1968). Therefore, first-order electric effects can be
observed. All these groups lack inversion, as first noted by Williams (1967) and Culvahouse et al (1967). The Hamiltonian is then
£(E, H)

(

=

GH
(RE)*

RE )
-GH'

(1)

with eigenvalues
A± = ±[(GH)2
and eigenfunctions
JJ.+ = A.~ l(GHt/I

J1.- =

+ IRI2IEj2]1/2
+

A= 1 [GHTt/I

(2)

RETt/I)
- (RE)*t/I].

Of course, the 2 x 2 Hamiltonian can always be expressed using Pauli spin matrices
(Abragam and Bleaney 1970b, Washimiya et a11970) but it has unusual transformation
properties in contrast to a two-dimensional spin-1 Hamiltonian (Muller 1968), especially
if a nearby singlet has to be taken into account (Bowden et al 1969) in carrying out the
perturbation calculation (Stevens 1970). For the following lineshape calculations, such
interactions are not needed, since the experiments are fully accounted for in equation (1).
Equation (2) yields the resonance condition Tim = ..1.+ - ..1._. In the absence of any
electric field oflower symmetry, we detine hm = 2GH o' The electric field thus lowers tne
resonance field H. According to Abragam and Bleaney (1970b), we denote the shift
H 0 - H = h and obtain for h ~ H 0 :
R2E2

h = 2G 2 H .

(3)

o

The lineshape functions will be expressed in this field scale.
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3. Lineshapes

An ESR line represents the absorbed microwave power or its time derivative traced
versus the static magnetic field. The absorption is proportional to the transition probability and to the number n of resonant ions, where n depends on the distribution of the
random crystal fields d of lower symmetry due to strains, mechanical stresses, lattice
defects or Jahn-Teller distortions and may be written ned) '" exp ( - d 2 j d~) (Abragam
and Bleaney 1970c), where d means the component interacting with the non-Kramers
doublet.
From equation (3), it can be seen that ions with the same absolute value of total electric
field are at resonance. In the absence of an applied field E, this is simply - d and + d
at a magnetic field h = R2d2j2G2Ho with intensity proportional to n(d, 0) = ned) +
n( - d) = 2n(d). In the presence of an applied field E, the resonance at the same magnetic
field h is due to those ions which have a local field in the absence of E of - d + E and
d + E. The new number of ions resonating at h with E "# 0 is then ned, E) = n( - d + E) +
ned + E); this yields

(Wysling 1969). Provided E2jd~ < 0·2, this can be approximated by

By means of equation (3) we represent ned, E) in the magnetic-field scale h. With the
normalization

L'' ned, E) dd

2

=

N

(N = number of non-Kramers ions), we get

n(h, hE)

=

ho : 2hE exp ( - ho : 2hJ·

(4)

The probability w for transitions within the non-Kramers doublet induced by a highfrequency perturbation with the Hamiltonian yt" = GH' P + RE' Q is
W

=

- 1(11+,.Yt' '11-) 12
4h12 g(H, H)

(the golden rule). g(H, H) = (bn)-I[l + (H - H)2jb 2]-1 is the homogeneous lineshape
function determined by the lifetime broadening and, provided that RE, Rd ~ GH,

(5)
Interference terms", E' H' are omitted, since they cancel because of the integration over all
random crystal fields. The appertaining resonance field shift term of (2RdjGHf obtained
from equation (3) is 8 hjHo for h ~ Ho. But the conditions h ~ Ho and (RE')2 ~ (GH')2
are well verified in the present experiments, as will be shown later. This justifies the
approximation 1(11+, .Yt"I1-W ~ (RE'f, i.e. the transitions are almost pure, electronicdipole transitions.
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The absorbed power of all ions with a resonance field Ii = H 0 - H measured at the
field h is P(h, Ii) = n(h, hE)w(h, Ii)hw. The absorption signal LA(h) is proportional to the
total power P(h) absorbed at the field h and is obtained by summing P(h, Ii) for all ions
or integrating over Ii:
LA(h)

rxNw (RE'? roo
(
Ii)
dli
= rxP(h) = 4nM ho + 2hE Jo exp - ho + 2hE 1 + [(h - 1i)/(j]2'

Putting A = (rxNwj4nh) (RE'f and taking into account the fact that the exponential
function varies much slower than the Lorentz one in the integral, the lineshape function
LA(h) is obtained as
A 2hE exp ( - ho h
+ ) [n
LA{h) ~ ho +
+ 2hE

+ 2 arctan (hjJ)].

(6)

Note that h+ is written for t(lhl + h), because the exponent must remain zero for h <; O.
It is evident that an applied electric field does not shift the absorption line; rather, it
becomes reduced in intensity and broadened as a result of the individual resonance shift
of each ion. The exponential tail shows directly the distribution of the random crystal
fields.
Since the absorption line is a function of the applied magnetic field and depends
parametrically on the external electric field, detection of the line is possible by modulating
either the magnetic or the electric field. For magnetic-field modulation h(t) = h + hm sin nt,
the corresponding time derivative is
dLA

dt

dLA dh
dh dt = LM(h) cos nt,

=

where LM(h) is the observable lineshape function. Straightforward calculation yields
LM(h) = ho

nhm

[

+ 2hE -

LA(h)

2A

1

+ b 1 + (hjfJ)2

]

(7)

.

L.~

-=~~--+----+--===t=1=====---..
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Eo -I kV

em-I

-"""'!====--I---t-~::::--~--+------h(G)

Figure 1. The calculated absorption line LA(h) and the magnetic - and electric-field-modulated
lines LM(h) and LE(h) for the data of Pr 3 + in YES.
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The second term in equation (7) is to be multipled by exp [ - h+ /(ho + 2h E)] if 6 is of the
order of magnitude of ho.
There are two possibilities for modulating the electric field: E = Eo sin (nj 2)t and
E = Eo (1 + sin nt). The time derivative of LA is

dL A

dL A dhE

--

----

dt

dhE dt

This leads to

dL A

dt =

{LE(h H sin nt
LE(h) (cos nt

+ t sin 2nt)

for

E = Eo sin (tnt),

for

E = Eo(1

+ sin nt),

with hE = Rl E2 /2G 2H 0 • LE(h) denotes again the observable lineshape function. Detection at frequency n using the second type of modulation yields the intensity of the signal
LE(h) four times larger than that obtained using the first, since LE(h) is proportional to
dE 2/dt. The lineshapes, however, are always the same, i.e. the sign of the electric field
has no significance. With E = Eo(1 + sin nt), we obtain
(8)

Calculated lineshapes are shown in figure 1. The shapes of the magnetic-field-induced
lines are given in the Appendix.

4. Experimental results
The experiments were carried out with Pr3+ and H0 3 + in YES (point symmetry D 3h)
and with Pr 3 + in LaMN (C 3v). These crystals were grown from the saturated solution,
which contained about 1 % of the corresponding paramagnetic salt. The YES crystals
obtained are thin hexagonal plates, slightly elongated along the direction of the crystal
axis, with typical dimensions 5 x 3 x 1·5 mm 3 . LaMN crystallizes in regular hexagonal
plates (12 x 12 x 2·5 mm 3 ), the axis being, however, perpendicular to the large surface.
Therefore, chips of about 5 x 2·5 x 1·5 mm 3 were cut in order to align the crystal axis
within the base sample plane.
The rectangular reflection cavity of a conventional X-band superheterodyne microwave spectrometer was employed, operating in the TE102 mode at a frequency of about
9100 MHz, immersed in liquid helium. The crystals were mounted in the middle of one
of the broad side walls in such a way that the crystal axis was parallel to the HF magnetic
field (see figure 2). Thus the HF electric field was perpendicular to the crystal axis and
passed through the large surfaces of the sample. The electric modulation field was
applied between these surfaces. The wall ofthe cavity formed one electrode while the upper
surface covered with a thin layer of graphite formed the other. A thin insulated silver
wire entered through a hole on the opposite cavity wall and a spring ensured contact
between the crystal surface and the high-voltage power supply. The latter consisted of a
high-voltage transformer driven by the generator, which usually supplies the magneticfield modulation coils connected in series with the DC high-voltage power supply. With
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(0)

(0)

Figure 2. (a) two cross-sections of the cavity showing the field configuration of the TEI02
mode and the position of the crystal; (b) orientation of the corresponding fields with respect
to the crystal.

this arrangement, electric fields up to 15 k V em - 1 could be applied to the crystal at
frequencies of 185 or 370 Hz.
Finally, we call special attention to the fact that, in the cavity, the crystals were sited
at minimal electric HF field, otherwise the Q value would have been too greatly reduced
by the silver wire contacting the sample. This is important, as the lineshapes obtained
with magnetic- and electric-field modulation are in fact consistent with our theory,
developed by assuming pure paraelectric transitions (figures 1 and 3). This agreement
enabled us t9 calculate R, .1.0 and o.
The part· of the magnetic-field-modulated line LM(h) at h :::::: 0 is, so to spea~ the
absorption line in the absence of any electric-field-induced resonance shift of the particular ions (equations 3 and 7). It is slightly asymmetric, however. because the raising

(0)

E.,=9kV cm--l

Ib)
~=lG

o

200

100

300

I)(G)

Figure 3. A resonance line of Pr H in YES recorded with (a) electric-field modulation, and
(b) with magnetic-field modulation.
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part of LA(h) is superimposed. The width is approximately b of the homogeneous line
contribution, provided that b ~ h. (Data are given in table 1.)
The graph oflog LM(h) versus h for h ~ b is a straight line, as found by Williams (1967),
the gradient of which yields ho ' ho, which characterizes the distribution of the random
crystal fields, depends neither on the particular crystal sample nor on the concentration of paramagnetic ions (at least for small concentrations). This means that the random
distortions within the crystal are inherent rather than accidental, which was first pointed
out in the work on Kramers ions by Mims and Gillen (1966). (It might indeed be possible
to get deviations for crystals grown by other methods.)
We now consider the electric-field-modulated lines LE(h). The field h' for which they
vanish can be seen from figure 4 to depend quadratically on the electric modulation
field h' = ho + 2h E, with hE ~ E~ (equations 3 and 8). By extrapolation to Eo = 0, we
again obtain ho' and the gradient, together with equation (3), yields R. Moreover, we
recognize that the external electric field does not shift the resonance field H 0' but broadens
the distribution of random crystal fields.

200

3

Eo'

Eo'

(kV em-')'

Figure 4. The zero passage of LE(h) of Pr H in YES
versus the square of the modulation-field strength.

(kV em-')'

Figure 5. The amplitude of LE(h) at the position
h = i(h o + 2hJ versus the modulation-field strength.

Moreover, the first-order electric-field interaction ofthe non-Kramers ions considered
is expressed by the dependence of the amplitude of LE(h) on E~ (equation 8). In fact, the
intensity of LE(h~ taken at the same value h/(ho + 2hJ for various lines recorded with
different modulation-field strengths Eo, can be seen from figure 5 to be proportional to
E~. The appropriate values of h are taken from figure 4.
We then proceed to eliminate LA(h), because of its unknown constant A, by determining the quotient LE(h)/ LM(h) for h ~ b of some electric- and magnetic-field-modulated
lines. Plotting this against h, we practically get a straight line which we extrapolate to
h = (see figure 6). In order to obtain the appropriate algebraic expression, we divide
equation (8) by equation (7), neglecting the homogeneous line contribution and setting
h = 0:

°

R2E~

2ho

G2 Hoh m ho

+ 2h E'

and we calculate R from this expression.
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x=

h

~

Figure 6. The ratio of the amplitudes of electric-field-modulated lines to magnetic-fieldmodulated lines plotted versus h +/(h o + 2h E ) for three pairs of lines.

The consistency of our theory is further confirmed by the fact that R, as well as ho,
each obtained by two independent methods, agree within small error limits. Their
averaged values inserted into equation (3) then yield Ao. The mean random crystal fields
are thus in the order of magnitude of the applied electron fields. i.e. they are relatively
weak and can therefore be strongly affected by external electric fields.
Our experimental results are compiled in table 1. For comparison with the literature,
we have given 2R in the table. The relative intensity of the lines obtained by electric- and
magnetic-field modulation is expressed by equation (9). For a given set of experimental
parameters Eo, hm and GH o = Tiw, R2:G determines this intensity ratio and is therefore
listed in table 1.
Table 1. Electric interaction constants and lineshape parameters for Pr3+ and Ho3+ in YES
and Pr3+ in LaMN.

2R (10- 3 em - 1 kVern - l)
ho (G)
~o (kV cm-l)
.5 (G- l )
G (10- 5 em - 1 G - 1 )
R':G (10- 3 cm- 1 Gky2 cm - Z)

Pr 3 +:YES

Ho3+:YES

Pr 3 +:LaMN

4·08 ± 0·04
142 ± 3
13·5 ± 0·3
5·2 ± 0·5
3·56 ± 0·05
117±2·5

2·0 ± 0·2
47 ± 3
50 ± 7
48 ± 5
36·0 ± 0·5
2·8 ± 0·4

0·56 ± 0·10
22 ± 2
40 ± 6
6 ± 1
3-62 ± 0·09
2·2 ± 0·5
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Although the concentratIOn of paramagnetic ions was almost the same in all crystals
(1 %), the linewidth of Ho3+ is strongly broadened, presumably by an Orbach process
via the singlet state 5·5 cm -1 above the ground state. Despite this, we are able to fit
the lineshapt: with the two-dimensional theory.
Finally, we check the assumptions made in calculating the lineshape functions
h ~ Ho and (GH')2 ~ (REY h is of the order of magnitude ho' which is indeed small
compared with H 0 for Pr3+ as well as for Ho3+. The ratio of H': E' in the cavity at
the position of the crystals amounts to about 3G per kVcm- 1 . Thus, (GH'f<:(RE')2
is approximately 6 x 10- 4 and 6 x 10- 2 for Pr3+ and Ho3+, respectively.

5. Conclusions

In this paper, electric-field-modulated ESR absorption lInes of non-Kramers doublets
have been reported for the first time. The lineshapes induced by slow DC and AC electric
fields agree well with the theory developed. They allow the determination of the electricfield coupling constant R to an order of magnitude more accurate than earlier works.
Furthermore, they yield directly the distribution of internal random crystal fields present.
Moreover, the electric-field-modulation technique allows the discrimination of firstorder lines of non-Kramers ions sited at crystal positions lacking inversion. Figure 7
gives an example of such an experiment carried out in 'near-pure' LaES. In the magneticfield-modulated spectrum, resonance lines of unidentified Kramers ions and of Pr3+
show up. Electric-field modulation merely gives lines due to Pr 3 +.

';;=9kVcm-1

1000

2000

3000

4000

H(G)

Figure 7. The ESR spectrum of a 'near-pure' LaES crystal recorded with magnetic-field modulation (above) and with electric-field modulation (below).
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Appendix. Linesbapes for pure, magnetic transitions

The lineshape functions developed in § 3 are evaluated assuming negligible magnetic
transitions. This is indeed justified by the experimental data We will now demonstrate
that the lineshapes deviate strongly from those shown in figure 1 if magnetic-fieldinduced transitions dominate. Thus, we approximate equation (5) by (2RMGH)2(GH')2
instead of(REY, carry out the calculations made in § 3 and obtain the following line shape
functions:

q(h) = ho
L*(h) =
M

~*2hE exp ( -

ho

:+

2hJ h [n

hm
L*(h) (ho + 2hE _
ho + 2hE A
h+

*(h)
LE = h

o

1)

+ 2 arctan (h/b)],

'

E~2h G2R2
*(h) (h+
1 H2 LA
+
h + 2h
E
0
0
E

)
- 1 .

The corresponding curves are plotted in figure Al. All these lines vanish at h = 0, and
L:t(h) becomes zero at the same magnetic field as L~(h). This contrasts with the lines
found experimentally and confirms that the transitions are mainly induced by the
electric HF field and not by the magnetic HF field.

L:~'l ~
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L~(h)~
_
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----t----+---"""1r---===:::±:=::=:i:=:=--. h(G)
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t;,=9kVcm- '

---f----+--~-----<f------I---_h(G)

o

100

Figure AI. Calculated lines for pure magnetic-field-induced transitions for the data of
Pr 3 + in YES.
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VI. Off-Center Ions and a Special Cr 3 + Center

VIA. Off-Center Ions
Ions having smaller radii and/or different charges than the intrinsic ones are often displaced
from their on-center positions. Because of a charge misfit, the attractive polarization interaction of the small substitutional ion with its neighbors is stronger than the usual short-range
repulsive interaction in the symmetric configuration. EPR is a powerful tool for observing
the symmetry lowering due to these static distortions. At elevated temperatures, isotropic
EPR spectra can often be observed because of the fast thermal averaging (hopping) between
different off-center positions. In Chap. I [IC 2], an off-center Ti3+ substitutional for Sr2+
was already mentioned. From static electric field experiments, a movement of the ion away
from the centered position by 0.03 A was inferred. This center typically has [110]-type axes.
Calculations leading to [100]-type axes are, in our opinion, not right, because they do not
explain the critical dynamics of the center near and below the 105 K SPT of SrTi03.6.l
These SPTs will be described in Chap. VII. Recently a small Ni+ center substitutional
for Ba2+ in BaTi03 has been observed and exhibits a similar kind of symmetry as the
SrTi0 3:Ti 3+ center [VIAl]' A change in the ratio of the different off-center positions could
be observed upon externally applying uniaxial stress.
In SrTi0 3, the hole-like Fe5+ center, having a much smaller radius than Ti4+, must also
be an off-center system, see [IA4]' In EPR even at He temperatures only one isotropic line
could be observed. This is due to a site misfit leading to local strains, and as a consequence
the fine structure lines broaden. A similar Fe5+ center in BaTi03 moves towards one of
the (111) directions [IV7]' Also in this case it was possible to alter the ratio of the different
off-center positions by applying uniaxial stress. The earlier interpretation that we have to
deal with a nearest Ba 2+ vacancy in one of the (111) directions has to be abandoned. 6.2
Other off-center systems in SrTi03 are the tetragonal Cr5+ (Crf+)6.3,6.4 and the orthorhombic Cr5+ (Crft) substituting for Ti 4+ .6.4 Crf+ has off-center excursions towards
one of the (100) directions. External stress and static electric fields have been applied
to this system, and indicate that we have to deal with a JT system. 6.5 However, in our
opinion, when considering the electrostrictive effects in SrTi03, the quadratic electric field
dependence, which is in a direction perpendicular to the externally applied electric field,
can be better understood by an off-center movement in one of the (100) directions. The
orthorhombic Crft has off-center excursions towards one of the (110) directions. The small
Cr5+ ion is then tetrahedrally surrounded by four oxygen ions [VIA2]' From static electric
field experiments, the off-center displacement could be determined to be 0.04 A [VIA3].
However, Muller suggested that by using e ~ 1+ and not e ~ 5+ (Cr5+ replaces Ti4+,
which results in a difference of 1+) the electric dipole moment J.L = e· d = 2.88 X 10- 30 Cm
(= 0.18 eA) yields an off-center displacement of d ~ 0.2 A. These two types of Cr5+ centers
were also detected in BaTi03.6.2
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Abstract
In BaTi0 3 a paramagnetic defect is identified by EPR which is attributed to a paramagnetic S = 112 ion off-center near a Ba site.
Twelve magnetically distinguishable sites contribute to the angular dependence pattern of the spectra, each of the sites being
characterized by an orthorhombic g-tensor. The relative occupations of the sites change under uniaxial stress in a manner consistent
with the model. The features of the center are highly characteristic for the indicated off-center position, as revealed by comparison
with the previously identified Ti3+ near a Sr 2+ site in SrTi0 3. On the basis of the principal values of the g-tensorthe paramagnetic ion
can be identified with Ni. It is discussed that Ni I + is the most likely charge state. © 2000 Elsevier Science Ltd. All rights reserved.
Keywords: A. Ferroelectrics; C. Paint defects; E. Electron paramagnetic resonance
PACS: 71.70.Ch; 76.30.Fc; 77.84.Dy

1. Introduction

2. Experimental results

This communication is part of an extended effort to gather
information on the possible defect structures in BaTi03 [16). If doped adequately, such crystals show high photorefractive sensitivities [7). Since the photorefractive effect
in inorganic compounds is usually triggered by the photoionisation of defects, it is advisable to have at hand a large
stock of possible lattice perturbations for tailoring the properties of a material or for understanding its photorefractive
properties [7]. EPR is a powerful tool in identifying impurities
and intrinsic defects with unpaired electrons. Here we report
the EPR identification of a paramagnetic ion, substituting
for Ba 2+ and going off-center near such a site. The assignment is also based on the change of the relative line intensities
under uniaxial stress; on this way a linear stress coupling
coefficient f3 = 3.8 X 10- 30 m3 could be determined.
Several arguments support the identification of the ion as
N 1' I + •

The defect treated here was detected by EPR in BaTi0 3
crystals, which had been grown from melts containing
10000 ppm Na and 1000 ppm Rh [8], after strong oxidation
(heating at 900°C under 20 X 105 Pa of pure oxygen for 2 h
and fast quenching). The observations were made at II =
9.11 GHz in the rhombohedral low temperature phase of
BaTi0 3 (T < 180 K). The signals could be detected at
temperatures between 4.2 K up to about 40 K. As determined
from the simultaneous measurement of an EPR standard, the
corresponding defect had a concentration of about 20 ppm.
Crystals of the typical size 2 X 2 X 3 mm 3 were used. We
tend to attribute the center, characterized by a spin S = 112
and an orthorhombic g-tensor, to Ni, apparently being
present as a background impurity in the specimens. Fig.
I a shows the angular dependence of the g-values of this
center with the magnetic field B rotating, for example, in
a (100) plane. Assuming that BaTi0 3 can be considered as
cubic, neglecting its slight low temperature rhombohedral
distortion, the experimental data can be explained on
the basis of a superposition of 12 symmetry related
equivalent centers as indicated in Fig. lb. Each of the
branches in this figure is described by a Hamiltonian
consisting of only a Zeeman effect with an orthorhombic

* Corresponding author. Fax: +49-541-969-2670.
E-mail address:schirmer@uos.de (O.F. Schirmer).
© 2000 Elsevier Science Ltd. All rights reserved.
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Fig. 1. Angular dependence of the EPR lines of the Ni center with B oriented in a (001) plane, T = 15 K. At B II [100] three EPR lines, 1-3 are
observed, typical for orthorhombic symmetry. The small splittings of the EPR lines with B in an arbitrary direction result from the slighttilting
of the g-tensor principal axes. The lines in Fig. 1a are the calculated line positions, as based on the superimposed Zeeman effects of 12
equivalent centers as indicated in (b). There the orthorhombic g-tensors are symbolized by cuboids. A representative one (hatched) among the
12 equivalent tensors indicates that there is a slight tilting around the [001] axis by 'T = 3.0°. The tensors are grouped as indicated by the Roman
numbers. Fig. la shows how they contribute to the resonances.

g-tensor, H = J.LBBgB, with S = 112. The g-tensor has the
principal values gx = 2.36 ± 0.01, gy = 2.16 ± 0.01 and
gz = 2.24 ± 0.01. It is symbolized by the hatched cuboid
in Fig. I b. The x-axis of the representative tensor approximately extends along a [100] direction, y approximately
along [010] and z along [DOl], respectively (Fig. Ib).
There is a slight tilting of the x-axis by T = 3.0 ± 0.10
towards a negative [010] direction; the y-axis is turned by
the same amount towards the [100] direction. The total
angular dependence (Fig. I a) is reproduced by the superposition of the 12 g-tensors (Fig. I b), resulting from the
representative one by the symmetry operations of the
cubic group. For B along one of the (100) type directions
three EPR lines are observed, to which the three groups of
centers-I, II and III (Fig. 1b)-contribute in the way indicated
at the right of Fig. 1a.
As shown in the EPR spectrum of Fig. 2, at 15 K the
intensities of the resonances change under an externally
v-9.11GHz
BII [lOO]
T~15.0K

~
P~

260

0.08 GP.

270

280

290

300

310

B/mT
Fig. 2. Change of the EPR spectrum of Ni for B II [100] under the
influence of an externally applied uniaxial stress. The small satellite
near line 3 is due to a different defect.

applied stress (P max = 0.08 OPa). Fig. 3 shows the variations
of the intensity ratio of the different indicated signals under
the influence of this stress. As will be explained below, the
changes are due to a rearrangement of the ions in such a way
that the moveable off-center ion aligns along the stress
direction.
3. Discussion
The angular dependence pattern in Fig. la is highly
specific for a small paramagnetic ion, replacing an A site
ion in an AB0 3 perovskite crystal. This was established by
Schirmer and Miiller [9], who identified a topologically
identical pattern for TiH (d l ) ions in SrTi0 3 sitting near a
Sr2+ site off-center along one of the (100) type directions;
the g-tensor axes are slightly tilted by 'T = 2.5 0 in a way
identical to that indicated in Fig. 1b. The tilting angle did
not change by altering the temperature below the phase
transition temperature Tc = 105 K. Because of the tilting
this center shows orthorhombic symmetry in the low
temperature phase of SrTi0 3 [10,11]. The center could
be produced by irradiation with fast neutrons [9] or by a
strong reduction treatment of un doped SrTi0 3 [12]. The
off-center movement of TiH was attributed to its small
radius, being lower than that of the replaced Sr2+. TiH is
shifted along one of the cubic axes and is tilted away
towards one of the 120 2 -. When applying a static electric
field it was observed that a Ti H off-center ion is aligned
at 4.2 K along the field direction. This alignment excludes
the presence of a nearby defect or associated impurity
ion as demonstrated in earlier static electric field experiments also for the Cr 5 + and y4+ impurity ions in SrTi0 3
[13-15].
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obvious manner the concentrations of the off-center ion in
the various pocket states. As seen from Fig. I a, 1111 is
proportional to the intensity of line I in Fig. 2, (II + III)
to the sum of lines 2 and 3, if B is applied along [100],
perpendicular to the stress direction, [DOl]. Assuming that
the pocket I has the lowest energy and concentration n" the
concentrations of centers II and III relative to it are
exp(-{3P/kT) . We thus expect:

0.8
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Fig. 3. Plot of in In(lll,) versus external uniaxial stress P applied
along a ( 100) type direction . T = 15 K. The solid line represents the
best fit of Eq. (I) to the experimental points with a linear stress
coupling coefficient f3 = 3.8 X 10- 30 m3 . The curve in the figure
is slightly shifted (by -0.23) to negative values because of a prealignment of the centers probably by internal strains.

Because the angular plot of the center treated here (Fig.
I a) is rather unusual and has the same structure as that of
SrTi03:Ti 3+ , we can attribute it to a similar microscopic
model: A comparatively small paramagnetic ion sitting
off-center near a Ba-site in BaTi03. As discussed below,
the ion is likely to be identified with Ni 1+.
The measurements performed under uniaxial stress
support thi s model: If applied along the [001] direction,
such stress leads to the intensity changes shown in Fig. 2,
observed at 15 K. The fact, that a corresponding reorientation occurs at all at such low temperatures again excludes
the presence of a nearby defect or an associated impurity. It
is seen that under the indicated stress the concentration of
centers of type III decreases as compared with the sum of
centers I and II. This means, on the other hand, that ions
going off-center along the stress axis, i.e. centers of type I,
are favored; their energy is lowered, and thus their
concentration increased under applied stress. As seen from
Fig. I b, the concentration of centers II, likewise oriented
perpendicular to the stress axi s, is then also-as the type
III centers-expected to decrease. The sum of I and II,
however, increases as compared to III, Fig. 2. The linewidths do not change and the positions do not shift under
stress. Therefore, it is justified to use only the heights of the
EPR lines as measures for the center concentrations, as in
the following evaluation.
Quantitatively, the alignment under stress is treated in this
way: Neglecting the small tiltings, there are six equivalent
(\00) type off-center pocket states. This equivalence is lifted
by external stress, leading to twofold degeneracy for the
pockets extending along the stress direction and fourfold
for those perpendicular to the stress. For stress P along the
[001] direction, the first class contains centers I (Fig. I b),
the second one centers II and III. The energy difference
between both situations is given by [16] I1U = {3P, where
{3 is the appropriate linear stress coupling coefficient and P,
the magnitude of the stress; for details see Ref. [2] . As a
quantity which can easily be compared with experiment
we use the relation 12111 = (I, + 1,,)1/1/1, indicating in an

(I)

This is confirmed by Fig. 3: the stress dependence of
the experimental ratios IziII is well reproduced using {3 =
3.S X 10- 30 m 3 . This value is of the same order as that found
for the Fe H -0 - hole center in SrTi0 3 [17]. According to
Eq. (I) In(hIII) should cross the ordinate at zero in Fig. 3.
The slight downward shift by about -0.2 can be attributed
to a small prealignment due to internal strains.
Next we want to address the identification of the offcenter ion. Although the present defect appeared in crystals
intentionally doped with Rh and Na, the discussed EPR
spectra cannot be assigned to either of these ions. The spectra of EPR-active charge states of Rh in BaTi03, Rh 4 + and
Rh H , have been studied in detail previously [I], both showing features quite different from those found here. Rh spectra are especially distinguished by their hyperfine splitting
into two components, caused by interaction with the I = 112
nuclear spin of the 100% abundant isotope 103Rh. The
presence of Na is only revealed after illumination of the
crystals, which leads to hole capture at an 0 2 - ion next to
Na + [2] . So the spectra reported here must be attributed to a
background impurity. Its mean g-value, 2.25, is typical for
the paramagnetic charge states of nickel, Ni 3+, Ni H or Ni 1+,
if Ni 3+ is considered in its strong crystal field (low spin
(LS» case; the high spin (HS) configuration, occuring in
weak crystal fields , has a definite different signature, see
below. Except for this case the above ions are notoriously
difficult to distinguish, their mean g-values for distorted
octahedral surroundings lying together rather closely in
the range 2.17 to 2.29, see Table I in Ref. [IS]. Only
Cu 2 + ions have similar values, but these are characterized
by their typical hyperfine splittings into four lines, caused by
the 63.65 CU isotopes (I = 312), 100% abundant together.
Therefore we tend to attribute the investigated paramagnetic
ion to Ni. Also this element has an 1= 3/2 isotope, 61Ni,
which however occurs only in 1.13% of all cases. Since each
of the expected four hyperfine structure lines has only an
intensity of 0.3% of the central, I = 0, line they are hard to
detect with the available signal to noise ratio (Fig. 2).
Among the conceivable Ni charge states, Ni H can be
disregarded, because it has a S = I ground state, in contrast
to the identified S = 1/2. NiH would furthermore lead to
rather wide 11m, = ::+:: I transitions, not of the type observed.
Also LS-Ni3+ can be discarded since Ni H is known to occur
in its HS state when sitting near an A site of an AB0 3 oxide
perovskite, as has been found for Ni 3+ in KTa03 by Hannon
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[19]. The axiality of this center can best be explained by
assuming that it also goes off-center; it has the characteristic
g-values gil = 2.22 and g 1- = 4.42. These result from an 4A2
orbital ground state, appropriate for the 3d? Ni3+ ion in
the weak cubic crystal field at the twelvefold coordinated
K-site, to which an axial field due to the off-center movement is superimposed. The fact that g 1- = 2g 11 is typical for
as = 312 system, such as HS-Ni3+, with an axial splitting
large compared to the microwave quantum. Since the
resonances in the present case are caused-according to the
arguments given so far-by a Ni ion near the A site ion, Ba, in
BaTiO J, it should have similar g-values, if occurring as
Ni 3+. The present defect shows quite different values;
thus Ni 3+ can be excluded, and we tend to ascribe the center
to Ni 1+. Its spin is S = 112, as identified. The observation of
Ni 1+ on a Ti site in BaTiO J [20] with the same mean g-value
as in the present case is consistent with this assignment.
The ground state of the Ni I + ion presented in this paper
apparently is stabilized by interaction with essentially the
four 0 2 - ions which Ni I + approaches by its off-center
movement along a (100) type direction. This is supported
by the fact that the Ni I + ions align towards those pockets
lying along the stress axis. Under stress the distance between
Ni I + and the four 0 2 - ions along the stress direction is
shortened. Which orbital is lowest is difficult to predict
without knowing the strength of the axial crystal field. If it
is weak, the orbital sequence is determined by the cubic
potential at the dodecahedral Ba position. Its sign is the
same as that of a tetrahedral crystal field, leading to a Tr
type (xy, yz, zx) hole ground state. If, on the other hand, the
axial field is strong, an E-type orbital «x 2 - i) or (3/ r2» will be lowest, neglecting small admixtures compatible
with the orthorhombic symmetry.
This orthorhombicity of the center is probably caused by
a slightly closer attachment of Ni to one of its 0 2 - neighbors. Such a feature was established as the reason for the
orthorhombicity in the analogous case of off-center TiH in
SrTiO J, where the low symmetry of the center depends on a
slight inequivalence of the four 0 2 - ions, driven by the
structural phase transition of the material [9]. In the present
case the orthorhombicity might be caused by the inequivalence of the four 0 2 - ions due to the small trigonal
distortion of BaTiO J in its low-temperature rhombohedral
phase. Such an in equivalence is absent in the case of KTaOJ,
which is cubic at all temperatures. This appears to be the
reason why off-center NiH in KTaOJ is axially symmetric.
A similar situation, met in SrTiO J above its 105 K phase
transition temperature, supports this conclusion: There the
EPR spectrum of off-center Ti 3+ is axially symmetric, since
SrTi0 3 in this crystal phase is cubic.

4. Summary

We have shown that the observed resonances are caused
by a paramagnetic S = 112 ion, off-center near a Ba site in

BaTi0 3. The interpretation ofthe EPR data, especially those
obtained under application of uniaxial stress, shows that the
ion is shifted essentially along a (100) type direction and
aligns along the stress axis. The attachment of the ion to one
of its four surrounding 0 2 - ions appears to be the reason for
the orthorhombicity observed in the present case. A detailed
discussion shows that the paramagnetic ion in question is
likely to be Ni; all observations support to the assumption
that the charge state is Ni l +. This conclusion is consistent
with the properties of the off-center ions Ni H (low spin) in
KTaOJ and Ti3+ in SrTi0 3 •
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This paper reports on the electron paramagnetic resonance angular variation of the S = 1/2 Cr5+ center with orthorhombic symmetry, obtained after
quenching Al and Cr-doped SrTi0 3 from 1400 0c. At 4.2 K, the main axes
of the g-tensor in monodomain {001} samples are found to be along [OOIJ and
rotated by ± (I; = 2rp = 4° from < 110> axes, where rp is the intrinsic structural phase transition (SPT) order parameter. From this and the size of the
g-values as well as stereometrical considerations, an assignment of the small
Cr s+ ion to a tetrahedral site in the perovskite structure is made. Above the
tetragonal-to-cubic SPT at Te = lOS K, a dynamic reorientation among the six
equivalent sites is observed, and below Te, a deviation from (1;(1) = 2rp(1)
between 70 K < T < Te'

The stabilization of high-valency states of 3d
transition-metal impurity ions in oxides has
attracted interest in the field of photochromic and
electrooptic materials with high dielectric constants. t
Fe5+ in SrTi0 3 was the first such ion detected,2 and
subsequently also stabilized in molar quantity in
La2LiFe06.3 The electronic configuration of Fe5+ is
3d3 == tig, i.e., a half-filled t 2g subshell, with a zero
angular moment ground state. More recently, also
Cr5+ 3d l == t~g has been reported in SrTi0 3 by
Lagendijk et al. 4 Owing to the orbital degeneracy,
Cr5+ undergoes a strong static T2g @ eg Jahn-Teller
(1- T) effect,S and the spectrum shows tetragonal
symmetry. In presence of an applied electric field,
the couplings are nearly the same as those in the
isoelectronic J-T ion 3dl y4+ as reported by Kool
and Glasbeek. 6 In addition to the tetragonal Cr s+,
an orthorhombic Cr5+ spectrum is observed s after
rapid quenching of the host crystal from 1000 K.
G1asbeek et aU proposed that this spectrum is due
to a lahn-Teller T2g x (eg + t2g) coupling. In this
report, we show that the second spectrum is due to
a Cr5+ in nearly tetrahedral symmetry of the
SrTi0 3 (see Fig. 4). It appears to be the first clear
single-crystal evidence of a metal occupying a tetrahedral site in a perovskite as such. Recent powder
electron paramagnetic resonance (EPR) spectra in
La2CoYO.9SCrO.OS06 indicate its occurrence here
toO.8
Measurements
were
carried
out
on
a
5 x 2 x 3 mm 3 platelet with (110) broad faces of a

SrTi0 3 crystal. This shape ensures that below the
cubic-to-tetragonal structural phase transition (SPT)
the sample is a monodomain with the c-axis along
the [OOIJ direction. 9 The sample was cut from a
crystal co-doped during growth with Cr and AI,
with seven times more Al than Cr by weight. The
sample was oxidized in air at 1400 °C and then
rapidly cooled to room temperature by allowing it to
fall out of the oven onto a metal block. This procedure produced the strongest Cr5+ orthorhombic
signal,tO while slower cooling yielded more of the
tetragonal Cr5+ center4 at the expense of the orthorhombic Cr5+ center.
The EPR spectra with the external magnetic field
parallel to < 100> and < 110> directions are
shown in Fig. I at 13 GHz and 4.2 K. The
strongest signal is due to the Cr H substituted for
Ti4+ at the center of the octahedra of 0 2- ions,
where the charge compensation is sufficiently
removed to have no effect on the spectrum. The
four weak lines spread symmetrically about the Cr H
central line are due to the Cr S3 isotope with nuclear
spin 1= 3/2. II At higher fields, the spectrum shows
lines due to Cr5+ from both orthorhombic and tetragonal sites as well as additional lines due to unidentified centers. Here we shall concentrate on the
spectrum due to Cr5+ in sites with orthorhombic
symmetry. A polar plot of this Cr5+ spectrum at 4.2
K is shown in Fig. 2, where the inset shows the
sample platelet orientation. One sees quite clearly
that the x and y axes of S = 1/2 g-tensors with
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Fig. I. EPR spectrum at 4.2 K of SrTi0 3 Cr,AIoxidized at 1400 °c and quenched with the field
parallel to (a) < 100> and (b) < 110> . The main
line at low fields is due to Cr3+, and the structure at
higher fields to orthorhombic Cr5+ (0), tetragonal
Cr5+ (t) and some unidentified centers.

z II [OOIJ of orthorhombic Cr5+ are nearly along the
< 110 > crystallographic directions, i.e., they are
rotated by almost 45° around [001]. They deviate
by IX = ± 4 angular degrees from < 110 >, which is
an important distinction . These lines are due to the
four Cr5+ centers with their z-axis exactly along the
[OOIJ monodomain axes. In addition, there are four
more lines with a magnetic field maximum
according to gz = 1.945 due to orthorhombic centers
with their z-axes almost parallel to the [100J and
[OIOJ axes of the monodomains. Barely resolved,
they are rotated by cp' = ± (1.6 ± O.lt around the
[OOIJ axes. As will be discussed below, the difference between cp' and IX is relevant for the assignment of the Cr5+ site.
The rotation angle of the x and y axes, IX, has
been measured as a function of temperature and is

Fig. 3. Temperature dependence of the orthorhombic Cr5+ rotation angle, 21X, compared with
that of Fe3+ cubic. The Fe3+ values have been normalized to that of Cr s+ at T = O.
shown in Fig. 3. The splitting clearly vanishes
towards the tetragonal-to-cubic phase transition
near 105 K. For comparison, we have also plotted
the scaled intrinsic order parameter cp(T) of this
transition, which is the rotation angle of the cornersharing octahedra, as well as cp(T)2, a quantity proportional to the strain (cIa - I) in the tetragonal
phase. 12
The EPR spectrum for the rotation of H in the
broad plane of the sample from a < 110> to the
[OOIJ has also been plotted . From the polar plots it
may be seen that the g-shift is maximal towards
high field with gz = 1.945 and other extrema correspond to gx = 1.956, gy = 1.981. These values are,
within the experimental accuracy, the same as those
reported earlier. l They are also quite close to those
found for Cr5+ in tetrahedral oxygen coordination,
in which Cr6+ and Cr5+ are usually found , owing to
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Fig. 2. Polar plot of the orthorhombic Cr5+ EPR
spectra at 4.2 K in a {OO I} plane.

Fig. 4. Transformation of an octahedral into a tetrahedral site through a displacement of Cr5+ along
a [IIOJ direction.
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their small size. For example, the g-values of Cr5+
replacing the p5+ ions, in compounds where the
five-valent ions are fourfold coordinated by 0 2-, are
gil = 1.994 > g.l = 1.950 in Ca2(P04)CI (Ref. 13) and
gz = 1.992, gy = 1.950 - 1.953, gx = 1.945 -1.950 in
EiM04)CI with (E,M) as (Ca,P), (Ca,Y) and (Sr,Y)
(Ref. 14). By comparison to our data, this indicates
that the ground state is a 3y2_r2 d-orbital directed
along y, i.e. the [110] direction. To further support
this assignment here we require i) tetrahedral sites
in the perovskite lattice and ii) other properties
which are consistent with such a site attribution.
In Fig. 4, the usual perovskite unit cell is shown
with the six face-centered 0 2-, two marked by
crosses and four by circles. Displacing the transition-metal ion from its octahedral site along a
< 110 > direction indeed yields a quasi-tetrahedral
coordination with the four circled oxygens, two
having short and two longer Cr5+_02- distances,
because (\10) is a mirror plane. From this picture,
one infers that the [001] and < 110 > axes have to
be symmetry axes of the crystal field and, consequently, also for the g-tensor which points nearly
along these axes, in contrast to the tetragonally
symmetric Cr5+ ion at the center of a slightly distorted octahedron. Symmetrywise the distortion of
the octahedron is the same as for the isoelectronic
y4+, which is considerably larger with an ionic
radius of 0.64 A than the Cr5+ with 0.54 A (Ref.
15) and also undergoes a static Jahn-Teller effect. 6
From the polar plot in Fig. 2, we have already
remarked that the x and y axes of the g-tensor are
rotated by ±4° from the < 110> axes around the
[001] monodomain direction. If the orthorhombicity
resulted from the T2g x (eg + t 2g ) Jahn-Teller coupling, the Cr5+ should stay at the center of the distorted octahedron. Its g-tensor axes would therefore
be rotated by ± rp(T), as the tetragonal spectra are
approximately. However, this is not at all the case:
the rotation angle is twice as large. Thus, the orthorhombic Cr5+ is not at the center of the octahedron,
and a linear J-T teller effect cannot be the cause. At
least, a quadratic potential term must be present.
This, however, is not a Jahn-Teller but a Renner
effect. 16 A more likely cause of the large rotation
angle is that the Cr5+ is located off-center along a
[110], where it will have tetrahedral symmetry.
Probably the oxygen ions are themselves displaced
to form a more regular tetrahedron but sterically
they can indeed accommodate the small Cr5+ ion
with its radius of 0.34 A in tetrahedral symmetry:
the distance of the quasi tetrahedron center to one
of the oxygens is approximately 1.75 A and the
radius of the oxygen 0 2- 1.40 A.
Of interest is of course the temperature dependence of a(T). From Fig. 3 it is seen that from 4.2 K
up to 70 K, it is proportional to rp(T), while above it
deviates and follows more the rp(T)2 curve towards
Te'
Above Te, the spectrum is isotropic with
g = (gx + gy + gz)/3 = 1.961. Therefore, its g-shift is
ge - g = 3.95 x 10- 2, which is similar to the
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4.4 x 10- 2 found for other Cr5+ centers in tetrahedral symmetry.IJ.14 This value may be compared to
the tetragonal one computed from gil = 1.961,
g.l = 1.920 (Ref. 4): g - g = 6.65 X 10- 2 . This significant difference also excludes that the tetragonal
Cr5+ and the orthorhombic Cr s+ are at the same
lattice site.
From the earlier static site discussion, one expects
a(T) oc rp(T) up to Te' Furthermore, for T> Te and
a = 0, the orthorhombic spectrum should remain.
This is not the case. For T> Te, an isotropic line is
detected, which can only mean a dynamical averaging of the Cr5+ position over the six possible tetrahedral sites. In the cubic symmetry of the intrinsic
lattice, a probably thermally activated motion
between the six sites occurs. Therefore the potential
barrier between these sites cannot be large. This
may well be the cause of the deviation of
a(T) oc rp(T) between 70 and 105 K as well, and
deserves further study.
So far we have based our assignment on the size
and temperature dependence of the rotation of the
center y-axes away from the < 110> directions,
assigning them to Cr5+ ions on tetrahedral sites in
the (001) monodomain plane, i.e. perpendicular to
the z-axis. In addition, there are Cr5+ centers which
have their z-axes in the (00 I) plane and pointing
nearly along [100] and [010] directions with their
displacements toward tetrahedral sites along general
< 011> directions. However, their z-axis deviates
by rp' = ± 1.6° around the [001] direction. This
means that in the z-direction perpendicular to y, the
Cr5+ ion is probably not displaced, since the
intrinsic rotation angle of the oxygen octahedra is
± 2.0° at 4.2 K. Actually rp' agrees within our
experimental accuracy with the angle measured for
the tetragonal Fe5+.17
With this new assignment, several of the experiments discussed in Koopmans' thesis 7 have to be
reanalyzed, and measurements under applied electric fields should be made. Because the tetrahedron
in which the orthorhombic Cr5+ is located is not
regular, the oxygen separation along the [00 I] is
longer than that along [\10], see Fig. 4, and probably distorted by ~ 0.1 A. The Jahn-Teller effect,
present in exact tetrahedral coordination, need not
be operative as the ground state of the d 1 configuration degeneracy is already lifted. While writing this
manuscript, we learned that Possenriede et al. 18
have observed two Cr5+ spectra in BaTi0 3 : Cr~+
and Cr~t, the latter with g-values of g[OOI] = 1.945,
gfllO] = 1.955 and g[IIO] = 1.988, which is quite
c ose in magnitude and of the same symmetry to
those discussed here. Therefore, we also assign their
Cr~r in BaTi0 3 to tetrahedrally coordinated Cr5+.18
In conclusion, experiments on the angular variation of the orthorhombic Cr5+ center below the
SPT of SrTi0 3 (see Fig. 2) have been reported in a
monodomain sample. They show a rotation of the
principal axes of the g-tensor away from < 110> by
a = 2rp at 4.2 K, where rp is the intrinsic order
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parameter of the structural phase transition, and
quite strongly support the assignment of the CrS+
center in a tetrahedral site (Fig. 4) in the perovskite
structure. 19 This assignment is supported by the
near orientation along the [110], [lID] and [OOIJ
axes of the g-tensor and their magnitude compared
to the other known EPR CrS+ spectra on tetrahedral oxygen sites. 13 • 14 Actually, fourfold CrS+ is

Vol. 85, No.5

often encountered in chemistry, and occurs there, as
here, owing to the small size of the Cr5+ ion, which
stereometricallv fits well into the tetrahedral site of
the perovskite lattice. A recent crit center
reported 18 in BaTi0 3 is also assigned to this site.
Dynamic reorientation occurs among the six equivalent sites above the SPT at 105 K, and requires
further investigation.
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Abstract. This paper reports on electron paramagnetic resonance experiments of tetrahedrally
coordinated c.-5+ in SrTi03, under the influence of applied static electric fields. At 77 K.
the applied electric fields induce an alignment of the off-centre c.-5+ ions along the direction
of the electric field. The alignment is caused by a linear coupling of the electric dipole
moment associated with the off-centred c.-5+ ion within the octahedron of surrounding 0 2 - ions
and the applied static electric field. From the measurements an electric dipole moment of
J1. = 2.88 X 10- 30 C m and an off-centre displacement of about 0.04 A could be determined.
Previous results of stress experiments for the c.-5+ :SrTi03 system, at 77 K, have also been
considered; for c.-5+ under stress an elastic dipole model is inferred. A differential stress
coupling coefficient .B[lIo] = 4.19 x 10- 24 cm3 has been determined.

1. Introduction
Several detailed electronic paramagnetic resonance (EPR) studies have been reported for
transition metal impurity ions, characterized by a d l electronic configuration, in SrTi0 3
[1-11]. Most often the transition metal ions are substitutional for Ti4+, the latter ion being
at the centre of the octahedron formed by the oxygen anions. For Mo5+ and V 4+ it was
shown that the impurity ions remain on centre and that Jahn-Teller (JT) vibronic couplings,
in the dynamical (Mo5+ [1]) and static (V 4+ [9-11]) coupling limit, prevail. Ti 3+, on the
other hand, replaced Sr2+ and it was found to be at an off-centre position (in the direction
of one of the twelve surrounding oxygen ions) [2]. The situation for cii+, at the Ti 4+ site,
is more intricate. Two different sites have been identified for cii+ (S = ~) in SrTi03 :
the impurity can occur at sites of either tetragonal or orthorhombic local symmetry. The
concentration ratio of the tetragonal and orthorhombic Cr5+ species was found to depend
on the rate of cooling of the crystal from temperatures above 1000 °c (after completion of
the oxidation procedure for the dopant Cr3+ impurity ions): rapid quenching of the crystal
resulted in a higher yield of the orthorhombic sites [6,7]. Considering that octahedrally
coordinated Cr5+ has a small ionic radius (r(Cr5+) ~ 0.54 A versus r(Ti 4+) ~ 0.64 A
[12]), an off-centre position for the impurity ion is conceivable. However, EPR studies of
tetragonal Cr5+ in the presence of uniaxial stress [4] and static electric fields [5] showed
that the octahedral-tetragonal reduction of the site symmetry is caused by a 2T2g 0 eg static
JT effect. Orthorhombic Cr5+ in SrTi03 has also been studied by EPR in the presence of
externally applied uniaxial stress [6,7]. From the variation of the relative intensities of the
EPR lines characteristic of the six possible orthorhombic Cr5+ sites (with magnetic main axes
along the [110], [110] and [001] crystallographic axes), a T2g 0 (eg +t2g) JT interaction in the
strong-coupling limit was inferred [6]. Very recently, however, Muller et al [8] discussed
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that Cr5+ with orthorhombic site symmetry very likely corresponds to an off-centre case.
A displacement of cii+ along one of the (110) crystallographic directions was proposed
so that Cr5+ becomes quasi-tetrahedrally coordinated by four 0 2 - ions in the perovskite
crystal. The similarity between the g-values of the orthorhombic Cr5+ sites in SrTi0 3 and
the g-values of Cr5+ in other host crystals that are known to be tetrahedrally coordinated
was used as one argument. Another argument was that at higher temperatures (T > 105 K),
under conditions where motional averaging gives rise to a single EPR transition [6], the
averaged g-value does not coincide with the average g-value of the tetragonal cii+ sites.
Finally, in the temperature region 4 K< T < 77 K, the rotation of the principal axes of the
g-tensor away from the (110) directions was found to be ex = ±2¢, where ¢ is the intrinsic
order parameter of the structural phase transition [13,14]. Milller et al [8] also pointed out
the importance of a study of orthorhombic Crs+:SrTi0 3 under the influence of static electric
fields.
In this paper we report on an EPR study of Cr5+ in SrTi03 in externally applied electric
fields. From our EPR data it is confirmed that the Cr5+ ion is displaced off centre in the [110]
direction. The electric dipole moment, J-L, and the off-centre displacement of the Cr5+ ion
could be determined. The results led us to reconsider our former stress experiments on
the Crs+ :SrTi03 system [7]. The behaviour of the intensities of the EPR lines of the six
orthorhombic Cr5+ sites under the influence of uniaxial stress is now discussed in terms of
an elastic dipole model.

2. Experimental details
Single crystals of SrTi03 with Cr (50 ppm) were purchased from Semi-Elements Inc. and
National Lead Co. Cr5+ ions of orthorhombic local symmetry were obtained by oxidation
of Cr3+ (by placing the crystal in a flow of oxygen at l100°C for 4 h), followed by
rapidly cooling the sample to room temperature [5-8]. Slower cooling enhanced the yield
of Cr5+ ions of tetragonal local symmetry [4-8].
The EPR spectra were recorded with the samples mounted in a cavity of a Varian E-6
spectrometer operating at 9.1 GHz. The measurements were performed at 77 K. Electric
fields up to 64 kV cm -I could be applied across the crystal by using Cu foils attached
to two parallel (polished) crystal surfaces as electrodes, the latter being connected to a DC
high-voltage power supply.

3. Results and discussion
Figure I shows the angular dependence of the EPR lines of the orthorhombic Cr5+ in
SrTi0 3 with H rotated in the (110) plane at 77 K [7]. The angular dependence of the
EPR lines is characteristic of an S =
system and can be described by the spin Hamiltonian
H = fLBH·g.S, with gx = 1.956, gy = 1.981 and gz = 1.944. The principal axes of
the g-tensor are along the [110], [110] and [001] crystallographic axes, respectively. The
orientations of the main axes of the six orthorhombic sites are as labelled in figure 2. The
intensity ratios of the EPR lines are as indicated by the numbers in parentheses in figure 1.
In figure 3(a), the EPR spectrum of the SrTi03:Cr5+ system, for H in the (110) plane and
rotated by about 25° from the [001] axis, is shown. Upon the application of a static electric
field E (c::::: 64 kV cm- I ), directed along a [110] axis, the following changes in the EPR
spectrum were observed. The amplitude of the EPR signal due to site 1 (corresponding with

!
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the EPR line at 3333 G) is enhanced relative to the amplitude of the EPR signal associated
with site 2 (corresponding with the EPR line at 3341 G). The electric field had no effect on
the linewidths, nor were g-shifts observed (cf figure 3(b »). The ratio of the line intensities
of sites 1 and 2 has been measured as a function of the electric field strength and the results
are represented by the dots in figure 4.
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Figure 1. The angular dependence of the EPR lines of the orthorhombic C~+ :SrTi03 system for
H in the (110) plane at 9.1 GHz; T = 77 K. Dots represent experimental data; drawn curves
represent computer-simulated fits.

To discuss the results we consider an electric dipole, associated with an off-centre
impurity cation. This impurity ion is surrounded by the six face-centring 0 2 - ions in
the SrTi0 3 unit cell. Upon the application of an electric field, the sixfold orientational
degeneracy of the electric dipole is lifted. For off-centre cations displaced parallel or
anti-parallel to the electric field, the energy in the field will be shifted by ±eEd, while
the energies of the off-centres ions perpendicular to the electric field remain unaffected
[2] . Thermal equilibrium being maintained, it follows that site I (which is considered to
correspond to an off-centre displacement parallel to the electric field) becomes preferentially
populated at the expense of the occupancy of the other sites. An essential feature of this
electric dipole approach is that one anticipates that the ratio, lei I , where Ie is the peak-topeak height of the EPR line due to sites 1 and I is the peak-to-peak height of the EPR line
due to sites 2, is given by
lei I

= cosh(fLE1oc cos e/ kT)
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Figure 2. Labelling of the orthorhombic C~+ centres
and directions of the principal centre axes .
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Figure 3. (a) EPR spectrum of orthorhombic Cr5+ in
SrTi03. H is oriented in the (110) plane, and about 25°
away from the [001] axis; T = 77 K. (b) As in (a), but
now a static electric field has been applied; EII[IIO],
E = 64 kV em-I.

where f.J., is the electric dipole moment, e is the angle between the off-centre dipole and
the applied electric field, and E 1oc , the local electric field, is given by ~(E + 2)E, where
the Lorentz factor ~(E + 2) ~ 530 [2,15] . The full curve in figure 4 is a cosh function
and represents the least-squares fit to the experimental behaviour represented by the dots.
From the satisfactory agreement between the fit and the experimental results it is concluded
that orthorhombic Cr5+ in SrTi03 at the Ti4+ site gives rise to a linear electric field effect
on the orientational degeneracy that exists in zero field and thus the recently proposed offcentre assignment is confirmed by our experiments. The fit of figure 4 was obtained for
f.J., = 2.88 X 10- 30 C m (= 0.18e A). From ed = 0.18e A we infer an off-centre displacement
of about 0.04 A (e is taken as five elementary charges). When the EPR experiments were
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Figure 4. Plot of the intensity ratio lei I versus the strength, E of the applied electric field. Ie
is the integrated line intensity due to site I and I is the integrated line intensity due to site 2;
EII[IIO]. The ratio was normalized to unity for E = O. The full curve is a least-squares fit to
a coth function.

repeated but now with H in the (100) plane and Ell [110], the same values were obtained.
Previously, uniaxial stress experiments were performed for the orthorhombic
SrTi0 3 :Cr S+ system [6,7]. The results were interpreted in terms of a T 2g ® (e g + t2g)
JT coupling. However, in the light of the new results reported here and elsewhere [8], the
orthorhombic Cr5+ ion in SrTi0 3 is considered to be displaced off-centre in one of the (110)
crystallographic directions. Therefore we reconsidered the results of our previous uniaxial
stress experiments, now within the framework of an 'elastic' dipole model [15,16].
As reported in more detail elsewhere [6,7], when uniaxial stress is applied to the
Cr5+ :SrTi0 3 single crystal, with the stress direction along the [110] direction, the effect
on the EPR spectrum of figure 3(a) is that the relative intensity of the EPR lines due to
sites I and 2, is changed in favour of site 1 (having the resonance field at 3333 G) at the
expense of site 2 (with its resonance field at 3341 G). No g-shifts or Iinewidth changes
were observed when applying stress. More generally, regardless of the stress direction, we
always found that the alignment was in favour of sites having an off-centre displacement
perpendicular to the stress direction whereas the centres along the stress direction were
suppressed. In this respect the stress behaviour of the Cr5+ centres is quite analogous to
that of the Fe2+ -0- hole centre in SrTi03 [16]. Within the elastic dipole concept, the
sixfold orientational degeneracy of the elastic dipole becomes lifted upon the application of
uniaxial stress. One expects the off-centre position perpendicular to the stress direction to
be lowest in energy. Thus, at thermal equilibrium, such centres are preferentially populated.
In reanalysing the experimental data of the stress experiments we write for the elastic
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dipole energy [17]
[). U = VoA . CT

== f3 . CT

(2)

Where f3 is the linear stress coupling tensor, with the dimension of a volume, and the stress
tensor is given by CT. The A tensor contains isotropic and anisotropic parts. The anisotropic
part X, has zero trace [18]. For a uniaxial stress along the [110] direction, the differential
stress coupling coefficient .B[I 10] of an orthorhombic defect in a solid of cubic symmetry is
given as [17]

(3)
where A;, A; and A; are the principal values of the A' tensor. At thermal equilibrium, the
line intensity ratio becomes

EPR

(4)

where fer is the peak-to-peak height of the EPR line due to centre 1 (corresponding to the EPR
line at 3333 G) and f is the peak-to-peak height of the EPR line due to centre 2 (corresponding
to the EPR line at 3341 G). From our stress data [7] we find .B[l10] = 4.19 X 10- 24 cm3 .
This value is of the same order as the value (3.48 x 10- 24 cm 3) found for the Fe2+-Ohole centre in SrTi03 [16].
In conclusion, we report on electric field experiments performed for the orthorhombic
Cr5+ off-centre ion in SrTi0 3 . The data yield a linear electric field effect on the relative
intensities of the EPR lines of the six orthorhombic Cr5+ sites. The results are additional
evidence for the off-centre displacement of the ci'+ impurity ion. As a consequence, we
have also reconsidered our previous observations of changes of the relative intensities of
the EPR lines of the orthorhombic sites when uniaxial stress is applied. Orthorhombic Cr5+,
besides being an off-centre ion, is also associated with an elastic dipole, and the results are
interpreted in terms of the alignment of the elastic dipole in the presence of stress.
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VIB. A Special Cr3+ Center in SrTi03
The superposition model was shown to be also valid for Cr3+ with a half-filled subshell t2g
[IIB3]. From uniaxial stress experiments on Cr3+ in SrTi0 3 and MgO, the parameters of
the model were determined. For the former crystal, the extrapolation to zero of the splitting determined by the stress yielded a small tetragonal component, which was tentatively
ascribed to an off-center position of the octahedrally coordinated Cr3+. In a most recent
publication [VIE l ], La Mattina et al. carefully investigated the EPR linewidth anisotropy
of the Cr3+ center in the cubic phase of SrTi0 3 and concluded that the resonance observed
is due to two centers: one being the slightly tetragonal one mentioned above and the other
being a strictly isotropic one. By growing single crystals of SrTi03 with almost the same
amount of Nb and Cr, they showed that only the isotropic Cr3+ spectrum is observed. This
occurs because the Nb 5+ substitutes for a Ti4+ ion and the surplus electron is donated
to a Cr4+, rendering it Cr 3+. In normally grown SrTi0 3 with Cr, oxygen vacancies (Vo)
charge-compensate for the Cr3+. From this and by application of the superposition model
of Cr 3+, La Mattina et al. inferred the existence of Cr3+ -0-Ti3+ - Vo-Ti3+ centers. This
center is unique because, as discussed at length in Chap. II, the oxygen vacancy normally
occurs next to the transition metal as Me-V o. In the Cr3+ -0-Ti 3+ - Vo-Ti 3+, the Cr3+
loses an electron more easily and may be responsible for the electric-field-induced memory
effects in Cr-doped SrTi03 discovered by Watanabe et al. 6 .6

References
6.1. Y. Zheng, X.-X. Wu, L. He and W.C. Zheng, J. Phys. Chern. Solids 68, 1652 (2007).
6.2. E. Possenriede, P. Jacobs and O.F. Schirmer, J. Phys.: Condens. Matter 4, 4719 (1992).
6.3. A. Lagendijk, RJ. Morel, M. Glasbeek and J.D.W. van Voorst, Chern. Phys. Lett.
12, 518 (1972); K.A. Miiller, Magnetic resonance and related phenomena, in Proceedings of the 16th Congress Ampere, ed. I. Ursu (Rumanian Acad. Soc., 1972), p. 173.
6.4. H.J. de Jong and M. Glasbeek, Solid State Commun. 19, 1197 (1976) and 28, 683
(1978).
6.5. M. Glasbeek, H.J. de Jong and W. Koopmans, Chern. Phys. Lett. 66, 203 (1979).
6.6. Y. Watanabe, J.G. Bednorz, A. Bietsch, Ch. Gerber, D. Widmer, S. Wind and
A. Beck, Appl. Phys. Lett. 78, 3738 (2001).
VIB l

.

Controlled oxygen vacancies and space correlation with Cr3+ in SrTi03, F. La
Mattina, J.G. Bednorz, S.F. Alvarado, A. Shengelaya, K.A. Miiller and H. Keller,
Phys. Rev. B 80,075122-1-8 (2009). (p. 348)

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

348

PHYSICAL REVIEW B 80, 075122 (2009)

Controlled oxygen vacancies and space correlation with Cr3+ in SrTi03
F. La Mattina,1,2,3 J, G. Bednorz,2 S. F. Alvarado,2 A. Shengelaya,4 K. A. MUller,1 and H. Keller l
I Physik-Institut der Ulliversitiit Zurich, Willterthurerstr. 190, CH-8057 Zurich, Switzerland
21BM Research, Zurich Research Laboratory, Siiumerstr. 4, CH-8803 Ruschlikon, Switzerland
]EMPA, Swiss Federal Laboratories for Materials Testing and Research, Electronics/Metrology Laboratory, 8600 Dubendotf, Switzerland
4Physics Institute of Tbilisi State University, Chavchavadze 3, GE-0128 Tbilisi, Georgia
(Received 4 June 2009; revised manuscript received 13 July 2009; published 31 August 2009)

By means of electron paramagnetic resonance (EPR) measurements on thermally reduced Cr-doped SrTi0 3 ,
we find a strong correlation between the cil+ ions and oxygen vacancies (Vos). A charge compensation
associated with the creation of Vos induced by thermal reduction causes the valence of the Cr ions to change
from 4+ to 3+. This induces a symmetry change in the crystal field experienced by the Cr atom from cubic to
axial. On the other hand, in CrlNb-codoped samples, where Vos are absent, the cil+ EPR signal is isotropic,
indicating that these Cr ions occupy an octahedral site of cubic symmetry. From the angular dependence of the
EPR spectra we determine an axial crystal field parameter (D = 8 MHz), which is consistent with a perturbation induced by aVo localized at the third coordination sphere of Cr]+. This is in contrast to other transitionmetal dopants, where the V0 is located at the first coordination sphere. Thus we identify a linear complex of the
form Cr3+-O-Ti 3+-V o -Ti 3+, which is unique in its structure, and which, furthermore, might account for the
stabilization of the insulating state in reduced Cr-doped SrTiO l crystals.
001: 10.11 03/PhysRevB.80.075122

PACS number(s}: 71.27. +a, 71.55. -i, n.15.Rn, 71.30. + h

I. INTRODUCTION
The electrical transport properties of perovskite oxides
can be controlled by inducing a deliberate deviation from the
ideal stoichiometry. I The introduction of mobile charge carriers through the control of ionizable impurities is central to
the production of semiconductor devices. In SrTiO] an
insulator-to-metal transition is obtained at a small critical
density of electron doping of _10 18 e/cml.2 Moreover, various cations confer substantial modifications of the electronic
properties. For instance, pure reduced, and Nb-doped SrTi0 3
have been reported to exhibit single-gap3. 4 and two-gap
superconductivity,S respectively. The capability of controlling point defects, such as oxygen vacancies (V os) or
transition-metal (TM) dopants, is essential for the development of semiconducting electronic devices based on perovskite compounds. 6- 9 Current-induced bistable resistance effects on metal-insulator-metal (MIM) structures based on
doped perovskite oxides, such as Cr-doped SrTi0 3, have attracted substantial interest because of their potential technological applications for nonvolatile memory devices. IO . 11 Although various models have been proposed for the resistive
switching in SrTi0 3 ,12-14 a clear understanding of the role
and the nature of intrinsic defects or dopants has not yet been
achieved. Extended defects, such as dislocations 15 and local
changes of the Vo content,13.16-IR are proposed to be responsible for electron conduction in SrTi0 3. The accumulation of
Vos in a confined conductive path (filamentary) has experimentally been shown I2 . 13 to result from a dc electroconditioning procedure 7 ,9 Local reduction/oxidation processes
have been proposed by some authors as an explanation for
the resistance-switching mechanism,17.19 in contradiction to
other experimental evidence of trapping/detrapping processes involving the Cr dopant. 8.9 A promising concept for
tailoring electronic properties on the nanometer scale arises
from the possibility of creating Vos Il1 confined

regions.17.18.20.21 The formation of Vo is accompanied by the
transfer of two electrons to the 3d(z2) orbitals of the two Ti
atoms along the Ti-V 0- Ti axis 22 and, at higher content of V 0'
an insulator-to-metal transition occurs.23.24 Moreover, it has
been proposed that the spatial distribution of the
Ti l +_ V o-Ti 3+ complex 18.25.26 can induce an enhancement or a
decrease in the carrier density.
In this paper, we present a detailed electron paramagnetic
resonance (EPR) study of thermally reduced Cr-doped
SrTi0 3 . Based on this EPR analysis, we extract a model that
describes the spatial correlation between the Vos and the Cr
ions in the bulk and explains how this correlation accounts
for the transport properties of SrTi0 3 .
II, MATERIALS AND METHODS
Nominally pure SrTi0 3 and Cr-doped and CrlNb-codoped
crystals were grown from stoichiometric ceramic by the
floating-zone method in synthetic air (N 2/0 2)27 The starting
material was prepared by solid-state reaction of a stoichiometric mixture of SrCO l and Ti0 2 at 1150 dc. The SrCO l
has a purity level of 99.999%, whereas the Ti0 2 has Fe and
Cr at levels of 40 and I ppm, respectively. Cr203 or SrCr04
were admixed to SrTi0 3 to obtain Cr-doping levels in the
range of 0.001 to 0.2 mol % or 0.4 to 2 mol %, respectively.
The crystals obtained have a cy lindrical shape, with a typical
diameter and length of -4 mm and -4 cm, respectively.
Two series of crystals were annealed for 6 h at 1150 0 C
either in O 2 or Ar/H2 (5%). The samples were cut along the
(100) crystallographic axis with typical dimensions of
2 X I X 0.2 rum 3, and polished for the EPR and optical absorption (OA) measurements. EPR spectra were taken with a
Bruker EMXTM system at 9.4 GHz (X band). A manually
operated Bruker ER 218G 1 goniometer was used to rotate
the sample inside the EPR cavity to study the angular dependence of the EPR signal with respect to the external field.
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FIG. I. (Color online) Photoinduced C~+ EPR signal in oxidized SrTi0 3 : Cr 0.1 mol %. Solid red line: C~+ EPR signal detected under illumination with white light. The signal decays when
the light is switched off, and disappears completely after 24 h
(dashed black line).
OA spectra in the near-infrared, visible, and UV range were
taken at room temperature with a Beckman DU® 650 spectrometer.

III, EXPERIMENT AND RESULTS

A. Cr3 + site symmetry
In SrTi0 3, the Cr dopant substitutes Ti4+, and in case of
perfect oxygen stoichiometry occupies the octahedral site in
the 4+ valence state. The trivalent state can be produced
under illumination with a photon energy above 1.5 eV owing
to a charge-transfer excitation from the valence band to the
Cr 3d orbitals. 28 At room-temperature excitation with a photon energy above ca. 3.2 eV creates a conduction-band (CB)
electron via an indirect band-gap transition,29.30 which generates Cr3+ via a subsequent trapping process. In both cases,
the 3+ state is unstable, and all Cr centers relax back to the
4+ valence state when the light is switched off.28.31.32
Cr4 + has spin S== I, and is EPR silent at the X band owing
to a strong crystal-field splitting.33 A direct detection of Cr4 +
requires measurements at higher frequencies (Q band).33.34
Figure I shows an EPR spectrum of photon generated (white
light) Cr 3+ in a stoichiometric sample and the spectrum recorded after storing the sample in the dark for 24 h. The
spectrum under illumination consists of a central line (g
= 1.978) resulting from the 3+ state of the 50Cr, 52Cr, and
54Cr isotopes and a hyperfine quartet resulting from the
nuclear-spin coupling (I,,== ~) of the 53Cr isotope (natural
abundance 9.5%)35
We measured this EPR signal in a series of Cr-doped oxidized crystals, from nominally pure (0.0001 mol %) to 2 mol
%, and could observe the Cr 3+ signal only under light exposure. This suggests that in our crystals only the 4+ valence
state is possible, unless an electron donor is present. However, several examples of stable Cr 3+ have been reported in
the literature. 3S - 38 For instance, in oxidized Cr-doped SrTi0 3
grown by the flame fusion method (Verneuil) a clear example
has been observed by MeilerlingY By means of EPR he
found two kinds of Cr 3+ centers: a main EPR signal from

FIG. 2. (Color online) C~+ EPR signal in CrfNb-codoped asgrown SrTi0 3 . The spectra are obtained by rotating the sample
around the [100] crystal axis. The signals at all angles overlap,
indicating a cubic site symmetry (isotropic EPR signal).

cubic octahedral Cr'+ ions, and only a 4000 times weaker
signal from orthorhombic Cr3+ centers with charge compensation involving oxygen vacancies. The difference with respect to our oxidized samples may originate from the technique used for the crystal growth. Thus, one can see that the
charge state and symmetry of Cr ions in SrTi0 3 strongly
depend on the quality of the crystal and its impurity concentrations. In our case, the floating-zone technique used for the
crystal growth allows to reduce the dislocations density by
up to three orders of magnitude as compared to the Verneuil
method (l02-103/ cm 2 for floating-zone 39 and -106/ cm 2
for Verneui1)4o
To characterize the Cr'+ symmetry in a stable state, we
used a crystal with CrlNb co-doping, where Nb acts as electron donor. A Cr amount of twice the Nb content ([Cr]
==0.2 mol%, [Nb]==O.1 mol%) was chosen to ensure a total
compensation of the electron donors, which preserves the
insulating state, a prerequisite for unambiguous EPR measurements. EPR signals recorded at different angles between
the crystallographic axes and the magnetic field Ii are shown
in Fig. 2, where [100] is the rotation axis and B==O for
Ii II [00\]. The EPR spectra recorded at different angles overlap. This isotropy indicates that Cr3+ occupies a site of cubic
symmetry. In the case of Cr-doped samples annealed in
Ar/H2 atmosphere, however, a perturbation of the Cr 3+ site
symmetry is apparent. This is shown in Fig. 3, which compares the EPR signal of the CrlNb-codoped sample with the
Cr-doped reduced sample. In the latter the Cr content is
lower, therefore the broadening of the EPR signal cannot be
explained in terms of magnetic dipolar interaction. Thus the
EPR lineshape change must originate from a site-symmetry
modification (noncubic). This is explicitly demonstrated by
the angular dependence of the EPR spectra for all Cr concentrations. In particular, at a doping ";0.01 mol%, the narrow width (= 1.4 G peak-to-peak) of the EPR lines allows
the identification of an additional broad anisotropic line overlapping with the Cr3 + line. Here one can clearly separate the
hyperfine line at - 3422 G (Fig. 4(c)) from the central line
of Cr 3+ at -3400 G (Fig. 4(b)). Both lines exhibit the same
changes under a rotation of the crystal by ¥around the [100]
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FIG. 3. (Color online) Comparison of crl+ EPR signals in
SrTi03 with different site symmeUies. Da~hed blue line: isotropic
signal detected in as-grown Cr/Nb-codoped sample; solid black
une: signal detected in an oxygen-reduced Cr-doped sample. The
spectra are normalized to the total number of spins (double integral
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FIG. 4. (Color online) EPR spectra of oxygen-reduced Cr-doped
SrTiO):Crll.Ol mol%). (a) Soud black line: B parallel to the [001]
crystal axis; dashed red line: B parallel to the [OIl] axis. The narrow Iinewidth at this Cr content allows a precise comparison of the
lineshape of the central line (b) ofCrl+ with the hyperfine line (c) of
53Cr at -3422 G (It/=~). The identical changes on both lines indicate that the anisotropic component can only originate from a Cr
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FIG. 5. (Color online) Integral of the EPR signal of reduced
Cr-doped SrTi03 for two different Cr concentrations. Black circles:
measured spectrum; solid black Ii ne: fitted spectrum; open red
squares: the isotropic line; dashed blue line: the anisotropic component obtained as the difference between the measured data and the
fitted red component.
Therefore the anisotropic component of the EPR signal
should be related to a local lattice distortion due to the proximity of aVo. A narrow isotropic and a broad anisotropic
component can be clearly separated in the EPR spectra, independently of the Cr-doping level. Figure 5 shows the deconvolution performed for two different representative Cr
concentrations, 0.01 and 0.2 mol %. The integrated EPR
spectra were deconvoluted into a narrow and a broad component, both consisting of a central line and four hyperfine
lines. All lines are well described by a Lorentzian lineshape.
The shape and the position of the narrow component were
found to be identical for each angle and can easily be separated from the broad anisotropic component. The dashed
lines in Fig. 5 represent the anisotropic components, obtained as difference between the experimental data and the
fitted isotropic components. The relative weights of the isotropic and the anisotropic contributions were found to be
-40% and -60%, respectively. This ratio is constant for all
Cr concentrations analyzed (0.001 to 2 mol %).
This fact indicates that both the charge compensation
mechanism and the origin of the noncubic Cr site are identical for all samples and involve the full amount of Cr. However, for the analysis of the angular dependence of the EPR
lines, the sample with the lower Cr content is not adequate
because of the presence of Fe impurity, which interferes with
the fitting procedure. Therefore a sample with a Cr content of
0.2 mol % was chosen. Moreover, the dimensions of the
sample were chosen to be 0.5 x 0.5 x 0.5 mm3 to avoid possible contributions caused by shape anisotropies due to different mechanical stress. In Fig. 6, the angular dependence of
the anisotropic component of the EPR spectra is shown. The
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FIG. 6. (Color online) Angular dependence of the anisotropic
component of the EPR signal for the Cr-doped (0.2 mol %) reduced
sample. Sample rotation is around the [100] crystal axis. The [001]
and the [010] axes are indistinguishable for a cubic crystal.
broad component of the spectrum reported in Fig. 5 (dashed
line) indicates the presence of at least three lines within a
range of 5 G from the center. This small shift suggests an
analysis of the EPR spectra in terms of an effective spin
Hamiltonian for cf3+ in the limit of a weak crystal field. We
tentatively use an axial symmetric crystal-field term in the
spin Hamiltonian: 41

(I)
Here f3 is ,the Bohr magneton, B is the magnetic field, the g
tensor is assumed to be isotropic (g= 1.978), S is the spin
vector (Sx, Sy, Sz)' h is Planck's constant, D is the crystalfield operator describing the axial symmetry (here measured
in GHz) , and S=~. The weak crystal-field condition is obtained by the limiting condition of D 4, ~ 9.4 GHz (the microwave energy used). Under this condition, it is possible to
solve the effective Hamiltonian with a perturbation approach
and obtain the following resonant magnetic fields (Bres) for
the three allowed transitions: 42.43

+->

+

I-

(2)
-0

~ <-> - ~ ):Bres =' Bo + tJ.Bo(3 cos fil- 1)

(+ ~

between the cf3+ and the V 0 is present, and is responsible for
the site symmetry. To estimate the axial crystal-field parameter D defined in Eq. (I), a fitting model for the anisotropic
spectral component was implemented by using Eqs. (3) and
(4). In Fig. 7, a multiple line fit is shown for 6=0, where six
Lorentzian lines (two each for the [oo1], [010], and [1OO]
crystal axes) were used. Equations (3) and (4) describe the
contribution of the [ool] crystal axis, whereas the [010] contribution can be obtained by replacing () with
8. The
[Ioo] rotation axis gives rise to two constant components for
6=f. Assuming that all lines have the same linewidth W, the
spectra in Fig. 6 were analyzed using only two free param-

6" 3410 r--~""""~~""'~""'--""""'--'-'-"""""" 3410

(- 3: <-> + ~):Bres = Bo
(-

FIG. 7. (Color online) Anisotropic component of the cr3+ integrated EPR signal in the reduced Cr-doped sample ([ Cr}
=0.2 mol%). The spectra were fitted by six Lorentzians (two for
each crystal axis) using only two free parameters: the crystal-field
parameter D and the linewidth w. The positions of the lines were
obtained from Eqs. (3) and (4) adapted for each direction . Blue
triangles, filled and open: lines relative to the [001) crystal axis; red
squares, filled and open: lines relative to [010] axis; black circles,
filled and open: lines of the [100] axis; green stars: the anisotropic
component extracted from the experimental data; green line: sum of
all fitted lines.

~):Bres= Bo- tJ.Bo(3 cos fil- I).

$3405
o
:;

(3)

C3400

~
E

(4)

Here tJ.Bo= ~ Eq. (2) describes an isotropic line corresponding to the ;ansition -~
and Eqs. (3) and (4) describe
two anisotropic lines that are symmetrically spaced around
the central line. The relative amplitudes of the three spectral
contributions are 3:4:3,41 yielding a fraction of 4~ (40%) for
the isotropic and ~6 (60%) for the anisotropic contribution,
in excellent agreement with our experiments. As this intensity ratio was found to be independenl of the Cr doping level
(as mentioned earlier), we can conclude that each Cr occupies a site of axial symmetry. Therefore, a space correlation

fac

3395

ex:Q)

3390 L......-.........--":-'--"'"""::~~-:'-:"-~~:--"~3390
0
15
30
45
60
75
90

g

+->+t,

Angle(9)

FIG. 8. (Color online) Angular dependencies of the EPR transitions of C~+ in SrTi0 3 in an axial crystal field. The symbols describe the peak position of the transitions shown in Fig. 7. The solid
lines correspond to calculated curves based on Eqs. (3) and (4) with
D=8.3 MHz. The transitions of C.-J+ are represented as: triangles,
axial symmetry along [001]; squares, along [010], and circles,
[100).
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FIG. 9. (Color online) Crystal structure of Cr-doped SrTi0 3•
showing the possible Vo position in the first three coordination
spheres I. II. and III.
eters. D and w. The analysis was performed for each spectrum in Fig. 6. yielding an average value D=8.3(8) MHz.
corresponding to ~Bo=3.0(3) G. Figure 8 shows the peak
position of the six lines as function of 0, and the continuous
line is obtained by using D.
At much lower Cr content. the value of D can be estimated directly from the spectra. In Fig. 5. three peaks are
clearly distinguishable in the anisotropic component (dashed
line). The maximum peak-ta-peak distance corresponds to
4~Bo in our fitting model. from which we estimate D
=7 MHz (~Bo=2.5 G) . This value is much smaller than
the one found in Cr-doped W0 3•44 where aVo located next
to the Cr site produces a much stronger axial field. D
= 85 GHz. Owing to the strong valence-bond character of
the oxygen octahedron. a similar crystal-field splitting should
be observed in SrTi0 3 for of aVo directly attached to the Cr
site (position I in Fig. 9) . This discrepancy suggests that the
V 0 is located at the third coordination sphere along the (100)
directions (position III in Fig. 9). A Vo in the second coordination sphere (position II in Fig. 9) is excluded because this
geometry leads to a symmetry that is inconsistent with our
result of an axial symmetry along (100).

FIG. 10. (Color online) Optical absorption spectra of nominally
pure SrTi03 annealed in different atmospheres.
if the sample is quenched (in :560 sec) from 1150 °c to
room temperature, the crystal became conducting and exhibits a similar OA spectrum as the pure SrTi0 3 annealed in
high vacuum, as shown in Fig. 10. This means that at
1150 ° C a significant amount of V 0 is introduced because of
the reducing atmosphere of Ar/ Hz. but the cooling process
can produce different effects: the slow cooling rate
(=-200 °C/h) assists the reoxidation of the crystal due to
presence of a residual partial pressure of O 2 ; the fast cooling
(quenching) freezes V 0 in the crystal. A different behavior
was observed in the case of Cr-doped crystals. The AT/H2
annealing causes the valence change in Cr from the 4+ to the
3+ state. Since Cr"+ ions are deep traps for CB electrons. at
high temperature they capture electrons introduced by the
Yo' and when the temperature is reduced slowly. the crystal
is forced to keep an amount of V 0 to compensate the charge
trapped at the Cr3+ ions. In the doping range investigated.
Le .• up to 2 mol %. all Cr atoms convert to the 3+ valence
state, as demonstrated by the linear dependence of the EPR
intensities of C~+ versus the Cr concentration shown in Fig.
11. At a content :50.01 mol%, the average distance between
the Cr centers is 2: 10 unit cells. Therefore. at this distance.
an interaction between the Cr sites is expected to be negligible. As at all concentrations the Cr3+ centers exhibit the

C. Electron localization: Suppression of the conducting state
OA spectra taken at room temperature enable a comparison between conducting and insulating SrTi03 (Refs. I and
10) (Fig. 10). The undoped oxidized sample is insulating and
transparent in the near-infrared and visible range with an
absorption edge at 3.2 eV. corresponding to the an indirect
band-gap transition of SrTi03.30,45,46 The highly reduced
sample. annealed in vacuum, exhibits absorption below the
band gap. which can be assigned to the presence of Vos and
conducting electrons. 1•47 However, the nominal pure SrTi0 3
crystals annealed in Ar/ H2 or 0z (ambient pressure, at
1150 °C for 6 h). show identical OA spectra. These two
particular thermal treatments were performed with a relatively slow cooling rate (=-200 °C/ h) from 1150 °c to
room temperature. The comparison of the spectra in Fig. 10
suggest that the Ar/Hz annealing is not able to significantly
change the conducting properties of pure SrTi03 . However.
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FIG. 11. Intensity of the EPR C~+ signal versus Cr content in
reduced SrTi0 3• The linear dependence and the absence saturation
at high doping show that all Cr ions are converted to the 3+ valence
state.
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FIG. 12. (Color online) Model of the C~+-O-Ti3+-Vo-Ti3+ complex in reduced Cr-doped SrTi0 3 with the C~+ ion displaced by the
distance IJ. from the original 4+ position. The electric field generated by the two adjacent Ti 3+ and Ti 4+, maybe responsible of the
displacement IJ..
same axial symmetry, there must be aVo perturbing each of
the Cr sites. The absence of a saturation in the linear behavior suggests that the compensation arises from the effect of
the thermal annealing on the Cr dopants and not from other
impurities. Moreover, the linear behavior indicates that the
charge compensation mechanism is the same at every doping
level.
In the following, we discuss the possible mechanisms that
change the valence of the Cr ions to the 3+ state and the
origin of the Cr3+ axial symmetry. The electron captured by
the Cr ion could come from the same V 0 located at the third
coordination sphere of the ion. In this case an unpaired electron should remain at the V 0 center or a Ti4+ should be converted to Ti 3+. In both cases the magnetic dipolar interaction
of these centers with the Cr3+ ion could give rise to an axial
symmetry. According to Fig. 9, this electron should have an
average distance from the C~+ ion on the order of RD=3
X Ro, where Ro is the distance between the Cr ion and the
oxygen atom at the first coordination sphere. The magnitude
of the field produced by this unpaired electron at the Cr 3+ site
is given by the expression 41

B = gf3 = 93 G.

Rb

(5)

This value is one order of magnitude larger than our experimental value observed as the splitting ABo - 3 G. This
discrepancy is consistent with the fact that we did not observe any other paramagnetic center except that of the Cr3+.
We have to conclude that, if an unpaired electron is present
at the V 0 site (or in form of Ti 3+) there must be a strong
phonon coupling which masks this paramagnetic center via a
strong spin-phonon relaxation. Another possible explanation
is that there are two kinds of V0 centers introduced by the
Ar/ H2 annealing: double charged vacancies (V~+) which
could be randomly distributed and compensate the charges of
the electrons trapped by the Cr ions and neutral Vos which
are located at the third coordination sphere of the Cr3+ ions.
In the case of the neutral V 0 center, the two electrons from
the missing bond of the nearest Ti ions are localized at the
two adjacent Ti 3+ with anti parallel spins 22 as shown in Fig.
12. This particular spin configuration is EPR silent. 48 Both

kinds of oxygen vacancies are consistent with the model of
strongly localized two-electron and two-hole excitation proposed by Anderson. 49
The proximity of the Ti 3+-V o-Ti 3+ complex may be responsible of the breaking of the symmetry of the crystal field
experienced by the Cr ion. As shown in Fig. 12, the Ti4+
repels the Cr3+ more than the nearest Ti 3+. The result of this
Coulomb interaction produces a net attractive force on the
C~+ toward the Ti 3+-V o-Ti 3+ complex. As a consequence,
the Cr ion may result displaced from the center of the octahedron. Because of the strong covalent bond of the oxygen
octahedron, we assume the displacement of the Cr ions as
predominant reason of the axial symmetry. We now estimate
the displacement of the Cr ion using the experimental value
of the axial parameter D . For spin centers S < 2, Newman
and Urban 50 have shown that D can be expressed as a simple
sum over the contribution of the separate coordinated ligands
(denoted n):
(6)

Here Ro is distance between the Cr ion and the oxygen in an
unperturbed octahedral site (Fig. 12), Rn is the distance between the Cr ion and the nth oxygen ligand in the distorted
site, e" is the angle between the line joining the paramagnetic ion with the nth ligand and main EPR axis, and b2(R o)
and t2 are coefficients that depend on Ro and the nature of the
ligand. These two coefficients have been evaluated by Miiller
and Berlinger36 for Cr3+ on a metal 4+ site in SrTi0 3 . In
particular they replace the term b2(R o) X (!if)/2 in Eq. (6) with
the function b2(R), which can be approximated to a LennardJones-type function described as: 36

b2(R) = -

(R)" + B(R)'"
R

A RO

O

,

(7)

where Ro=1.95 A, A=-9.7(1.3) em-I , B=-7.4(1.2) em-I ,
and the two exponents m= 10 and n= 13. From Eqs. (6) and
(7) and the experimental D value, we calculated the displacement A (Fig. 12) of the Cr3+ as

D = b 2(R o + A) + b2(R o - A) - 2b2(R o).

(8)

We obtain A=0.06(2) A, which corresponds to a displacement of only 3%. This result is in excellent agreement with a
previous study of the EPR signal of Cr3+ in SrTi03 under a
static uniaxial stress reported by Miiller and Berlinger. 36
They found a value of ABo=2.8 G, extrapolated at zero
stress, which compares with our results of =3 G. They suggest that this axial symmetry may be explained in terms of a
displacement of the Cr ion out of the center of the octahedral
site along one of the (100) directions. Here we demonstrate
that the axial symmetry is not an intrinsic property of the
C~+, but is a consequence of the nature of the charge compensation which generates the C~+ sites caused by the Vos.
In the Cr/Nb-codoped crystal, with only Nb as a donor the
C~+ remains in the center of a cubic site, whereas in the case
of Vo compensation it shifts from the center. Other complexes of TM ions and Vos where the oxygen vacancy is
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located in the first coordination sphere have been found in
SrTi0 3, for example Fe 3+-V o,sl Mn2+-Vo,52 and Ni3+_ Vo ,48
However, the Cr3+-V o complex has never been observed with
the Va at the first coordination sphere. This fact may be
explained in terms of the interaction between the Cr ion and
the Vo' Once the Cr4+ traps an electron and becomes Cr 3+,
the Coulomb interaction with the Ti 3+ minimizes the energy
to form the structure presented in Fig. 12. This particular
complex could be the reason why all the reduced Cr-doped
SrTi0 3 crystals we studied were insulating.
IV. CONCLUSIONS

Our EPR study of Cr-doped SrTi03 single crystals reveals
changes in the symmetry of the Cr site that we control by
means of thermal annealing and/or doping with electron donors. When electron donors are present, a Cr atom can
change its valence from 4+ to 3+. If the Cr content is equal
to or higher than that of the electron donors, the insulating
state will be preserved. In a CrfNb-codoped crystal, we
found that Cr 3+ occupies an un distorted octahedral site,
whereas in the Cr-doped reduced crystals there is a symmetry change from cubic to axial of the crystal field felt by the
Cr atom. Here the full amount of Cr is converted to the 3+
state via a charge compensation involving Vas. For the Cr 3+
in this complex, we found an axial crystal-field parameter
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VII. Structural Phase Transitions

In Chap. V, the only contributions of more fundamental nature to this field have been
reproduced, namely, an adequate formalism for non-Kramers doublets and its application
to the electric field modulation of the lines. This chapter and most of the remainder of
this book are further devoted to the application of the EPR method to condensed-matter
oxides. The papers which have contributed substantially and have been much in view were
the ones on Structural Phase Transitions (SPTs), a term coined at the time by KAM. They
are explained and compared with reconstructive phase transitions in the introduction of a
five-chapter book, which is reproduced in [VIII]. In it, the reader will find the distinction
between displacive and order-disorder SPTs and, in their dynamics, the occurrence of soft
and relaxator modes, respectively. Moreover, also commensurate as well as incommensurate
SPTs are defined therein.

VIlA. Methodological Aspects and Experimental Techniques (Sees. 1.2-1.3)
The above-mentioned introduction describes the various experimental techniques employed
and the results obtained, which are often complementary. The last two chapters in the book
"Structural Phase Transitions II" are devoted to EPR and NMR, and the one on EPR by
Muller and Fayet is reproduced in [VII2]. As mentioned in [VIII], the application of EPR
led to substantial insight into the determination of the static order parameter of displacive
phase transitions in SrTi03 and perovskite crystals with high-temperature cubic symmetry.
In particular SrTi0 3 became the prototype of soft-mode behavior, which is complementary
to the one of the order parameter.
However, in [VII2J a broader field of the application of EPR to SPTs is covered. Apart
from the known spin-Hamiltonian formalism reproduced in Sec. 1.2.2, the choice of the
paramagnetic ions or radicals to determine a structure or the character of a STP and/or its
order parameter is discussed in Sec. 1.2.1. The site determination follows in Sec. 1.2.3. The
ligand-field parameters and the superposition model for half-filled-shell transition metals as
well as rare-earth ions, and the half-filled subshell case of Cr3+ are summarized in Sec. 1.2.4.
This is followed by a description of the equipment needed, from the standard one to the
special requirements for investigating SPTs, in Sec. 1.3.2. Of the latter, we only mention
here the extreme temperature stability often required for investigating critical phenomena,
that is, in the range of 10- 6 from 2 to 1300 K. Also special modulation techniques are briefly
touched upon.

VIIE. Oxide FerTOelectrics (Sec. 1.4)
EPR investigations in oxide ferroelectrics are described in Sec. 1.4, especially the data
obtained for Fe3+ and Gd3+ in BaTi03 for the cubic-to-tetragonal phase transition in
Sec. 1.4.1, followed by the transitions to the orthorhombic and rhombohedral phases in
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Sec. 1.4.2. The corresponding research in KNb0 3 and PbTi0 3 is also mentioned. Using the superposition model, exposed earlier, the second-order parameters observed in the
spin-Hamiltonian are enumerated and the important result that was obtained for the Fe3+
substitutional on a Ti4+ is described, namely, that this ion practically does not participate
in the collective motion of the Ti sublattice. It remains centered in the oxygen octahedron,
whose ions gain new positions at the phase transitions mentioned. In other words, the
Fe3+ acts as a local probe without participating in the collective ferroelectric motions. It
was then emphasized, in Sec. 1.4.5, that the fourth-order constant a, see Eq. (1.6), is 2.5
times smaller in BaTi0 3 and KNb0 3 than in other cubic oxides, such as MgO or LaAl0 3 ,
with the lattice distances suitably scaled. These two perovskite crystals, however, are those
which undergo the cubic, tetragonal, orthorhombic, and rhombohedral ferroelectric phase
transitions. This finding, together with the relative explicit volume and relative explicit
temperature effects obtained later, which are similarly anomalous, show that the cubic octahedral Ti potential is substantially anharmonic. From this, it was proposed that the
ferroelectric phase transitions in BaTi03 and KNb0 3 appear to have a character that lies
between the order-disorder and the displacive one.
A thorough EPR study of Cr3+ in all three ferroelectric phases of BaTi03 revealed
that the centered position also applies to this ion. However, the large thermally induced
second-order Hamiltonian terms in the [100] and [110] general directions indicated that the
centered potential of the Cr3+ is quite flat. Thus the absence of e g electrons for Cr3+
in BaTi0 3 indeed renders the potential considerably flatter than that of Fe3+ in BaTi03,
but the negative charge misfit suffices to keep the potential minimum at the center of the
octahedron, see Sec. 1.4.3.
This is not the case for the Mn4+ ion, which is isoelectronic (S = 3/2) to the Cr3+ but
has the same nominal charge as the Ti4+ it substitutes for. Indeed theoretical calculations
indicate a ground-state energy similar to that of the Ti4+. Therefore it could be anticipated
that the Mn4+ will lie off-center as the Ti4+ does in an order-disorder model. In 1986, 27
years after that in SrTi0 3 (!), its EPR signal was reported in the rhombohedral phase of
BaTi0 3, see Sec. 1.4.4. The reason was the order-disorder behavior of the Ti4+ (Mn4+)
ions, which are only at rest in the lowest rhombohedral phase. From the data using the
superposition model, an off-center position of 0.14 A along the general [111] direction was
deduced. Increasing the temperature towards the rombohedral-orthorhombic phase transition, the EPR lines broadened owing to the dynamics of the hopping between equivalent
[111] positions, and disappeared in the higher-temperature phases. A quite unique behavior! The EPR observation of Mn4+ in BaTi0 3 occurred at about the same time as the
discovery of superconductivity in hole-doped La2Cu04, which occupied KAM for the next
two decades. Thus the EPR investigation of Mn4+ in BaTi0 3 was only taken up again
in the 21st century, this time with V6lkel, who used the original crystals. Its outcome is
reproduced in [VII3]. In it, the formation of dynamic precursor clusters with a structure
compatible with the orthorhombic phase was deduced from the anisotropic line broadening
at the X and the Q band. The latter is caused by changes of the instantaneous off-center
positions in time around the averaged off-center positions along the body diagonal.
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. VIle. Antijerrodistortive Transitions (Sec. l.5)
Although the perovskites just mentioned undergo ferroelectric first-order phase transitions
with partial order-disorder character, this is not the case for those in which the purest
displacive transitions of second order occur, see Sec. 1.5. These model substances are
SrTi03 and LaAI0 3, in which the unit cell doubles below the transition temperature. They
have been termed antiferrodistortive. Their structures were the first determined entirely
by EPR, employing substitutional Gd3+ and Fe3+ on A and B lattice sites in the AB0 3
structure, respectively. Below their transition temperatures, the oxygen octahedra rotate
around [100] and [111] axes in the two crystals, see Secs. 1.5.1 and 1.5.2. This rotation
angle could be determined using the orientation of the axes of the fourth-order term of the
Fe3+ with S = 5/2. The rotation angle is the order parameter. Its temperature dependence
and the underdamped soft mode determined by inelastic neutron and Raman scattering
were well taken into account theoretically by Landau and microscopic mean field theories.
The two second-order transitions from the cubic AB0 3 are the only ones of second-order
allowed.
Critical phenomena had been known to occur near continuous phase transitions in magnetic materials, fluids and gases. They were detected as deviations from the Landau theory,
for example in the temperature dependence close to the transition temperature (Te). The
reason is that in the Landau theory the correlations between unit cells, which increase
towards T e , are neglected. The Wilson renormalization theory takes these correlations
quantitatively into account. In SPTs the deviations from the Landau theory were expected
to occur so close to Te that they are unobservable. Especially Ginzburg argued in this way
for ferroelectrics because of the long-range character of the interaction forces. This is, however, not the case in the SPTs of SrTi0 3 and LaAI0 3. Owing to their antiferrodistortive
character, in which two oxygen octahedra sharing a common oxygen rotate clock- and anticlockwise below T e , the range of forces is very short, i.e., on the order of a lattice distance.
Indeed, in both SrTi03 and LaAI0 3 deviations were found using EPR, which at the time
was of an order of magnitude more accurate in determining oxygen coordinates than X-rays
were. The deviation from Landau, i.e., mean-field, behavior starts upon warming nearly
10% below Te in relative units. Despite the transition temperature of LaAI0 3 being close
to eight times that of SrTi0 3, the relative temperature dependence of the order parameter
in both was found to scale perfectly from 30% (mean field) below Te up to Te (critical).
It was the first time that this so-called crossover behavior from mean-field to critical was
experimentally documented in any other second-order phase transition.

VIID. Experiments on Multicritical Points (Sec. l.6)
The above remarkable results were obtained on so-called mono domain crystals, in which
compressive strain was applied along a particular [110] direction in SrTi0 3 and a particular
[111] axis in LaAI0 3. Because of the rotation of the octahedra, an elongation results along
general [001] axes in SrTi03 and a shrinking along [111] axes in LaAI0 3. Therefore, with
the above stresses, Ising critical behavior with one order-parameter component, n = 1,
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was generated along [001] and [Ill] in these two kinds of crystals. Without stress three,
respectively four, (linearly dependent) components or domains resulted, with somewhat
different critical exponents. The stress p along a particular [110] axis in SrTi0 3 and a [111]
axis in LaAl0 3 caused the transition temperature T(p)c to be enhanced (for the former
crystal, two domains oriented along [010] and [001], resulting in an XY transition). The
line T(p)c from T(p = 0) belongs to a bicritical point at T(p = 0) - bicritical because
another line ends at the same T(p = 0) point for tensile stress, i.e., negative p, which was
not realized experimentally. However, T(p)c in both [100]-stressed SrTi0 3 and [l11]-stressed
LaAI0 3 followed the critical behavior predicted by the renormalization group theory, within
experimental accuracy, with a tangent at T(p = 0) along the temperature axis, see Sec. l.6.2.
The bicritical points just discussed are but one possible variety of multicritical points
(Sec. l.6.1). Others can, for example, be due to symmetry-breaking conditions by external
forces or fields. In the former this is obviously the case by the application of [111] stress in
SrTi0 3 or [100] stress in LaAl0 3 . Also, a transition to the LaAl0 3 phase with octahedra
rotating around the [111] stress axis occurs upon cooling. With further cooling and application of modest stress, a discontinuous transition back to the tetragonal SrTiO 3 phase
results (Sec. 1.6.3). This behavior had been predicted by mean field theory, but later it was
recognized that the first-order transition in the phase diagram was the first realization of
the famous three-state Potts transition. In the latter, three non-reversible orientations of
the order parameters, corresponding roughly to the three domain orientations [100], [010]
and [001], occur. The jump of the order parameter as a function of stress and temperature
obeyed the values predicted by renormalization theory.
Application of symmetry-breaking stress along [100] in LaAI0 3 results in a tetracritical
point in which four second-order transition lines meet. The diagram with the experimentally
accessible positive compression p was obtained. When decreasing the temperature from the
cubic phase and finite p, a [011] phase is realized in which the octahedra rotate around [011].
It was the first such phase induced. Upon further cooling, another phase boundary to an
intermediate phase occurs. The linear progression of the two phase boundaries mentioned
could be well accounted for by mean field theory. On the other hand, when applying [110]
symmetry-breaking stress, a phase boundary of two [111] domains was observed by EPR
with a deviation from the mean-field straight line due to critical behavior.
In SrTi0 3 , the antiferrodistortive SPT described so far consists of Ti0 6 octahedra which
rotate around a general [100] axis in a {100} plane by ±cp(T), and in the opposite direction
by ~cp(T) in the next {100} plane. This causes a dispersion in the relevant phonons along
that particular [100] direction. In certain fluorides that crystallize in the perovskite structure, in particular RbCaF 3 , the same SPT is also found. However, the coupling from one
CaF6 octahedral {100} plane to the next is much weaker than that for the Ti0 6 octahedra
occurring in SrTi0 3 . That is, if the rotation of one CaF 6 octahedron in one plane is +cp(T),
it is almost +cp(T) in the next. Upon approaching the phase transition, critical fluctuations
result and the transition becomes first-order. With the application of [011] stress, the formation of [001] and [010] domains in the crystal is progressively suppressed, and below the
phase transition a mono domain [100] is formed. With the cubic symmetry-breaking [011]
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stress, the critical fluctuations are reduced to such an extent that the transition becomes
continuous. This point in the stress-temperature (p-T) plane is called a tricritical point.
It was realized for [Ol1]-stressed RbCaF 3 and monitored by EPR. However, the tricritical
point is of Lifshitz character, Sec. 1.6.4b. It was the first of its kind and resulted from the
near indefinite +'(J(T) , -'(J(T) versus +'(J(T), +'(J(T) rotations of the CaF 6 octahedra along
a particular [100] crystallographic direction. The paramagnetic center used for these experiments was the Gd 3+ -0 2 - axial center, in which the Gd 3+ replaces a Ca2+ in the lattice and
the next-neighbor 0 2- an F- ion. This pair center is therefore axial and isoelectric. Because
of the spin S = 7/2, it exhibits an effective 9 value ranging from 2 to 8, see Sec. 1.6.4a.
In Sec. 1.6.3, the phase diagram of SrTi0 3 under [111] stress was discussed. For finite
stress and decreasing temperature, a second-order Ising line occurred, followed by the firstorder Potts line, see Fig. 1.21. From EPR, it remained unclear whether the Ising line started
at zero stress or at small stress from the Potts line, as inelastic neutron data indicated. In
the case of RbCaF 3, investigating this situation became quite rewarding, see Sec. 1.6.4c.
Using the afore-mentioned Gd 3+ -0 2- center, it was shown by EPR that the Ising line
impinged at a finite angle on the Potts line. In the stress-temperature phase diagram, both
lines were also present in RbCaF 3. With this, the existence of a so-called critical end point
was demonstrated, as predicted by theory. A critical end point is defined as a point at
which a second-order line ends at a first-order one. Moreover, this EPR investigation was
quite sophisticated: It yielded also the tilt of the order parameter vector, i.e., the direction
around which the rotation of the CaF 6 octahedra occurs in the Potts phase. In the latter,
the vector of the rotation of the octahedra for finite stress is tilted away from the [100], [010]
and [001] directions towards the symmetry-breaking stress acting along the [111] direction.

VIlE. Order-Disorder Transitions (Sec. 1.7)
In Sec. 1.6 of the review by Muller and Fayet, the EPR investigations in fluorine perovskites were summarized, which are directly related to the displacive ones found in oxygen
perovskites, which are the main topic of the current book. The above review consists,
to a substantial part, of the SPT in oxides. However, it also presented results found in
order-disorder SPTs in NH4AIF 4 and RbAIF 4 in France, especially in Le Mans. These two
compounds consist of corner-sharing AIF 6 octahedra in a plane, and between them, in the
direction perpendicular to that plane, of NHt or Rb+ layers, respectively. In the octahedral planes, subsequent AIF6 octahedra are rotated by ±'{J against each other around the
tetragonal axis owing to the corner-sharing fluorine ions. This occurs in a similar way as the
tetragonal phase of SrTi03, but in a temperature-independent manner. Along the perpendicular direction, the tilt of the AlF 6 octahedra is ordered antiferro-rotationally in NH4AlF 4
and ferro-rotationally in RbAIF 4. The NHt occupy two equivalent positions, which correspond to each other through tilts by 7r /2 around [001]. This and other properties were
determined via the EPR spectra of probing Fe3+ substitutional for Al 3+ using the bg and
b~ parameters measured, see Sec. 1.7.1. In mixed crystals up to a concentration of about
40% of NH4AIF 4 and at room temperature, the order of AlF 6 remained antiferro-rotational,
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whereas above this concentration it was ferro-rotational. For mixed crystals with 35%, the
recorded EPR spectra could be well simulated by assuming a random distribution of Rb +
ions on NHt sites in the crystals, see Sec. 1.7.3.
In pure NH4AIF 4 crystals, the NHt ions order upon cooling. This ordering was investigated carefully using especially the high field lines of the Fe3+ as a function of temperature.
The observed lines were simulated with a dynamic model for the reorientation of the NHt
tetrahedra, see Sec. 1.7.1. At temperatures above 220 K, the reorientation is thermally activated. Then upon cooling, the NHt correlate in the planes they belong to, and an Ising-like
two-dimensional (2D) slowing-down is found with a critical exponent of v = 1. Upon further cooling, a crossover to 3D correlation sets in, with a critical dynamic exponent for the
correlation length of v = 0.65. The mixed crystals of Rb x NH 4(1_x) AIF 4 exhibit a critical
slowing-down with the same features as the pure crystals do, as just described. However, for
a concentration of x above 4%, the random substitution of NHt ions by Rb+ ions results in
a glass phase, which affects the rotational order sequence of the 2D correlated NHt along
the tetragonal c-axis. To recall , below x = 4% , the sequence is antiferro-rotational as for
pure NH 4AIF 4. The glass phase persists from 13% < x < 25%, above which ferro-order
occurs, which however has not been analyzed by EPR, see Sec. 1.7.2.

VHF. Incommensurate Phases (Sec. 1.8)
There are three different kinds of incommensurate (INC) phases that were explored by EPR
at the time and are reviewed here. Upon cooling, a static one-dimensional incommensurable
plane wave occurs. This has been studied in ThBr4 and ThCl 4 using substitutional Gd 3+
for Th4+ and a Cl- or Br- vacancy to charge compensate the substituted four-valent Th
ion, see Sec. 1.8.1. The Cl or Br vacancies are located in nearest or next-nearest positions.
The incommensurate distortion consists of ThBr4 or ThCl 4 tetrahedra rotated around the
tetragonal axis plus a twist of the surrounding ligands. Depending on the orientation of the
external magnetic field , the EPR line shifts were linear and/ or quadratic as a function of
the amplitude of the INC distortions. Near and below the INC transition, the amplitude
varied as a function of temperature with a critical exponent of (3 = 0.35. By dynamic
averaging below TINe , commensurate and simultaneous "edge singularities" were detected
and analyzed.
A second kind of INC phase transition is the so-called devil's staircase. An incomplete
variety of such a sequence is found in Betaine Calcium Chloride Dihydrate (BCCD), see
Sec. 1.8.2. It consists, with COM for commensurate and q being the wave vector of a particular modulation along the main crystallographic c-axis, ;of COM (q = 0) - t INC - t COM
(q = 2/ 7) - t INC - t COM (q = 1/ 4) - t COM (q = 1/ 5) - t COM (q = 1/ 6) upon cooling.
This behavior was first detected by X-rays and subsequently monitored by EPR of Mn 2+
ions substitutional for Ca2+ in the BCCD crystals in a complementary effort. A number of
spectra and results are reproduced in Sec. 1.8.2 . A sequence of SPTs as summarized above
occurs when competing interactions are present as first realized in magnetic systems. The
devil's staircase is complete if the lowest temperature phase is again COM (q = 0).
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In K2(Se04) a broad soliton regime has been observed in the INC phase using Se0 4
radicals. A substantial part of the remainder in Muller and Fayet's review is devoted to
the Rb 2ZnC1 4 crystal undergoing an INC transition upon cooling below 30°C and a lock-in
transition to a commensurate phase at T = -78°C. Here also a broad soliton regime occurs
and has been monitored by nuclear quadrupole resonance (NQR) on 35,37 Cl, NMR on 87Rb,
and EPR of substitutional Mn2+ on Zn2+ sites. The hyperfine lines observed were quite
complicated , but could be reconstructed by computer simulation of the EPR in the COM
and INC phases. In the latter, this was possible by assuming that the [MnC1 4j2- tilt but
remain rigid. An interesting result of this effort was that the spectrum for a direction of the
external magnetic field H with a tilt around the c-axis away from the a-axis was exactly the
same as the one for Hila in the INC phase. The average intensity of the hyperfine lines for
this orientation followed a [TINe - Tj2,6 law, with the critical exponent f3 = 0.35 expected
for an n = 2 system. This XY behavior occurs because of the tilting of the [MnC1 4]2tetrahedra around two axes, the a- and the c-axis, below the INC transition at 30°C.
On the other hand, the multi-soliton density, decreasing towards the lock-in transition
at T = -78°C, could be extracted from the EPR spectra and their simulations. Cooling and
heating in the INC phase yielded an easily observed hysteresis in the soliton densities. The
latter was found to depend on the rate of temperature drift in the experiments as well as
on the crystal quality. This hysteresis was attributed to the pinning of the solitons present .
Directing the external magnetic field H away from the a-axis, linear coupling of the EPR
lines to the order parameter becomes allowed, and the dynamic slowing-down towards the
lock-in phase was detected, the central peak phenomenon. In Sec. 1.8.3, an application
of "EQR" or electron quadrupolar resonance perturbed by the Zeeman effect is evoked, in
which two INC phases follow a COM high-temperature phase in molecular C I2 H lO crystals
using paramagnetic hosts. With them, it was possible to decide in favor of the presence of
a ID modulation in a bi-domain structure present in the higher INC phase rather than a
2D modulation, which had not been possible by neutron scattering.
In EPR, critical phenomena in SrTi03 were measured with the help of the axial
Fe3+ -V0 as probe. The use of different impurities situated at the same site provides
more evidence of the cooperative behavior in the crystal. In [VII 4], an axial Fe5+ center
(S = 3/2) with probably a titanium vacancy in the adjacent octahedron yields the same
critical exponents as the Fe 3+-Vo center. Moreover, linewidth measurements revealed
dynamical local fluctuations near the 105 K SPT.
VIII. K.A. Muller, in Structural Phase Transitions J, eds. K.A. Muller and H. Thomas
(Springer-Verlag, 1981), pp. 1- 8. (p. 364)
VIh K.A. Muller and J.C. Fayet, in Structural Phase Transitions II, eds. K.A. Muller and
H. Thomas (Springer-Verlag, 1991), pp. 1- 82. (p. 372)
VII 3. Order- disorder phenomena in the low-temperature phase of BaTi03, G. Volkel and
K.A. Muller, Phys . Rev. B 76,094105-1-8 (2007). (p. 454)
VII 4. Photochromic Fe5+ in non-cubic local fields in SrTi03, Th.W. Kool and M. Glasbeek,
Solid State Commun. 22, 193-197 (1977). (p. 462)
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1. Introduction
K. A. MOiler
With 2 Figures

The areas of research on structural phase transitions (SPT) enumerated in the Preface give a general impression of the field of interest addressed in this series.
Here we want to provide a wider perspective. The change of structure at a phase
transition in a solid can occur in two quite distinct ways. First of all, those
transitions where the atoms of a solid reconstruct a new lattice, for example, when
graphite transforms into diamond or if an amorphous solid changes to the crystalline
state. Secondly, there are those where a regular lattice is distorted slightly
"without in any other way di srupti ng the 1i nkage of the net" accordi ng to BUERGER
[1.1]. This can occur as a result of small displacements in the lattice position of
single atoms or molecular units on the one hand or the ordering of atoms or molecules among various equivalent positions on the other hand. Due to the matter transport, which is inherently involved in reconstructive transitions, they are often
slow (recrystallization). Because they are transitions which are not symmetry related in any way they have to be of first order. Reconstructive transitions are not
considered in the following chapters. It is only the second category, above, to
which this series is devoted. Therefore SPT are understood throughout in this narrower sense, introduced a decade ago [1.3] and used widely since then by solid-state
physicists but not among crystallographers [l.2J. Martensitic phase transformations
are also somewhat outside the present scope and are addressed only in Chap.4.
In the study of phase transitions the order parameter n(T) is a crucial quantity.
Below the transformation T it is nonzero and increases on cooling. In a ferromagnet
it is the mangetization M(~) = V-I Ii (\16+ - \16J which measures the number of ordered atomic magnetic moments \10' per unit volume, of an infinite solid, in the.magn~
tization direction. This corresponds to the order parameter Q(T) = V-I Ii (Q~+ - Q~_)
in a pure order-disorder SPT. A distinction between the latter and a displacive transition is possible on the basis of atomic single cell potentials [l.4J. This is
shown in Fig.1.I, schematically for one spatial coordinate Q: with anharmonic potential V(Q) = aQ2 + bQ4 with constants a < 0 and b > O. This double well potential has
two minima and a maximum, their difference ~E being ~E = a 2/4b. If the depth of the
two energy wells ~E» k\ the trans i ti on occurs due to orderi ng between Q6± =
± !-a/2b. On the other hand, if ~E« kTc a continuous cooperative displacement of
atoms along Q below Tc is found as a function of temperature, at least in mean field
theory [1. 5 J .
Reprinted from Structural Phase Transitions I, eds. K.A. Muller and H. Thomas, © by Springer-Verlag, 1981.
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Fig. 1.1. Single cell potentials in (a) order-disorder (b) displacive SPT system

The transitions themselves result from the coupling of different cells, i and j, in
the regular lattice; there is an interaction energy V = I .. c .. 0·0·. A nonzero
1 >J lJ 1 J
single cell anharmonicity is, however, also needed in displacive systems . A completely
harmonic potential, i.e., a parabolic single cell potential, does not yield a phase
transition despite V f O.
Using self-consistent mean field theory one derives the free energy of the system
to be [1. 5]
F

FO + A<O>

2

+ B<O>

4

+ higher order ,

(1.1 )

where FO contains all other degrees of freedom of the system, <0> = O(T), A = a(T-T c )
and a and B can be viewed as nearly temperature independent, near Tc ' Equation (1.1)
is the expression Landau found from group theoretical arguments in 1937, assuming
that the space group of the low-temperature phase is a subgroup of its high symmetry
parent or prototype phase [1.6], and no third-order invariant exists. Furthermore,
the order parameter O(T) is a scalar; it has but one dimension. We shall come back
to the fundamental importance of the Landau free energy expansion for the more general cases in SPT, as well as its modern Hamiltonian version in renormalization group
theory .
Upon minimization of (1.1) with respect to <0>, one finds a second-order transition at Tc when B > 0 with a continuous order parameter varying as <0>2 «(Tc - T)
(see Fig.1.2). If symmetry allows a third-order invariant C<0>3 in (1.1), a firstorder transition at TO > Tc results with a discontinuous jump of the order parameter
[1. 7]. The transition is then sometimes called "weak" first order not only because
the jump in <0> can be quite small, but because the low-temperature phase is still
a subgroup of the hi gh-temperature one. On the other hand, for the reconstructive
transitions mentioned at the beginning, no such symmetry relation exists . The transition occurs, in that case, when the high and low symmetry free enthalpies equal
each other, and there can be considerable metastability.
The dynamic behavior of the two types of distortive SPT is also quite different .
The order-disorder systems behave like the magnetic ones. Above Tc their excitation
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spectrum shows relaxational character and is centered around w = O. Only below Tc
do we find a mode at finite frequency w F 0 (as for spin waves in ferromagnets). On
the other hand, in displacive systems, a mode of finite frequency exists even above
Tc ' and tends to freeze out on approaching Tc from above. It is obtained from (1.1)
by solving the dynamical matrix [1.5]
2
2
3 F/3<Q>

=

2
mws(T) ,

(1. 2)

taking into account the inertia of the atoms.
This soft mode ws(T) was a concept introduced two decades ago first by COCHRAN
[1.8,9] and was extremely fruitful both for experimental and theor~tical research
in SPT. Table 1.1 lists the SPT systems and their soft mode character. As ferroelectric examples we cite BaTi0 3 which is more of the displacive, and KH 2P0 4 which
is more of the order-disorder variety, although it is now recognized that they are
by no means "pure" examples. Using the terms of Fig. 1.1, liE is of the order of
kTc in both cases, in one somewhat larger and in the other slightly smaller. The
soft-mode concept has been extended to pure order-disorder relaxational systems
[1.10], where in a mean field approximation 21T/T = wr ~(T - Tc )' whereas Ws ~(T - Tc)~
(see Fig.1.2). However, if the soft phonon is overdamped its temperature dependence
cannot be distinguished from a relaxational response [1.11]. The Jahn-Teller systems
listed in Table 1.1 also deserve comment. These phase transitions come about through
the coupling of electronic and acoustic degrees of freedom. The former can be localized like the 4f electrons in TbV0 4 , or else delocalized as in Nb 3Sn, in which case
they are called band JT transitions.
The modes of a lattice, or their quantized equivalent, the phonons, are probed
most directly by inelastic scattering of photons or neutrons. Chapter 2 in the present volume js devoted mainly to the first of these techniques, light scattering,
and Chap.3 is devoted entirely to neutron scattering. Fleury and Lyons give characteristic examples of the various SPT systems in each section of their chapter.
Their choices, for particular substances, differ in part from the list in Table 1.1.
(If the light is scattered by optical modes it is called Raman scattering whereas
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Table 1.1. SPT systems and their soft modes
short range forces
dipolar, ferroelectric
ferroelastic
Jahn-Teller, ion
band
charge density wave

(SrTi0 3 )
(BaTi0 3 )
(KH 2P0 4 )
(Tc e02 )
(TbV0 4 )
(Nb 3Sn)
(NbSe 2 )

optic (xy)
t. optic (x)
t. optic/to acoustic
acoustic
electronic/acoustic
electronic/acoustic

that scattered from acoustic modes is termed Brillouin scattering [1.71.) Their
chapter gives the reader an understanding of the different SPT types and also of
characteristic differences between possible soft modes. Furthermore, examples of
Brillouin center, boundary, and incommensurate soft modes are reviewed (we shall
define these terms below). Their latter section is a valuable introduction to this
type of SPT.
The modes of a crystal, characterized by a dispersion relationship w(g), of a
crystal, are collective excitations and extend over the whole wave vector space q
of the Brillouin zone. At a displacive transition the freezing out of the soft mode
produces the lattice found on the low-temperature side of the transition. For
T > Tc ' w s(~) has a minimum at some wave vector in 9 space . This minimum is most
often found at the zone center q = or at particular points of the Brillouin zone
boundary ~b' Accordingly they are termed zone center and zone boundary transitions
in Chap. 2. In the latter case the unit cell gets doubled (or subject to even higher
multiplication) in the low-temperature phase because the point 9b gets "folded into"
the zone center. (The soft mode unit vector in the low-temperature phase transforms
as the identity representation of the space group). Denoting the unit cell volumes
by zh and z£, respectively, one can describe the situation statically by

°

(1.3)
with n = 1 and n = 2r (r integer) in the two cases. These cases have been termed
f erro and antiferrodistortive by GR~NICHER and MOLLER [1.12] earlier. In certain
crystals molecular units order, as does NH4 in NH 4Cl, below the cubic-cubic ordering
phase transformation. Because no distortion occurs at Tc ' the ~ransition is called
ferro-order (see Chap.3 for a discussion). The corresponding anti ferro order in
NH 4Br is equivalent to antiferrodistortive as the unit cell is doubled and distorted.
As long as n in (1.3) is a rational number n = r/r s with integral r i and rCf. > rS'
the corresponding wave vector q_ of ws (q),
inside the zone, is a rational multiple
_
of a particular Brillouin zone boundary wave vector ~b' The transition is then called
commensurate. If however n is an irrational number the transitions are called

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

368

5

i ncommensurate [1.13]. Some of the most recent studies in SPT are aimed towards an

understanding of this interesting class of incommensurate transitions.
Up to now one may think that the descriptions of SPTs in terms of free energy or
of soft modes are equivalent. We want to point out here that the free energy discussion is more general for the following reasons: First, if a transition has essentially reorientational and/or relaxational character, as does NaN0 2 where electric
N0 2 dipoles reorient and order ferroelectrically, many solid-state physicists are
reluctant to name this a zone center mode transition. The above-mentioned NH 4Cl is
another example. A more important and second reason: There are continuous transitions
where no microscopic dynamical fluctuations, i . e., soft or relaxational modes of
finite wave vector, are present. A crystal has, in general, 6 independent elastic
degrees of freedom, but only 3 acoustic modes . If one of these acoustic modes is
soft, the transition is a ferroelastic SPT (see Table 1.1). However, one of the
other 3 independent elastic degrees, not related to the acoustic modes, may become
critical: then a ferroelastic transition occurs but no acoustic mode becomes soft.
It is just an isolated point at the zone center whose elastic constant shows temperature dependence. Then the crystal free energy is given exactly by (1.1). Such a
"type zero" SPT occurs generally for symmetry nonbreaking transitions and has most
recently been observed in KH 2P0 4 , in the presence of an electric field [1.14].
o
The wavelength of light is of a few thousand A; this limits the wave vector
scattering range of phonons essentially to the center of the Brillouin zone. On the
other hand, the wavelength of thermal neutrons is of the order of Angstroms and their
energy matches that of phonons [1.7]. This allows probing over the entire Brillouin
zone. In Chap.3, Dorner first recalls the general aspects of inelastic neutron scattering near SPT and soft mode analysis. He then goes on to review some of the classic
work on displacive SPT. His next section is devoted to the observation of central
peaks, i.e., critically enhanced excitations near w = 0, observed for temperatures
T above Tc ' first reported in SrTi0 3 [1.15], and distinct from the underdamped soft
phonons, and thus not contained in the classical picture. The narrowness of the observed features clearly points to the involvement of impurities in the dynamics,
but not necessarily to the critical enhancement of the central peak, as well as the
nonfreezi ng out of the soft mode [1.16]. Other centra 1 peaks seen for T::.T c have
been probed by light scattering and are reviewed in Chap.2. Both accounts bring in
touch with the recent as yet in part unsolved problems as to the origin of these
excitations.
Subsequently Dorner introduces and describes studies in molecular crystals and
the occurring SPT. This is the first summary, in the literature, of the field. The
importance of the incoherent structure factor for the determination of molecular
reorientation rates is emphasized. Then, examples of the librational dynamics of
molecules, and of their various degrees of coupling to the translational modes, if
any, are given. The ensuing molecular cluster formation near Tc is discussed. The
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concise nature of the account also makes it useful for experts in SPT. Dorner's
last section is devoted to incommensurable SPT. It is the first account of inelastic
scattering results and can be recommended as an introduction as well as an update
to what has been achieved in charge density wave systems as well as in insulators
or more exotic quasi-one-dimensional chain systems.
The soft modes can couple to other modes in the lattice. If the soft mode is an
optical one it can couple to acoustic modes. Thus Brillouin scattering from the
latter can monitor the soft mode temperature dependence, damping, etc. Theoretical
aspects of coupling are discussed in Chap.2 . However, one can probe the acoustic
mode directly with ultrasonic dispersion and absorption measurements. In Chap.4
LUthi and Rehwald review in depth the work done with this technique. It is, in
favorable cases, one of the most accurate in the entire field. The authors give a
clear account of the theoretical analysis. Depending upon whether the strain in the
crystal couples linearly, or through higher order, to the order parameter, the ultrasound behavior as a function of temperature can be quite different. In the first
case the strain itself can be taken as the order parameter and an elastic constant
vanishes at a second-order phase transition. Thoroughly explored examples of the
ferroelectric-ferroelastic as well as the two Jahn-Teller var i eties (see Table 1.1)
are presented. This is followed by a review of those cases where the order parameter
couples quadratically to strain, and a critical reduction of an elastic constant
with enhanced ultrasound attenuation is observed, near Tc' They can be used to determine phase diagrams as a function of an external applied parameter. In short,
their review covers all systems shown in Table 1. 1, and also mixed valence systems
and martensitic transitions, not discussed elsewhere in this series.
An SPT can be monitored by the local displacements of the constituents of the
lattice. X-rays and elastic neutron scattering have long been standard techniques
for such investigations . Results of this sort can be found in a number of works. We
should like to mention here the well-balanced Chap.5 in MEGAW's book on crystal
structures [1.2l. In the context of this series the understanding and use of space
groups is obviously of importance; their relatively infrequent use may be traced
to the fact that no good introductory text was available for solid-state physicists.
This gap in the literature has now been filled with the indeed readable book by
BURNS and GLASER [1.17l. Knowledge of group theory and space groups will, in part,
be required to fully appreciate the two chapters in the theoretical volume on
Landau theory and general symmetry properties.
There exist now a number of recent techniques for probing the existence, amount,
and symmetry of local displacements in a solid. These are in part one to two orders
of magnitude more sensitive than the older ones. Optical fluorescence is one technique which is reviewed in Chap.2 . Electron and nuclear magnetic resonances (EPR
and NMR) as well as the Mossbauer effect are others. The first is very sensitive
to static displacements and will be presented in the second volume, as will NMR.
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The latter is less sensitive but certainly probes the bulk of the cryst~l. It gives
useful information about the local atomic or molecular time-dependent motion. Using
these sensitive techniques, as well as ultrasound dispersion and absorption, it is
now firmly established that the static and dynamic behavior near SPT which results
from short range interactions, differs from the one predicted by Landau and soft
mode theory in the absence of impurity effects. Furthermore, on application of external forces, such as uniaxial stress or hydrostatic pressure, multicritical points
are observed in which two or more second-order phase boundaries join as the external
fields are varied. An example is the bicritical point in SrTi0 3 mentioned in Chap.4.
In this very active field renormalization group theory has predicted certain topologies which are universal and depend only on the symmetry of the lattice, its dimensionality, and that of the order parameter. Some were first verified in SPT, rather
than in the "competing" field of magnetic transitions. Such findings and a chapter
on dielectric and caloric methods are planned to be the content of the follow-on
volume.
The various experimental techniques employed in SPT research are often complementary. Depending on the information wanted in a particular case and the samples available, one method may yield more accurate or valuable information than another. Often
the availability of samples or their gross macroscopic properties may inhibit their
investigation with a certain technique. For example, if the crystal is large, buth
highly conducting, ultrasound measurements are easily performed but it is difficult
to use paramagnetic resonance, because the microwaves cannot penetrate the sample.
On the other hand, if the available crystals are very small but nonconducting EPR
or light scattering can be well employed, whereas classical ultrasound absorption
methods are excluded due to phase and amplitude inhomogeneities in the small sample.
The new phonon echo method may become useful here in the future [1.18]. Small crystals also create difficulty for inelastic neutron scattering, even in high flux
reactors, especially if atoms with small scattering cross section have to be probed.
The above examples show that an assessment of experimental methods is in order.
This has been done in each of the chapters. The descriptions of the techniques are
concise and to the point, but fairly complete in Chaps.2 and 4. In view of the fact
that the classical inelastic neutron scattering techniques have already been described
in [1.11], they have not been repeated in Chap.3. This gave space for a review of
the most recent developments of high-resolution instruments.
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1. Structural Phase Transitions
Studied by Electron Paramagnetic Resonance
K.A. Muller and J.C. Fayet
With 50 Figures

1.1 Introduction
Electron Paramagnetic Resonance (EPR) has been one of the pioneering techniques
used for detecting Structural Phase Transitions (SPT) and determining the space
groups involved and especially for investigating, with high precision, the order parameter and its dependence on temperature and stress. Earlier work on SPT was
reviewed by one of us [1.1] and summarized for the model substances SrTi03 and
LaAI03 over a decade ago by Muller and Von Waldkirch [1.2]. In the present review, we attempt to cover a broader field, including the most recent progress in EPR
research in incommensurate SPT's and random systems.
Since the invention of the laser and the availability of intense neutron sources,
a great deal of solid-state work has been carried out by scattering methods with the
result that EPR, previously taught in most solid-state departments, is now accorded
less emphasis. [However, it is still widely used along with Nuclear Magnetic Resonance (NMR)]. We have thus decided to review this method in Sect. 1.2 in some
depth, for the benefit of those readers who are not familiar with it, or for those
who wish to refresh their memories. For a thorough study we recommend, among
many good books, the one by Pake and Estle [1.3], entitled Principles of Paramagnetic Resonance, from which university courses have often been taught and where
the material presented is of adequate sequence and length. Abragam and Bleaney's
monumental treatise [1.4] is more detailed, and was useful as a general reference up
to the midsixties when most of the fundamental aspects of EPR had been settled.
To complete the picture, the new edition of the book by Altshuler and Kozyrev [1.5]
gives more access to the Russian literature. For electron spin resonance of radicals,
we would also like to mention the book by Atherton [1.6].
In Sects. 1.2 and 1.3 we further emphasize aspects of EPR that are specific to
the study of SPT, namely the paramagnetic ions to be chosen, the use of the superposition model, and the additional equipment necessary to employ this inexpensive
method successfully. Particularly important is the recent progress due to the use
of the superposition model. The subsequent sections form the heart of our article and present characteristic examples. Because of the vast field covered by our
review, we present highlights of the method rather than a complete study. Oxide
ferroelectrics are presented in Sect. 1.4, antiferrodistortive transitions in Sect. 1.5,
multicritical points in Sect. 1.6, EPR in order-disorder transitions in Sect. 1.7, and
work on incommensurate systems in Sect. 1.8.
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1.2 Methodological Aspects
In this section, we review the concepts and techniques of electron paramagnetic
resonance for investigating structural phase transitions in solids. EPR in condensed
matter was discovered in 1945 by Zavoisky [1.7] as the first of a group of phenomena which comprise nuclear magnetic resonance (NMR), ferromagnetic and antiferromagnetic resonance, cyclotron resonances, and other techniques such as various
kinds of double resonance. It is observed when a high-frequency magnetic field
induces transitions between the Zeeman levels of a dilute magnetic defect in a nonmagnetic solid or liquid. The magnetic levels EM depend on the orientation of an
applied external field H with respect to the local crystal or ligand field of the ion.
This interaction is a direct one for the orbital states, whereas for spin states it occurs
through the spin-orbit interaction

1iso

= L(Sili

; Ii

=r

(1.1)

x Pi

and the spin-spin interaction

1iss =

~(2.0023 x p,rd

[CS;:i _

3(Siri~~Siri))]

(1.2)

I}

which couples spin Si to space coordinates r/; the single-electron spin-orbit constant
and the Bohr magneton being ( and Ji.p, respectively [1.2-4,8]. The orbits Ii in 1iso
are influenced by the local crystal field, and the distribution of electronic density
resulting from the latter changes 1iss. Therefore, the EPR transition measured at a
given microwave frequency v,

reflects the point symmetry of the crystal field to which an impurity ion is exposed.
We shall emphasize the choice of ions for such studies and the spin-Hamiltonian
formalism to describe the spectra, especially the importance of the various terms
which reflect the local symmetry. They can be used to determine or confirm the
space group of a crystal, to observe any structural transformations that might occur,
and to determine the order parameter and its variation with temperature and external
fields. In displacive systems, the order parameter can be defined as a local parameter
17(Z) [1.2]. EPR measures it most directly. In order-disorder systems, the order
parameter is proportional to the differences of occupation numbers. Measurement of
this quantity is one of the most recent successes of the EPR method.
In order to draw conclusions about the crystal symmetry, it is necessary to know
where the impurity ion is located. We shall give criteria for determination of this site
in Sect 1.2.3. The salient features of the experimental procedure are then outlined
together with some remarks on the sensitivity and limitations of the method.

2
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1.2.1 Choice of Paramagnetic Ions or Radicals
The essence of the method consists in substituting or creating a paramagnetic ion
or radical in a nonmagnetic crystal. To probe the local crystal-field symmetry at
the ion site, the splittings of the spin levels EM are investigated. In order that they
reflect the point symmetry of the virgin crystal, it is important that the magnetic
substituent matches the nonmagnetic species as closely as possible. Thus it should
have the same size, effective valence, and a half-filled (nonbonding) subshell. While
the first two requirements are obvious, the latter is important for a number of reasons:
even in crystals with a certain covalency the nonmagnetic host ions or atoms have
almost spherical electronic shape. This property is best matched by a paramagnetic
ion with a half-filled d or f subshell. Such ions have necessarily nondegenerate
orbital ground states, since the total orbital angular momentum is L = L:i Ii = 0
from UnsOld's theorem. This is true regardless of the sign of the crystal field. Ions
with L -:f 0 can lower the observed local symmetry due to linear coupling with the
local coordinate as a result of the Jahn-Teller effect [1.3,4], if the ground-state
orbital moment has not already been quenched by the crystal field. But even if it
has already been quenched, unfilled d or f subshells, other than half-filled ones,
can be dangerous owing to their nonspherical spacial charge density! An example of
this is the cr5+ (3dl ) ion replacing the Ass+ in KH2As04 [1.9]. The charge and size
match perfectly, but the paramagnetic orbital has d(x 2 - y2) symmetry. Each of the
x 2 and y2 lobes couples with two protons in lateral Slater configurations forming
a Cr5+04H2 unit which can re-orient. Thus, the local point symmetry is lower than
that of the host.
We therefore recommend the use of ions with half-filled shells in order to determine lattice cation point symmetries. For the 3d and 4f shells, these are
3ds : Cr+ , Mn 2+ ,Fe3+ S = ~

4l : Eu2+ , Gd3+, Tb4+

or

S= ~

the choice depending on the size and valence of the substituted cation. Further
advantages in using such ions are:
- The half-filled subshells of these ions always have a high energy of the first
excited state [1.4]. This, together with the nearly vanishing orbital angular momentum contribution in the ground state, implies long spin-lattice relaxation
times at high temperatures owing to the weak spin coupling. The relaxation
times in the liquid-helium temperature range are also reasonable. Therefore
studies are possible from low temperatures up to 1000 K and higher.
- They are best suited because they have spins S = L: Si larger than three halves
(S > ~). Therefore, they show splittings of hexadecapolar or higher form
[1.3,4], i.e., terms of S! + S: + S~ or higher in the Hamiltonian (Sect. 1.2.2). For
symmetry purposes, this makes the EPR method superior to nuclear magnetic
resonance and Mossbauer studies. In the latter, only quadrupolar splittings have
so far been observed. Thus, only the orientations of the axial crystal fields can
be obtained, whereas EPR also allows one to probe cubic field orientations,
which may be all imponant for the determination of local symmetry axes in
certain cases.
3
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- Except for the very ionic crystals, the second-order ligand-field tenn results
from the nearest-neighbor ions [1.10] . They can be taken into account by the
superposition model reviewed in Sect. 1.2.4. This sensitivity of EPR to nearestneighbor charge distribution is in contrast to the NMR method, which also
probes local properties by the nuclear quadrupole splittings (NQS) [1.11]. The
latter depend considerably on atomic monopole and dipole contributions which
converge slowly and make NQS dependent on distant atoms.
- In general, for half-integral effective spin ground states (which include those
having half-filled shells), all EPR lines shift in first-order perturbation on lowering the symmetry except the purely magnetic Ms = -+ - line. This offers
an advantage over nonnal diffraction methods (X-rays, neutron diffraction, etc.)
because in these methods, in the most favorable case, only special reflection
spots split or become pennissible.

4

4

The last of these advantages pertains to all paramagnetic ions and radicals even
if the local symmetry differs from that of the host, and has thus frequently been employed to detect a structural phase transfonnation. Moreover, certain lattice defects
are sometimes more sensitive to changes in order parameters than those which do
not disturb the local point symmetry. The Fe3+-Vo pair defect in SrTI03 [1.12] and
the Gd3+_0 2 - center in RbCaF3 [1.13] are typical examples, when compared to the
Fe3+06 or Gd3+F6 complexes, respectively. The procedure here is first to establish
the linear or quadratic dependence of the EPR line splittings and/or shifts of the low
point-symmetry defect on the order parameter, and compare them to EPR results
on non-syrnmetry-disturbing defects or to the order-parameter dependences obtained
by other methods, e.g., NMR, scattering, birefringence, etc. Then, the dependence
established is used for the intended investigation. In electron spin resonance (ESR)
work, this is the predominant way of using radicals which, in one way or another, do
not usually match the microscopic configurations of the host. In ambiguous cases,
it is advantageous to compare experiments carried out with two or three impurities
to ensure that the results are consistent.
The use of EPR data for different impurities situated at the same site has most
recently further extended the advantages of the method. As will be seen in Sect. 1.2.4
on the superposition model, two ions of the same valency and size can probe different
properties of their environments. We shall summarize there the sensitivity of the
Fe3+ and Cr 3+ ions, both of the same size, with respect to their nearest neighbors.
The second-order ligand-field parameters of the fonner are very sensitive to the
distance from their nearest neighbors, whereas those of Cr 3+ are not all, but are
highly sensitive to the angle fonned between 0 3+ and the ligands [1.14]. Before
proceeding with this subject, an introduction to the fonnalism with which the EPR
data are analyzed is necessary.

1.2.2 The Spin-Hamiltonian Formalism
The spin Hamiltonian is the traditional way of representing the infonnation furnished by the electron paramagnetic resonance [1.3-5]. This fonnalism describes
the splitting of the ground-state levels of a paramagnetic ion as an expansion in
4
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spin operators Sz, Sx = !(S+ + S_), Sy = (-!) (S+ - S_) in a base of IS, M)
functions. The latter are eigenfunctions of the S2 and S z operators. In the case of
half-filled shells, the orbital angular momentum L = 0, and S = 2:i Si is a true spin
Hamiltonian. However, normally S is just used to describe the multiplicity of the
ground state, and therefore the spin Hamiltonian is an effective one. Up to fourth
order in the S-operators, the Hamiltonian is then given by
1{

=L
ij

m=+2

(3Hi9i j Sj

+

L

m=-2

m=+4

BiOi +

L

BfOf

(1.3)

m=-4

For S = ~ (Gd3+), small terms of sixth order, :L:~6 B;06', have to be added.
The
are appropriate parameters, the
are normalized spin operators (see
below). In the most general case, together with the gij, there are 20 constants to be
determined for S = ~.
If the interactions (1.1) and (1.2) of the spin with the lattice are switched off,
the interaction of the magnetic moment of the spin JL = -g(3S with the magnetic
field H is

Br

Or

(1.4)
Magnetic "resonance" occurs when the energy difference between two consecutive
magnetic levels g/l-jjH equals the applied microwave quanta hv. With the interactions (1.1) and (1.2) present, the free spin g-value=2.0023 is changed and can
be put into the form of a symmetric tensor SigijHj . Derivations using the ionic
approximation have been given [1.4,11] for half-filled shells; gij is usually still
approximately isotropic and close to 2. Furthermore, at H = 0 the levels are split
owing to the BiTt interactions (1.1) and (1.2). These splittings are represented in the
Hamiltonian by terms of the form S~SZS; where time-inversion symmetry requires
n = p + q + r to be even. The expansion has to be broken off at n = 2S in order to
stay within the IS, M} basis manifold. The terms in powers of H x S~S:S; with n
odd (higher-order Zeeman terms), so far, could not be detected for half-filled shell
ions, and have thus been omitted in (1.3). Apart from the Zeeman term (1.4), the
Hamiltonian contains terms in S~ S: S~ grouped together in normalized spin opera(Sx, Sy, Sz) which transform as the corresponding homogeneous Cartesian
tors
polynomials. The latter are defined as linear combinations of Wigner's tensor operators Tt which transform as spherical polynomials Y;m (i.e., result from a unitary
transformation),

Or

otm + [Tt- m± (-I)IMITt]
O? =T?
For example, 0i = 3S; - S(S + 1), O~ = (S; -

(1.5)

S;).
We now discuss the terms appearing in the Hamiltonian of (1.3). They have
to constitute a basis for the irreducible representation rl of the Hamiltonian 1{
within the point group of the ion site. For high symmetry, this considerably reduces
the number of constants. Consider for instance an Fe3+ (S = ~) ion in cubic Oh
5

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

377

symmetry, as found in SrTi03 above its phase transition [1.15]. The spin Hamiltonian
(1.3) will then reduce to

(o~ + 001)

1t = g(3HS + B~

== g(3HS + %[S! + S: + s;

- !S(S +

1)(3S2

+ 3S

-1)]

(1.6)

if the principal axes are chosen parallel to the x, y, z quaternary (100) axes. There
are now only two constants to be determined: 9 and a = 15B~. The splittings of
the Ms levels for H parallel to a (100) axis (as originally computed by Kittel and
Luttinger [1.16]) are shown in Fig. l.la. Because in the resonance experiment the
microwave quantum is usually fixed and the magnetic field H is scanned, absorption
is observed when hv = EM - EM+l. The five allowed 11M = 1 fine-structure transitions are shown in Fig. 1.1 b, together with their intensities which are proportional
to (S, MIS+IS, M - 1)2. Rotating H away from [100] changes the energy levels
arising from the diagonalization of (1 .6). Consequently, the 11M resonance magnetic
fields Hn also vary. This is shown in Fig. l.lc for a variation of H in a (100) plane
of the crystal [1.15].
IS,M)

+%
+%

b:;;;;~rf==::jE!==l= + V2

(a)

rr~~~~~__~__ -~

-%
-%

o
(b)

I
I

I
I

:

: :

11:

I
I

H II [100]

I' 1 ' 1
I(S'MsIS+IS'Ms-1}12~_8+-+t_5
RELATIVE

I

:

:

INTENSITY:

_ _:'-9---,..---,--;5,-+t---11-8_ _ _
•

Ho' hll/g,B I

I

I

: 50/9,8

:

:

: 6o/g,B : :

I
I

I
I

H II [100]

: :
I
I

00~-+4--~--1-~--~

H II [100]

15 0
(c)

30 0
45°~---P--L~+----~~

H II [110]

cp
Fig. 1.1. (a) The splitting of an S = ~ state in a cubic crystal field as a function of a magnetic field H
parallel to a [100] direction. (b) Relative intensities of the allowed i!lM = 1 transitions shown in (a).
(c) Anisotropy of the i!lM = 1 lines on rotation of H in a (001) crystal plane [1.15]
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In low-symmetry crystals, the Bi are often between 10- 1 to 10-2 cm -1, whereas
the B4' are about an order of magnitude smaller. The determination starts by assuming gij to be scalar, and finding the principal axes of the second-order terms.
For the latter, only two such terms, B~O~ and Bioi, do not vanish. With these
"Bi"-type axes fixed with respect to those of the crystal, the fourth-order terms
and gij are obtained by an iteration procedure using the full diagonalization of the
spin Hamiltonian matrix as carried out by Michoulier [1.17]. He uses resonance
magnetic fields with H in sufficiently many directions that the constants gij, Bi
are largely overdetermined. The second-order parameters depend on second derivatives of the crystal-field potential, i.e., on local covalency contributions of nearest
neighbors as well as on more distant atomic configurations [1.4,18]. Generally, owing to the different possible origins, these parameters are not entirely reliable for
symmetry determinations. This pertains to highly ionic crystals like certain fluorides,
where crystal fields contribute a sizable fraction to the Bi values [1.19]. However,
when a slight covalency exists, the nearest neighbors determine these second-order
parameters. This is certainly the case in oxides.
In the ionic models for 3d5 ions (partially applicable to Mn 2+), the fourth-order
terms depend on the fourth-order derivative of the crystal-field potential [1.20], i.e.,
essentially on local electric charge distribution. This will be enhanced if covalency
becomes important, as for Fe3+; it is then the location and type of the nearestneighbor ligands and charges that determine a. The x, y, z directions in (1.3) thus
reflect short-range symmetry and, for sixfold coordination, point along the slightly
deformed octahedral corners even if the crystal has an appreciably lower overall symmetry. Experimentally, this was first verified for Fe3+ in Ah03 [1.21] and LaAl03
[1.22] both having trigonal R3c structure. The rotation of oxygen octahedra around
the 3 axes obtained by EPR agreed with those found from diffraction work. Ah03
and LaAI03 still have quite high symmetry, but later Michoulier and Gaite [1.17]
introduced a generalized procedure for low-symmetry crystals by means of which
local pseudo-cubic quaternary Q and trigonal T axes can be determined from a
knowledge of the B4' parameters. In the feldspath albite NaAIShOg, a triclinic mineral, they showed the following: the local Fe3+ EPR axes of quaternary and trigonal
symmetry, determined by using their method, agreed with those from diffraction
studies for an experimental accuracy of one degree achieved with both techniques.
In this mineral, the Fe3+ replaces the A13+ ions in distorted tetrahedral oxygen sites.
Their result shows that the EPR method can also be employed for very complicated
and low-symmetry crystals to determine local pseudo-symmetries possibly not obtainable by diffraction, or alternatively to discriminate between several possibilities
left open.

1.2.3 Site Determination
Knowledge of the site at which the impurity ion is incorporated is essential for
reaching correct conclusions about the kind of space group to which the crystal belongs or into which it transforms. In structures with large unit cells, one may have to
choose between several substitutional or interstitial positions. Often, considerations
of crystal chemistry, valence and size are useful as are known symmetry properties
7
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from diffraction work. The question arises of whether it is possible to establish,
merely by using EPR, where the paramagnetic probe ion is located.
The most frequently-used property to determine the coordination, i.e, whether the
ion is at a tetrahedral, octahedral or other site, is the magnitude of the cubic splitting
parameter a. As a rule of thumb, for 3d 5 ions in oxides located at tetrahedral
sites, a is about half that of octahedral sites. The value of a for Fe3+ is about
2.0 ± 0.1 x 10-2 cm-\ in the octahedral sites of Ti0 2 , SrTi03, MgO, Ah03, etc.
[1.23]. Theoretical calculations for 3d 5 ions using an ionic approach have been
made, but we cannot dwell upon them here [1.20].
Another very useful piece of information is the hyperfine interaction. Most
paramagnetic ions have at least one isotope with nonzero nuclear moment. The
central hyperfine interaction parameter A = Tr {Aij} in the Hamiltonian HHf =
j =\ SjAijlj is almost a constant for a particular coordination and ligand, independent of the lattice spacing. For example, for Mn2+ octahedrally coordinated in
MgO, CaO or srO, A ~ 81.7 X 10-4 cm-\ [1.24]. If the ligand has a nonzero nuclear
moment like F, CI, Br, S, etc., the super-hyperfine interaction (SHF) [1.3,4] between
the electronic spin of the metal ion and the nuclear spin of the ligands yields the
coordination and the distortion from high symmetry of the complex.
When the local point symmetry lacks inversion, linear shifts of the lines as
a function of an external electric field E can be observed [1.25]. It is then also
possible to distinguish between inequivalent sites. The terms in the Hamiltonian are
of the form EiTijkHjSk and EiRijkSjSk for the shifts in the Zeeman and quadratic
crystal-field terms, respectively. Ei are the components of the electric field, and the
Tijko Rijk are constants which are tabulated for various point symmetries together
with measured values reviewed by Mims [1.26]. He also considers the properties of
higher-order terms. In the presence of inversion symmetry, the effects are quadratic
and minute, of the order of milliOauss per kV/cm only [1.27]. They are enhanced
in high-dielectric-constant materials. For Fe3+ in the cubic KTa03 at 4.2 K, they are
about 20 per kV/cm [1.28].
Application of uniaxial stress a ij is a further possibility to distinguish between inequivalent sites [1.3]. The additional Zeeman and quadratic-spin terms in the Hamiltonian are of the form

l

2:::

and
For cubic crystals, only two terms differ from zero: linear combinations of operators
S7 multiplied by R\ = (~)Cll and linear combinations of SiSj (i f. j) multiplied
by R2 = C44 (Cnk are the elastic constants). The properties of the R ijkl and Pijkl
constants and measurements thereof have also been reviewed [1.29].

1.2.4 Ligand-Field Parameters and the Superposition Model
Symmetry and structural information is contained in the orientation of the i = x, y , z
axes of the O~(Si) operators of (1.5) as well as in the B;:' parameters. As an

B2(02 ft01)

example, we discussed the principal axes of the term
+
in cubic
symmetry. Near a phase transition occurring at Te , both the orientation Qi(T) of the
8
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axes x, y, z and the magnitude of the B::'(T) parameter can be written as a Taylor
expansion of the order parameter TJ or of one of its components TJk:
Ql (T) - Qi(Tc) }
B;:'(T) - B;:'(Tc)

= aTJk(T) + bTJi(T) + higher-order terms

(1.7)

Usually, the external magnetic field can be chosen in such a way that by symmetry
the coefficient a or b is zero, Le., via (1.3) one detects a linear or quadratic response
of the EPR lines to the order parameter or one of its components. The quantitative
sensitivity of the response depends strongly on the structural sites in the crystal, and
is very important for the experiment.
Ab initio calculations of the spin-Hamiltonian axes and paramters B::' based on
the crystal field and covalency contributions have been undertaken beginning in the
early days when the spin Hamiltonian was first introduced [1.3-5] until most recently
[1.19]. These calculations suffer from the existence of large terms of opposite sign
which contribute to a particular B::', not yet allowing its quantitative determination
[1.19]. On the other hand, the so-called superposition model has given quite valuable
results for the second-order [1.10,14], and for the fourth-order B::' parameters for
8S7/2 ground-state ions [1.30]. In the presence of a few percent of covalency, the
superposition model allows the determination of the spin-Hamiltonian parameters
for a known structure of a defect in a crystal, or conversely the deduction of a local,
possibly nonintrinsic structure from EPR data. The model was originally introduced
by Newman and Urban [1.10] for the rare-earth 8S7/rstate ions Gd3+ and Eu2+.
The main assumption of the model is that the spin-Hamiltonian parameters result
from individual contributions of each nearest neighbor of the paramagnetic ion.
Essentially, this means that the interaction resulting from overlap and covalency
mechanisms dominates. Because of this assumption, the model is not applicable in
strongly ionic compounds where crystal-field calculations, such as the polarizable
point charge model, are more appropriate [1.31,32].
We restrict ourselves here to the Bi terms of (1.3) for which the model has been
mainly employed, and refer the reader to the literature regarding the magnitude of
the B4' terms [1.10]. We recall that the Hamiltonian (1.3) can always be transformed
terms do not vanish [1.3-5, 10]. The two
to such an axis that only the O~ and
parameters B~ and B~ multiplying o~ and o~, respectively, are given in the model
with the newer notation
= 3Bi by

oi

br

(1.8)
_

b~ = ~(Jl())~

L -.
R,
n

(Jl())t2

[sin2 E>i cos

21/J]

1

Here, Jl() is a reference distance chosen near the distances Ri between the paramagnetic ion and the ith ligand. E>j is the angle between the line joining the paramagnetic
ion to the ith ligand and the main axis of the spin Hamiltonian z, and 1/Jj is the angle
between this axis and the projection of the ith ligand coordinate onto the x, y plane.
9

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

381

In (1.8), it is assumed that In(R) varies exponentially with R with exponent t2.
The two parameters In(Ro) and t2 appearing in (1.8) were determined in two quite
different ways: historically first was the method using measured bi's and assuming
that the central paramagnetic ion and the ligands occupy intrinsic lattice positions
as determined for the bulk crystal, for example, by the X-ray refinement method
[1.10,33]. The use of information from ligand super-hyperfine data [1.34,35] is
another possibility. The second method was introduced later. One employs a cubic
crystal such as MgO or SrTi03, and obtains the parameters by applying stress.
The first constants obtained in this manner were the b4(Ro) and t4 parameters from
hydrostatic-pressure data [1.36]. Then, In(Ro) and t2 were computed from uniaxial
stress-coupling parameters of Fe3+ and Mn 2+ [1.36,37]. The relations between the
strain coefficients Gll and G44 of the crystal and the two parameters ~ and t z are
given by [1.30,36]

(1.9)
thus, t2 = -~GlI/G44. In (1.9), GlI = (CIl - C12)CIl and G44 = C44C44, the small
Cij being the elastic stress parameters of the cubic crystal [1.3].
A comparison of superposition-model parameters for Gd3+ in eight-fold, and
for Fe3+ and Cr 3+ in octahedral coordination show a ligand coordination number
dependence [1.33], a limitation of the model that results from an aspherical charge
distribution due to the presence of covalency. For Gd3+, experimental h values close
to zero have been accounted for [1.10] with a two-term power law of the form

_~(R)=(-A+B) (Ro)t2
Ii =-A (Ro)n
Ii +B (Ro)m
Ii

(1.10)

with (B - A) = ~(Ro) and m > n > O. Theoretically, many positive and negative
contributions to ~(R) are present, but have been collected in the two terms in (1.10).
A difference of m - n = 3 has been taken in the Lennard-Jones-type function for
Gd3+ with n = 7 and m = 10. For Fe3+ with t2 ~ 8 ± 1, n = 10 and m = 13
were used [1.14]. This choice of nand m yields t2 = 8 ± 1 over a reasonable
interval around Ro = 2.1 A, as shown in Fig. 1.2 (t2 = 8 ± 1 is normally used for all
superposition-model analyses of Fe3+). Taking n = 9 or n = 11 did not substantially
alter the results (less than 10 % of In between R = 1.9 and 2.2 A); a fact well known
for Lennard-Jones-type potentials with high exponents.
The binding of transition-metal ions to their neighboring atoms is intrinsically
more covalent than that of rare-earth ions for a given kind of ligand. Consequently,
the model applied to the S-state transition-metal ions Fe3+ and Mn2+ has been
quite successful [1.36]. The structure of transition-metal oxygen-vacancy pair centers
(Me-Vo) in oxides was determined with a high degree of confidence [1.37]. Also
the FeOFs center in KMgF3, Fe3+ in Sr2Mb207 [1.38] and the Mn 2+ F-center pair
in CaO [1.35], as well as the Fe3+ in NasAiJFt4 [1.34] have been accounted for.
In principle, the model is applicable only to ions with half-filled d or f shells
having At ground states. The observed coordination-number dependence [1.33] restricts its generality, however. Thus, with the coordination-number restriction, it may
10
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be extended to d ions with half-filled eg or t2g subshells. This has recently been done
for Cr 3+ S :::: ~ L' :::: 0 in oxygen octahedral coordination by Muller and Berlinger
(MB) [1.14], the Cr 3+ replacing host ions with valencies two, three and four. The
intrinsic bz(R) parameters computed with (1.10) are shown in Fig.1.2b. Owing to
the electronic (t2g? configuration of Cr 3+, ~(R) is of opposite sign to that of Fe3+
with configuration (t2g)3 (e g )2. For Fe3+, ~(R) is negative and has a minimum at
~ 1.7 A, an atomic separation not occurring in crystals. On the other hand. ~(R) of
0 3+ has a maximum at ~ 2.0 A for a Me3+ replacement. From (1.8), one therefore
infers that this ion is mainly sensitive to the angles Band '1jJ as is Gd3+ with parameter t2 near zero [1.10]. In contrast, for Fe3+ with a t2 :::: 8 ± 1 dependence the bi
are very sensitive to R in that range. Replacement of Fe3+ and Cr 3+ on the same
lattice site is therefore very helpful in the analysis. The quantitative applicability of
the proposed ~(R) dependence in the trigonal LaAI03 and Ah03 crystals has been
demonstrated [1.14]. Figure 1.2b also shows a charge-misfit dependence on the host
ions of Cr 3+. This is a further limitation of the model not considered originally by
Newman and Urban [1.10] but predicted theoretically by Sangster [1.39].
In an octahedral environment, the Cr 3+ ground state is 4A2. Thus, in a superposition model for ionic systems the expressions on the right-hand side of (1.8) each
have to be replaced by a sum of two terms [1.40]. In this model, only 4T excited
states were taken into account, and 2E stateS and covalency were neglected. However, these are important. An application of the ionic model to Cr3+:Ah03 yielded
a ground-state splitting bg four times smaller than that observed [1.41], in contrast
to the result of using ~(R) of Fig. 1.2 and (1.8). The excited 2E states for Cr 3+ and
the quartets for Fe3+ have comparable excitation energies, of the order 2 eV or even
less. This makes plausible why the accepted applicability of the single parameter
~(R) superposition model for Fe3+ also entails that for Cr 3+. Recently, Yeung and
Newman have analyzed the superposition model for Cr 3+ in detail, taking into account the above-mentioned excited states [1.42]. The success of the MB model has
been explained as a consequence of the stability of the ratio B4 / tho together with
the acceptance of small negative values of the paramters t2 as being realistic. B4
11
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and Fh are the known crystal field parameters. In Yeung and Newman's reinterpretation of the experimental data, parameter values are obtained which are reasonably
consistent with optical values.

1.3 Experimental Techniques
1.3.1 Standard Equipment
We attempt here to give a brief outline of how the resonance principle, described at
the beginning of this section, can be experimentally realized. Detailed experimental
information is contained in the book by Poole [1.43]. An elaborate experimental
design is helpful to improve the sensitivity of the method and to save time. The
EPR spectrometer consists essentially of a microwave emitter, usually a Klystron,
a resonance device containing the sample and a receiver. The resonance device commonly a resonant cavity - is placed between the poles of a magnet, yielding a
homogeneous horizontal field. This magnet is mounted on a vertical axis, allowing
rotation of the magnetic-field direction. Typical microwave frequencies and magnetic
fields (for a 9 factor of 2, free electrons) range from 3.2 GHzlO.114 Tesla (S-band) to
35 GHzll.25 Tesla (Q-band). Since typical EPR linewidths are of the order of a few
Gauss (10- 4 Tesla), the external magnetic field must be stabilized to less than 10-5 •
We refer to the literature [l.43] for a review of the different spectrometer concepts.
Here, we shall concentrate on specific aspects of the resonant cavity. From timedependent perturbation theory, it follows [l.3] that the probability for an electron
spin to make a transition from the lower to the upper Zeeman state, induced by the
high-frequency field HI, is given (for 9 = 2) by
(1.11)
where !(w) is the line-shape function. The transition probability is the same for
upward and downward transitions. The number of upward and downward transitions
in time dt is then given by [1.11]
dNl = W . NI dt

(1.12)

;

where NI, N2 denote the spin populations of lower and upper levels, respectively.
Each upward transition absorbs an energy quantum of Ii.wres from the microwave
radiation, while each downward transition generates one. Therefore, the total energy
absorption per unit of time is
.
(1.13)
where Wres is the resonant microwave frequency (Larmor frequency). As long as
relaxation is fast enough to keep NI and N2 at thermal equilibrium, (l.l1) and
(l.l3) show that the rate of energy absorption is proportional to Hf. For an optimal
signal-to-noise ratio, the experimental set-up must therefore fulfill the following
requirements:
12
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- The microwave magnetic field HI should be perpendicular to the Zeeman field
H 0, owing to the resonance condition for allowed transitions;
- HI should be maximum at the sample site to ensure the maximum rate of
energy absorption;
- the sample should be placed at a position of minimum microwave electric field
E1 to keep dielectric losses as low as possible.
These aimes are commonly achieved by the use of a resonant cavity, although
other devices such as helices are sometimes employed. In the cavity, the microwave
builds up a standing wave pattern. Figure 1.3a depicts a cylindrical cavity with
the TE0l1 mode together with a sample placed at highest HI and lowest E1 field
intensities. It also shows a variable microwave coupling arrangement which allows
the rf field intensity to be varied within the cavity. This is necessary in order to tune
the spectrometer to highest sensitivity and, in special cases (low relaxation rate), to
avoid saturation (N1 = N2) of the spin resonance.
The cavity is characterized by its quality factor Q expressing the ratio between
its energy content and its energy loss per period [1.43]. At resonance, the effective Q
factor of the cavity/sample system is lowered, since energy is absorbed by the sample
and dissipated to the lattice by relaxation. The sensitivity is best when the Q factor
of the unloaded cavity is as high as possible [1.43]. In favorable cases, the minimum
detectable number of spins lies in the range 1011 to 1012 at room temperature (assuming a linewidth of 1 G) [1.4]. Samples with elevated high-frequency dielectric
constant or a loss can lower the Q value and hence the sensitivity. This may be
crucial for the investigation of ferroelectric phase transitions, where the increased
dielectric constant detunes the cavity and the loss shoots up. When the dielectric
constant does not increase significantly with decreasing temperature, the sensitivity
is improved at lower temperatures. Good signals are usually obtained from 1016 to
1017 spins. With samples of about 0.1 cm3, this corresponds to concentrations of
magnetic impurities of 10 to 100 ppm. Often, crystals need not even be intentionally
doped to achieve this concentration of resonance centers. Many natural minerals and
commercially "pure" crystals show concentrations in this range of, for instance, Fe3+
or Mn2+. To improve the sensitivity further, a lock-in technique is applied for signal
detection [1.43], commonly by modulating the Zeeman field H and therefore the
absorption amplitude. As a consequence, the derivative of the signal as a function of
magnetic field is recorded. Resonance lines are then displayed on the x - y plotter
as first derivatives. Very weak resonances can be detected by the application of a
signal-averaging technique using a multichannel analyzer.
It should be noted that an EPR "spectrum" taken with a resonant cavity does not
represent a frequency scan. Since the cavity Q is high for a very sharply defined frequency only, it is not possible to change the rf frequency over a wide range. Instead, the spectrum is obtained by scanning the external magnetic field H, and thus
changing the Zeeman splitting of the electronic energy levels. The EPR spectrum
therefore consists of resonances as a function of field intensity JHJ as described in
Sect. 1.2.2 (Fig. 1.1).

13
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1.3.2 Special Requirements for Investigations
of Structural Phase Transitions
The investigation of phase transitions by EPR demands the ability to apply various
external variables to the sample. The most important variable is the temperature.
A flexible instrumentation should be able to cover a range between a few Kelvin
and some 1000K. Very accurate temperature stabilization at a certain nominal value
is not only important for detailed, reproducible investigations of the temperature
dependence of the transition, but, as in the case of SrTi03 with its 105 K transition,
may be crucial owing to the strong temperature dependence of the dielectric constant.
This dependence changes the capacitive component of the cavity, and hence detunes
it. Temperature stabilization should keep the nominal value within a range of 0.1
to 0.001 K, depending on the sample and transition characteristics. Reference [1.44]
describes a versatile low-cost version of the commonly used reflection cavity. The
cavity is water-tight and is either directly immersed in liquid helium or brought
into thermal contact with it by a cold finger attached to the base (Fig. 1.3A). The
cavity, made from brass, thus constitutes an almost isothermal enclosure for the
sample centered therein. Short-time temperature variations are further damped at the
sample site since the cavity walls are not in direct heat contact with the sample.
For temperatures above 77 K, the cavity is in the empty helium dewar immersed in
liquid nitrogen. Intermediate temperatures between 4.2 K and room temperature are
obtained by heating the cavity walls with a proportionally controlled heater wound
around the outer wall [1.44]. The temperature is sensed by a thermocouple inside
the cavity walls. The short-time fluctuations observed in the wall at 100 K do not
exceed approximately ± 0.025 K, and at T < 40 K these variations are even smaller.
Therefore, the temperature stability at the sample in the center is around ±0.01 K. An
improved version of this cavity setup [1.45] has even reached stabilities of 0.7 mK at
the sample site. Such a stability of t1T IT ~ 10-5 makes critical SPT investigations
of this type competitive with the best ones on magnetic phase transitions.
Other variables during investigations on phase transitions are pressure and uniaxial stress. For more specialized cases, it may also be necessary to irradiate the
sample with light or to apply a static electric field. These treatments should be applied consecutively or even simultaneously, and without the necessity of heating the
sample up to room temperature. Such flexibility of the instrumentation saves much
time, especially when working at very low temperatures. In Ref. [1.44] and other
references cited therein possible solutions are presented to these requirements using
a modular form. For such purposes, a cylindrical TE011 cavity instead of a rectangular one is especially helpful, although the latter is smaller, since the cylindrical
cavity allows a central access from outside. Different experimental arrangements
for various conditions (Fig.1.3B) have been realized by mounting the sample on
a rod introduced through a tube following the wave guide. This necessitates exact
orientation and grinding of the sample prior to mounting. To avoid this, the sample
can also be glued onto a small goniometer attached inside the cavity base [1.17],
but this arrangement does not allow access to the sample from outside. The modular
form also permits simultaneous detection of nuclear and electron resonance, called
electron nuclear double resonance or ENOOR [1.3,4]. This technique makes it pos14
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sible to determine hyperfine constants and nuclear 9 factors with very high precision
[1.4]. This in turn enables high-order hyperfine effects to be investigated; yielding
detailed information on hyperfine interactions with ligand ions.
The cavity described above allows one to investigate SPT's at temperatures down
to the pumped helium range in which quantum effects of SPT's become apparent.
However, in oxides, SPT's also occur well above room temperature. The transition
in LaAI03 with Tc ~ 797 K is the most prominent example so far studied in detail,
including its behavior under uniaxial stress. A cavity used to study the temperature
dependence accurately has been described earlier [1.44]. Another cavity, in which
uniaxial stress can be applied, has recently been developed by Berlinger [1.45], and
appears to be the only one in use for such high-temperature work. Its main features
are shown in Fig. 1.4a. The cavity is again of cylindrical TEoll type with its axis
aligned along the stress to be applied and perpendicular to the constant magnetic
field. The wall of the cavity is kept at room temperature by cooling it with three loops
of a water-conducting brass pipe soldered to its outside circular wall. The cylindrical
sample is aligned along its center axis, and compressional stress is applied along
this axis via two quartz spacers (Fig.l.4b). Heating is achieved by a quartz tube,
into which the sample and quartz cylinders fit and onto which platinum wires have
been applied along the outside of the tube. The wires are well separated so that the
microwaves can reach the sample through the tube. A regulated dc current generates
Joule heat. To homogenize the temperature, quartz wool is wrapped around the quartz
heater tube. Recent improvements of the regulation system ensure a temperature
stability of LJ.T ~ 10 mK at 1300 K, i.e., a relative stability of LJ.TT ~ 7 .7 X 10-6 ,
comparable to that achieved in the low-temperature cavity [1.45].
The EPR method is generally easily applicable to nonconducting materials doped
with suitable paramagnetic ions. It is not practicable, however, in crystals containing large concentrations of magnetic ions; the dipolar interaction in the absence of
exchange narrowing can cause excessive linewidth broadening precluding an accurate determination of line position and thus of symmetry. Conducting materials,
e.g. metals, lower the Q value of the cavity when placed at sites of nonvanishing microwave electric-field intensity and owing to eddy currents induced by the
magnetic rf component. Furthermore, due to the skin effect, only a relatively small
portion of the sample bulk may be probed. For several special applications of the
EPR method, other experimental principles have been developed which are now
summarized briefly [1.46].
With conventional Zeeman modulation, certain charge states of paramagnetic
ions of the transition-metal group are difficult to observe. They are those in which
the ion couples strongly to the lattice either by the Jahn-Teller effect or because there
is an even number of electrons such that Kramer's degeneracy is absent. Because of
this coupling, the spin-lattice relaxation time at low temperatures can be short. This
enables the microwave absorption in the spin system to be detected by the thermal
heating of the lattice [1.47,48]. Experimentally, this is realized by a small carbonfilm resistance thermometer, which is in thermal contact with the sample [1.49]. For
broad lines and short relaxation times, this technique can be significantly superior to
the conventional one because the microwave power can then be increased without
saturating the level occupancies.
16
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Fig.l.4a,b. High-temperature cavity for EPR in presence of uniaxial stress. From [1.45]

While for Kramer's ions the coupling to electric fields is generally small [1 .3,26],
this is not the case for paramagnetic ions with an even number of spins or for
Kramer's ions occupying sites which lack inversion symmetry [1.50,51]. For these
cases, modulation of an applied electric field allows an accurate determination of
the strength of the electric interaction. From the shapes of the lines, the distribution
of the local electric field can be found [1.52].
Coupling to elastic strain is another possibility for detecting electron paramagnetic resonances. In this technique, the strains are modulated by an external transducer attached to the sample [1.53,54], operating in the range 20 to 60 kHz. In
addition, a magnetic-field modulation is also applied and the ESR signal is detected
at both modulation frequencies. The main advantage of this method appears to lie in
17
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the observation of broad lines which result from coupling to inhomogeneous elasticstrain fields in the crystal due to large coupling constants, as in part also observed
near SPT's.
By means of a variable frequency technique, it is possible to measure the crystalfield splittings of paramagnetic centers at fixed or even zero magnetic field [1.10].
This can be very useful to confirm or even obtain the parameters of the Hamiltonian
in difficult cases. The variable frequency system uses a broad-band helix instead
of a cavity [1.10]. The helix is a slow wave structure and replaces the cavity. It
is advantageous for low-temperature experiments because it is small and can be
operated with smaller microwave power densities than a cavity. Thus, saturation
problems should not occur. Although the effective Q factor of the helix is orders of
magnitude smaller than that of a cavity, this disadvantage may be compensated by
broad-band coupling and a higher filling factor, which expresses the fraction of the
cavity or helix magnetic-field volume filled by the sample [1.3]. This method has
proved helpful for observing signals in materials with conductive or dielectric losses
(KNb03). This application can be important in photoconductors, ferroelectrics or
metals.
Since the EPR method is frequently applied in the chemistry of radicals, EPR
spectrometers are often used in chemical laboratories. Application of the method
to the investigation of phase transformations is thus possible without much extra
investment. Such attributes as sensitivity, relative simplicity, precision in measuring
local symmetries, flexible sample treatment and variable magnetic field H both in
intensity and direction, make the EPR method extraordinarily helpful and informative
for the investigation of structural phase transitions.

1.4 Oxide Ferroelectrics
Ferroelectrics had long been investigated before EPR was ever used, the main reason
being their accessibility via dielectric measurements. With these, the static properties
of interest, namely the order parameter and the susceptibility could be determined.
These two quantities are proportional to the polarization P(T) and the dielectric
constant c:(t) ~ 1. Furthermore, since large displacements occur, they are also
accessible to conventional X-ray techniques. Together with birefringence measurements, the symmetry properties of the lower-symmetry phases were obtained, the
piezoelastic and electrostrictive properties being known. We nevertheless begin our
review with this field in order to retain the sequence followed by the articles in Vol. I
of this series. Furthermore, it allows us to introduce the method with reference to
a known quantity P(T), the order parameter of the ferroelectric (Sect. 1.4.2). Three
sections, 1.4.2-4, are devoted to recent, quite successful applications of the superposition model introduced in Sect. 1.2.4. The sequence of these allows the reader to
appreciate the scholarly application and progress of EPR in the field. It will be shown
that the recent EPR results point to the microscopic origin of the oxide ferroelectrics.
Furthermore EPR supports a substantial order-disorder character of their dynamics.
In addition, magnetic resonance should prove most helpful in determining P(T) in
18
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the quantum low-temperature range, where locked surface charges make dielectric
hysteresis-loop measurements tedious if not impossible.

1.4.1 EPR of Fe3+ and Gd3+ in Cubic and Tetragonal BaTi0 3
The most thoroughly investigated ferroelectric crystal in this category is BaTi03 •
It belongs to the well-known perovskite family, where each Ti ion is surrounded
by an oxygen octahedron, whereas the Ba is twelve-fold coordinated [1.55], see
Fig. 1.5. The ferroelectric phase transition essentially results from a cooperative motion of the Ti sublattice against the highly polarizable oxygens. Fe3+ EPR spectra of
unintentionally, and later intentionally, Fe-doped Remeika (KF flux) crystals were
investigated and their temperature dependence measured. The first complete st1:ldy
characteristic for this type of investigation was carried out by Hornig et al. [1.56],
where five allowed 11M = 1 lines were observed. In the high-temperature cubic
phase, the Hamiltonian of the S = ~ spectrum with the single constant a is as given
by (1.6) and a cubic spectrum was observed. From the ionic radius of the Fe3+ of
0.64 A, close to that of the n4+ of 0.63 A, it was concluded that Fe3+ substitutes for
Ti4+ on the octahedral site.

Fig. 1.5. Perovskite structure of SrTi03 . From [1.15]

Below the cubic (Pm3m) to tetragonal (P4mm) ferroelectric transition at
120° C, an axial term of the form

l1iog == D

[S; - ~S(S + 1)]

(1.14)

had to be added to account for the data, with z along the [001] tetragonal domain
axes. Such crystals are called c-domain crystals. The (001) platelets were electrically
polarized parallel to the [001] direction. Thus only one spectrum was observed. since
(1.14) does not distinguish between positive and negative polarization directions z.
The quantity D was found to be of the order of the X-band spectrometer frequency,
and necessitated a diagonalization of the full Hamiltonian. Figure 1.6 displays the
temperature dependence of the quantity 11 = D(T) + a(T). From it, one clearly sees
the discontinuity in D(T) which drops to zero at the first-order transition. There,
only the temperature-independent cubic splitting a persists. The figure makes it
19
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evident that D(T) is related to the order parameter of the ferroelectric transition
and the substitutional Fe3 + detects coherent displacements of intrinsic ions. D ==
bg == Bg has to vary linearly with the crystal-field potential V20 == &2 VI&; existing
only in the tetragonal phase. The latter depends linearly on the piezoelectric strain
of the crystal oa Ia, because the tetragonal phase results from the cubic structure
containing a center of inversion oal a ex p2(T). Thus one expects D(T) to vary
in proportion to the square of the polarization. This was verified by Rimai and
De Mars [1.57] as shown in Fig. 1.7; they obtained D == 1.6P2 Oerstedts if P is
measured in IlCoulomb/cm2 and D in units of 10-4 em-I. They also doped the
crystal intentionally with Gd3+ (s == 1) replacing a Ba2+ ion. The analysis is the
same as just described for Fe3+. The parameter also varies proportionally to oal a
and p 2 (T), as shown.
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Wemple [1.58] calculated the axial parameter in the presence of a lattice polarization assuming it results solely from the polarization-induced lattice strain c; ~
10- 3 p2. Then, using the measured proportionality to strain of D == 0.14 x c; [em-I]
for Fe3+ in MgO, he obtained D == 1.4p2. He also proved that this holds to within
20
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a factor of 2 for electric-field induced polarizations at 4.2 K iri cubic KTa03. As we
shall see in the next section, it was of importance that he used the values for MgO
where the Fe3+ is centered. Later, the relation D = 1.6P2 for Fe3+ was also found
to hold in tetragonal ferroelectric PbTi03 [1.59].
From these early studies, one can draw the following conclusions:
a) The large spliuings observed make EPR a sensitive probe of the occurrence
of structural changes, and one can also determine whether they are of first or
second order.
b) With EPR, investigations of the change in the order parameter as a function
of temperature are possible. At low temperatures, this is of importance for
ferroelectrics because the surface charges become so immobile that dielectric
measurements of the hysteresis loop can be hindered [1.60].
c) From EPR, the orientation and relative number of domains can readily be measured since the paramagnetic impurities are statistically distributed among them.
d) From the 0;:' symmetry axes, the local point symmetry can be determined.
1.4.2 Fe3+ and Gd3+ Spectra in Orthorhombic
and Rhombohedral BaTi03
Fe3+ in BaTi03 has subsequently been studied in the orthorhombic Cmm2 and
rhombohedral R3m phases by Sakudo [1.61] and by Sakudo and Unoki [l.62]. In
these phases six and eight domains occur, respectively; thus the spectra overlap so
much that they are difficult to analyze. The Japanese authors therefore biased their
samples with electric fields along the [110] and [111] cubic axes. In doing so, they
obtained samples with domains oriented parallel to the applied biasing fields. Their
results are summarized in Table 1.1 (the 9 value was constant; 9 = 2.0036). From
this table, a number of remarkable facts are seen: (i) the cubic-splitting constant
a ~ 0.01 cm- 1 does not vary by more than 10% across the phase changes. This
indicates that the Fe3+ always sees the same octahedral oxygen environment; (ii) most
important, the axial D == bg parameter changes sign on going from the tetrahedral to
the orthorhombic phase and no orthorhombic term E(S~ - S;) = b~O~ appears. The
z-axis of the og term is parallel to [100] and lies perpendicular to the polarization
axes [110]; and (iii) the axial D term in the rhombohedral phase is parallel to the
polariaztion (PII[lIl)), but its size is one to two orders of magnitude smaller than
in the tetragonal and orthorhombic phases, although the polarization is of the same
order in all polar phases [1.55].
Table 1.1. EPR parameters of Fe3+ in BaTi0:3
Cryslal
structure
Cubic
Tetragonal
Orthorhombic
Rhombohedral

Temp.

160°C
27°C
_60°C
-196°C

Ref.

[1.56]
[1.56]
[1.61]
[1.62]

a [cm- I ]

bg[cm- I ]

+0.0102
+0.0091
+0.0094
-+<>.0115

0
-+<>.0929
-0.0053
-0.0023

z-axis
direction

(IOO}IIP
(001} 1. P
(11l}IIP

Ref.

[1.63]
[1.63]
[1.63]

Centered Fe3+
computed bg [em-I]
-+<>.105 ± 0.025
-0.057 ± 0.014
-0.0083 ± 0.002

21
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Sakudo [1.61] discussed his results in terms of a model of consecutive ordering
of oxygen polarizations along [100] (tetragonal phase), [100] and [010] (orthorhombic), and finally [100], [010] and [001] (rhombohedral) directions. Later Takeda
reported on his Gd3+ studies in the lower two phases of BaTi03 [1.64]. He found, in
contrast to the Fe3+ results, axiallbgl terms, directed along (11O) and (lI1) axes, of
almost the same magnitude of 267 and 340 x 10- 4 cm- 1 , respectively, in the tetragonal phase. Thus, they are perfectly normal in their direction and magnitude to the
observed polarizations in the three phases. Takeda computed the field gradient for
Gd3+ resulting from the neighboring oxygen positions including their polarization,
as Sakudo did for Fe3+, the contributions from the TI4+ being small. He obtained
reasonable agreement on assuming oxygen polarizations parallel to (1l0) and (Ill),
but disagreement with the Sakudo model of polarizations parallel to (100).
Actually, Sakudo [1.61] had expressed some doubt about this interpretation, because, in the NMR results for KNb03, an orthorhombic nuclear quadrupole splitting
of the Nb nucleus was observed in the orthorhombic phase [1.65]. However, what
was not sufficiently known at the time was the sensitivity difference of EPR and
NMR to the inner electric field and covalency [1.66]. The EPR b~ parameter in
oxides is mainly determined by the next-neighbor positions, whereas the nuclear
quadrupole splitting is proportional to a slowly converging function of summations
of the individual monopole, dipole and even quadrupole contributions [1.67]. Thus,
NMR and EPR do not measure the same property even if the probing Fe3+ ion
were located exactly at the Ti4+ site. In the following, the successful use of the
superposition model to calculate the bi parameters with good numerical precision
is summarized.
Siegel and Muller [1.63] used this model for Fe3+ in BaTI03 to account for the
Fe3+ bi data of Table 1.1. It turned out that the Fe3+ participates in the collective
off-center Ti4+ displacement by no more than 10%, i.e., it remains approximately in
the center of the octahedron. In the last column of Table 1.1, computed values of b~
are listed using (1.8) without adjustable parameters. They were obtained with the
intrinsic constants ~(Ro) and t2 = 8 ± 1 from Fig. 1.2a, assuming a centered Fe3+ in
the octahedron and using for the oxygens their intrinsic positions as determined from
refined X-ray scattering analysis. Table 1.2 compiles the known experimental Fe3+
EPR parameters of PbTI03 in the tetragonal and KNb03 in the orthorhombic phase.
Note that with this analysis a near axial term with Z ..1 P in the orthorhombic
phase, i.e., b~ «:: bg, was obtained. In the rhombohedral BaTi03 phase, the oxygens
are located on an almost undistorted octahedron. As the Fe3+ is at its center, the axial
b~ term almost vanishes. The success of this analysis implies that the polarization

Table 1.2. EPR parameters of Fe3+ in PbTi03 and KNb03
Crystal

Structure

Temp.

Ref.

PbTi03
KNb03

tetragonal
orthorhombic

300K
300K

[1.59]
[1.68]

b~[cm-I]

z-axis
direction

+0.53 ± 0.02
(100) liP
0.18 ± 0.0011 (001) .L P
IbVDI =0.17

1+

22
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Centered Fe3+
computed b~ [em-I]

[1.63]
[1.63]
[1.63]

+0.58 ± 0.14
-0.15 ± 0.04
Ib~/ DI = 0.12 ± 0.1
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fields can be neglected as compared to the nearest-neighbor positions, owing to
ionic and covalent effects. It justifies the assumption of Wemple [1.58] in deriving
the D = 1.4p2 formula from polarization-induced strain only, neglecting the direct
polarization effect on the centered Fe3+ ion.
The reduced participation of the Fe3 + in the collective Ti4+ motion implies that
on doping, the transition temperature Tc of BaTi03 must be strongly depressed. This
property has indeed been found: a doping of 1% reduced Tc by 20°C [1.69]. The
Fe3+ contains five 3d electrons (3d s ) in antibonding or non bonding orbitals. They
impede bonding of the oxygen p electrons with the empty 3d orbitals, as is possible
in Ti4+ (3do) or Nb 4+ (4do). This points to the very origin offerroelectricity in oxides
containing ions with empty d orbitals. Of course, the size and charge of the ion are
also important. With regard to size, Zr4+ has empty 4d orbitals, configuration 4do,
like Nb s+, but suppresses Tc upon doping into BaTi03 , because its size of 0.79 A
is 0.11 A larger than that of Ti4+ or Nb s+. However, it depresses Tc less than Sn4+
with a radius of only 0.71 A but a full 4d1o shell [1.55]. This shows that for Zr4+
the empty 4d shell, which favors ferroelectricity, counteracts the suppressive effect
of the large size. However, coming back to Fe3+, its charge misfit also reduces its
participation in the cooperative motion. Indeed its effective charge with respect to
the lattice is -1. Thus the surrounding oxygens are repelled owing to this effect, as
also shown by calculations of Sangster [1.39]. This charge-misfit effect adds to that
of the half-filled 3d shell. As will be discussed in the next section, the charge misfit
also causes the Cr 3+ in BaTi03 to remain but barely centered despite the absence of
the two antibonding (e g )2 electrons, which are present in Fe3+. Finally, Mn4+ with
no charge misfit but the same electron configuration as Cr 3+ indeed follows the Ti4+
motion.

1.4.3 Cr 3 + in BaTi0 3 : A Centered Ion with a Flat Local Potential
There are two possible reasons why the Fe3+ at the Ti4+ site should be centered: the
charge misfit by minus one unit and the presence of two (eg ) antibonding orbitals.
To further elucidate the situation, it was decided to take another trivalent ion with
nearly the same ionic radius as Fe3+ but with a different 3d configuration. Cr 3+ is
such a ion, with a 3d 3 electron configuration compared to the 3d s of Fe3+. Whereas
Fe3+ in the high-spin configuration has its two subshells with tg and eg character
half-filled, e.g. (t2g)\ (e g )2, Cr 3+ has only the t2g subshells half-filled with (t2g)3 and
the eg shell empty. The (t2g)3 are essentially non bonding with their charge density
pointing midway between the repelling oxygen electron density.
To quantitatively investigate the Cr 3+ position in BaTi03 , a paramagnetic resonance study of Cr 3 + was carried out after doping a single crystal [1.70]. EPR spectra
were investigated in all four phases as a function of temperature. The spectra obtained
were very different from those observed for Fe3+ as far as the size of the splittings,
their sign and the orientation of the main magnetic axis in the orthorhombic phase
are concerned. In each ferroelectric phase (FEP), the largest splitting occurred along
the ferroelectric domain axis, i.e., a term of the form (1.14) with z along the (100),
(110) or (111) axis in the tetragonal, orthorhombic and rhombohedral phases, respectively. In the orthorhombic phase, a nonvanishing E(S; - S;) fine-structure

23
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1

1

Fig.I.S. Temperature dependence of D(T) in the three ferroelectric phases of BaTIO:!. The theoretical analysis is
based on (1.15) with f3 = 0.56G/K and 0' = 0.28Gcm4 /
(J.lC)2. From [1.70]
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splitting was also measured. The analysis of the main EPR crystal-field terms D(T)
in the Hamiltonian for the three FEP's between tOO K and the highest Tc could be
accounted for by just two terms for each phase, namely a term DP proportional to the
square of the lattice polarization P(T), and a large term, DT, linear in temperature,
with the latter being the same for all FEP's:
(1.15)
with i = t, 0, r denoting the tetragonal, orthorhombic and trigonal ferroelectric phases,
respectively, and fJ = 0.56 G/K.. Figure 1.8 reproduces the EPR D(T) values in
the three phases with the analysis according to (1.15) and at = 0.29 G cm 4/(pC)2
assumed the same for all phases.
The term proportional to p 2 (T) is direct evidence that the Cr 3+ remains centered.
However this is only barely so because the term linear in T, not observed for Fe3+, is
a sign of large local Cr 3+ fluctuations. These are confirmed by the low-temperature
behavior of D(T) between 4.2 and 100 K, which can be accounted for by an Einstein
model for the Cr 3+ with quite a low oscillator frequency of only 168 K, as compared
to the bulk. BaTi03 Debye temperature of () = 486 K.
The quantitative analysis of the observed b2' crystal-field terms was rendered
possible by the superposition model parameters for Cr 3+ in octahedral oxygen coordination, as reviewed in Sect. 1.2.4. The b2' terms were well accounted for as far
as sign and orientation of the magnetic axes are concerned. A satisfactory agreement regarding the magnitude could be reached by assuming the effective Cr 3+-0
24

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

396

Table 1.3. Comparison of cil+ EPR data in the three FEP's of BaTiO:! with two models
on the basis of the superposition model. From [1.70]
Phase

Experimental EPR data
(10-4 cm -!)

One parameter model!
(10-4 cm -l)

Centered modelz
(l0-4 cm -l)

Tetragonal

Dr = -199(2)
sgnDr = -sgnDt'
Dt' = +123(1)
Et' = +32 - E'[

Dr = -213(36)

Dr=-199

Dt' = +108(18)
Et' = -98(17)

Dt' = +115(19)
Ef = -101(17)

Df = +60(1)

Df = +83(14)

Df = +229(39)

Orthorhombic
Rhombohedral
I

Z

Deviation L1 the same as for Fe3+ in [1.14]
Dr used to determine Itzl.

distance to have shrunk by 0.02 A from the intrinsic six oxygen positions towards
the center. This can be regarded as a consequence of the large Cr 3+ ionic fluctuation towards the oxygens, absent for Fe3+. Thus, the absence of eg electrons for
Cr 3+ in BaTI03 does indeed render the potential considerably flatter than that for
Fe3+ in BaTi03, but the charge misfit suffices to keep the potential minimum at
the center of the octahedron. Table 1.3 reproduces the measured and computed spin
Hamiltonian constants. Note that the measured E(T) = E6 + EJ' = 32 x 10-4 cm- 1
requires an EJ' = 130 x 10-4 cm -1 fluctuation tenn, in agreement with the computed
E6 = -101 x 10-4 cm- 1 • This is reasonable because the deduced EJ' is comparable to DJ' in this phase. The fonner reflects thennal fluctuations along (001), the
latter along (110) directions. These fluctuation amplitudes of Cr 3+ in its octahedral
oxygen cage therefore appear to be comparable along (001) and (110).
The h exponent of the superposition model explaining the Hamiltonian parameters DT in the tetragonal and orthorhombic phases of BaTi03 is t2 = +0.38 ± 0.04.
It is of the same size as that obtained for SrTi03 but of opposite sign. For the latter
perovskite, t2 = -0.36 [1.14]. This proves that R > Rm in BaTi03, where Rm is
the R value for b(R) at the maximum. Thus the different sign of t2 in SrTi03 is experimental proof that the maximum of b(R) is near 1.967 A. The difference between
Rm and R is about the same for SrTI03 and BaTi03 but in opposite directions,
IR - Rm I ~ 0.015 A. On the other hand, were the oxygens surrounding the C~+ at
their intrinsic distance R ~ 2.003 A with Rm = 1.967 A, then (R - Rm) = 0.036 A,
that is the data are consistent with the above-mentioned effective inward relaxation.
A number of related studies in other ionic ferroelectrics have been made, for
instance, in boracites [1.71,72], where metal site symmetries could be identified
from Mn2+ spectra and a new structure for the monoclinic phase in Zn-Cl boracite
was proposed. When the local point symmetry lacks inversion, large linear shifts of
EPR lines have been observed as a function of external electric fields. An example
is the Gd2+ on a D2d site in tetragonal paraelectric SrTI03 [1.73,74].

25
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1.4.4 Mn4+ on Ferroelectric Ti4+ Sites:
Evidence for Intrinsic Low-Frequency Dynamics
In the preceding section, it was shown that the Cr 3+ EPR measurements give evidence that this ion remains centered in the oxygen octahedra (as does Fe3+) when
it is substituted for n4+ in BaTi03. As already mentioned, this is due to the repulsion by the negatively charged oxygens of the effective negative charge of the
triply charged ions [1.39]. This is not the case for Mn4+ ions, for which theoretical
calculations [1.75] indicate a ground-state energy similar to that of Ti4+. Therefore,
it could be anticipated that the Mn 4+ might be off-center just as the Ti4+.
To substantiate the theoretical predictions, EPR of Mn4+ in the rhombohedral
low-temperature phase of BaTi04 was carried out [1.76], see Fig. 1.9. The axial
crystal-field splitting IDI = 0.65 cm- 1 found for Mn4+ is much larger than that of
Cr 3+ in the rhombohedral phase, namely D = 0.023cm- 1 • One should note that
when the two ions occupy the same position, as they do in corundum, the spliuings
D are almost the same [1.4]. By using the superposition model in its truncated
version, the value of D can be estimated for different hypothetical positions of the
substitutional ion. By comparing the values of bg for Cr 3+, Fe3+ and Mn4+, agreement
with the observed experimental data is obtained by letting the Mn4+ sit in an offcenter position by ~ 0.14 A, near the intrinsic Ti4+ off-center position. Here we
mention that Bersuker, from vibronic theory, correctly predicted that the Ti4+ ions
lie off-center along (111) directions [1.77].
A remarkable feature of the EPR study is the absence of the Mn4+ EPR spectrum
in the high-temperature phases of BaTi03 when measuring at 19.3 and 13.0 GHz.
For this to occur, the Mn 4+ has to reorient with time constants of the order of 10-9
to 10- 10 s. If it reoriented faster, an average Mn 4+ spectrum should be observed. No
such spectrum has been detected when heating up to 800°C. Were the Mn4+ reorientation activated thermally according to an Arrhenius law, an averaged spectrum
should have been seen. Thus the reorientation time in the high-temperature phase has
to have a kT dependence that is much weaker than exponential. This argumentation
concerns the EPR dynamics due to the secular terms in the Hamiltonian and the
splittings for H directed near (111) where they are largest. For Hil (1 (0), the EPR
lines for all different z-directions (parallel (111)) coincide when the Hamiltonian is
purely axial. However, there is a strong line width anisotropy H(O) with lines much
larger for H perpendicular to a certain z-direction than for H parallel to z. These
anisotropies are partially due to secular terms of random amount proportional to
(S~ - 5;), but nonsecular contributions also appear to be present. The latter are
proportional to the spectral density of fluctuations J(I/) at frequency 1/ = g(3H/h.
This means that fluctuations with 1/ near 1010 Hz are important for the resonance
fields H. The Mn4+ with nearly the same atomic mass as Ti4+ follows its cooperative motion and allows its dynamics to be probed. A local mode of the Mn 4+ can be
excluded with certainty because in the nonferroelectric Srn03, the Mn4+ spectrum
is visible between 4 and 300K [1.78].
Since the EPR of Mn4+ is a reliable probe of the n4+ position and motion, this
resolves an important aspect of the statics and dynamics of the ferroelectric phase
transition in BaTi03 . In their X-ray work, Comes et al. [1.79] had concluded that
26
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of Mn4+ in rhombohedral BaTi~ at 4.2K and
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with permission from [1.79]. Copyright
1968 Pergamon Journals Ltd.

the Ti ion sits off-center along equivalent (111) directions in all phases: at rest
in the low-temperature phase, and motionally averaging over two equivalent (111)
directions in the orthorhombic, four in the tetragonal, and all eight (111) in the cubic
phase, see Fig. 1.10. The particular [111] displaced Ti ions are correlated along (100)
equivalent directions. Owing to these rather long correlated chains, the reorientation
has to be slow as deduced from the new Mn4+ EPR investigations [1.76]. Because
this motion is so slow, of the order of 10-9 s, it escaped observation by neutron,
Raman or equivalent scattering experiments but appears static to X-rays [1.79,80].
The reorientation times cannot be much slower than the time scale set by the cubic
crystalline splitting of Fe3+, ~ac ~ 10-9 s, because the EPR of Fe3+ is observed in
all phases of BaTi03. This is shown schematically in Table 1.4.
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Table 1.4. Schematic representation of observed and unobserved EPR of Mn4+ and Fe3+ in
the four phases of BaTi~. From [1.93)
Ion

Characteristic
time

Mn4+

10- 10 s
10- 9 s

Fe 3+

observed
observed

not observed
observed

not observed
observed

rhombohedral

orthorhombic

tetragonal

not observed
observed
·T

Phase

cubic

1.4.5 The EPR Parameter a of Fe3+ in BaTi0 3 and KNb03
The a parameters of Fe3+ shown in Table 1.1 for BaTi03 are about a factor of
2.5 smaller than those measured in normal cubic oxides with the same cation-anion
distance, Fig. 1.11. This fact and its possible implication remained unnoticed for
several years. In BaTi03, the soft ferroelectric mode is overdamped and anisotropic
in the cubic phase, as in KNb03, which shows the same set of three phase transitions.
Thus, the EPR of Fe3+ in KNb0 3 was investigated experimentally by Siegel et al.
[1.68]. The only phase for which results are available so far is at room temperature,
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i.e., the orthorhombic phase. It turned out that a is essentially the same as in BaTi03.
The measured parameters a in near-cubic oxides were shown to vary in a systematic
way as a function of the intrinsic lattice constant d [1.81]. They follow an a = aol d 6
law irrespective of the nominal charge of the ion which the Fe3+ replaces. Figure
LIla shows a values scaled by this law. The anomalously low value of a in BaTi03
and KNb03 is striking. It is further emphasized by EPR measurements of Rytz et
al. [1.82] in mixed crystals, KTal_xNbx03 for 0 ::; x ::; 0.15. Although the lattice
constant d remains essentially the same, the EPR parameter a decreases linearly with
x from the pure KTa03 value of 0.0305 cm- I and extrapolates to O.OlOcm- 1 for
pure KNb03. Interestingly, the ferroelectric transition temperature increases linearly
with x [1.83].
We can, with restrictions, take advantage of the empirical a(d) dependence to
obtain information about the local potential V(R) in which the octahedral ion sits:
We first compute, from a(d), how much larger deer in BaTi03 has to be than its
actual lattice constant d to observe a reduced by a factor of 2.5. From the power
law dependence of a on d, we get derri d = 2.5 1 / 6 = 1.17, i.e., the probing Fe3+ sees
the oxygens in BaTi03 at a distance 17% larger than it would be for an inert oxide.
Consider the anharmonicity of V(R) with R parallel to [111] with IRI R. It can
be parametrized as

=

V(R) = -AR2 + BIt

(1.16)

±J

with positive constants A and B. This potential has minima at Rm =
AI2B with
energy V m = (AI2)R;'. We now assume that the distance of the minimum Rm is
also larger by the same factor R m (BaTi0 3 )/R(I 0)= deerl d, where 10 stands for inert
cubic oxide. Of course, Rm =f d, but to lowest order their variation is proportional.
With this, we calculate for Vm = (AI2)R;, in BaTi03, Vm(BaTi03) = 1.34 Vm(lO),
a 34% enhanced anharmonicity ex 1lB. The same enhanced anharmonicity must also
be present in KNb0 3. The distinction between the limiting cases of displacive versus
order-disorder behavior at the transition temperature Tc is determined by whether
Vm ~ kTc (displacive), or Vm :::P kTc (order-disorder) [1.84].
At this point, the question arises of whether additional experiments can confirm
the conclusion reached above. This has indeed been true for recent measurements of
the pressure and temperature dependences of the cubic crystalline splitting parameter
a(p, T) [1.85] whose total differential is given by
da

= (:;) T dp +

( ; ; ) pdT

.

(1.17)

(Oaloph and (OaloT)p were first measured for Fe3+ and Mn2+; then using the
differentiated form of the equation of state V = V(P, T), where V is the volume,
Walsh et al. [1.86] obtained the relation
(1.18)

where

0:

= (l/d)(OdloT)p is the coefficient of linear thermal expansion, and
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(3 = -(3/rl)(8d/fJp)r the volume compressibility. The first tenn on the right-hand
side is the explicit volume effect, and the second the explicit temperature effect.
(fJa/ fJp)T and (fJa/ fJT)p have also been measured for Fe3+ in SrTi03 [1.87], and
more recently for KTa03 [1.88]. In the latter publication, Rytz et al. compared the
values obtained for Fe3+ and Mn 2+ in MgO as well as Fe3+ in SrTi03 and KTa03.
Two very interesting properties of a(p, T) were noticed. The explicit volume effect relative to a, reve, C3a/(3)(8lna/fJp)r, was, to within 6%, the same for all
four measurements, see Fig. 1.11b. The optical modes for either MgO, SrTi03 , or
KTa03, being underdamped, indicate quite hannonic potentials. The explicit temperature effect is negative in KTa03 and SrTi03, whereas it is positive for Mn 2+
and Fe3+ in MgO. Figure l.llc shows the relative explicit temperature effect, rete,
(fJln a/ fJT)v. It was pointed out in [1.88] that there are two contributions to the
explicit temperature effect
( fJa)
fJT v

~ +11 -

Tc
hCT - Tc?

(1.19)

a positive Debye contribution +it and a negative soft-mode contribution given by
- hTciCT - Tc)2. The retes, i.e. (l/a)C8a/8T)v shown in Fig.Ulc reflect this in
a clearer way. The values for Mn 2+ and Fe3+ in MgO are almost identical. In this
crystal, the soft-mode tenn is absent, whereas it is present in KTa03 and SrTi03.
The two rete values of KTa03 and SrTi03 are negative and comparable to each
other.
In Figs. 1.11b and c, the recent reve and rete values for BaTi03 are included and
marked by arrows from the average and zero lines, respectively. They were obtained
from the pressure and temperature dependences of a in the cubic and tetragonal
phases [1.85]. They show the following remarkable results: The explicit relative
volume effect is larger by a factor of 3.0 than for the other oxides, and confinns
the 34% enhanced anhannonicity of the Ti ion deduced from its absolute 2.5 times
reduced a value as compared to other oxides. The relative explicit temperature effect
(fJlna/fJT)v is positive, 4.5 times that in MgO, whereas it is negative in SrTi03
and KTa03 with underdamped soft modes. This giant positive rete masks a possible
negative soft-mode contribution of -2.0, and demonstrates the substantial orderdisorder character of BaTi03 with its more anhannonic potential.
Anhannonic dynamical lattice theory explains the soft mode and dielectric constants in the incipient ferroelectrics SrTi03 and KTa03, for example, in the work of
Cowley and Bruce [1.84], or more recently Migoni et al. [1.89]. However, the Fe3 +,
Cr 3+ and Mn4+ EPR findings make it questionable whether such a theory can quantitatively account for the three classic ferroelectric phase transitions in BaTi03 and
KNb0 3 • In fact, some dynamical results indicate that in BaTi03 and more clearly
in KNb03 the soft mode rather freezes out towards the orthorhombic-trigonal transitions [1.90], i.e., (111) displaced Ti(Nb) ions are involved. The Fe3+ EPR results
and also those on Mn 4+ make the theories based on electronic bands and densities
[1.91,92] appear at least as promising [1.93].
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1.5 Antiferrodistortive Transitions
Structural phase transitIOns in which the unit cell is at least doubled below Tc
are tenned antiferrodistortive [1.94], the most prominent examples of this variety
occurring in SrTi03 and LaAI03. Both have been used as model substances for
SPT, from the discovery of their transitions to the most recent results on critical and
multicritical phenomena. EPR has thereby played an important role. The EPR spectra
of Fe3+ ascertained the existence of a cubic-to-tetragonal transition near 100 K and
domains below Tc in SrTI03 three decades ago [1.15]. It was again EPR, both in
LaAI03 [1.95] in 1964 and in SrTi03 [1.96] in 1967, that allowed detennination
of the correct low-temperature space group. Furthennore, EPR directly disclosed
the basic rotational properties of oxygen octahedra in these compounds, first in
LaAI03 [1.95], then in SrTI03 [1.96]. By virtue of this property, the two phases
are closely related, and we review these results in Sects. 1.5.1 and 1.5.2 [1.97,98].
The temperature dependence of the rotational order parameter <p(T) was measured
in both compounds, and led to the first observation of static critical properties in
SPT's [1.99]. This work is included here because an early summary [1.2] is long
since out of print.
Subsequently, the importance of coupling the rotational order parameter to strains
in the critical regime was recognized [1.100]. An example is the fluctuation-induced
first-order transition that was shown to be restored to continuous by application
of a symmetry-breaking uniaxial stress [1.101]. In Sect. 1.5.3, we summarize some
important critical phenomena as studied by EPR, and finally, in Sect. 1.5.4, we review
the most recent findings for Gd3+ in PrAI03 which elucidated the lowest-temperature
SPT and the order parameter in the quantum regime.

1.5.1 The Cubic-to-Tetragonal Transformation in SrTi03
Both SrTi03 and LaAI03 crystallize in the AB0 3 perovskite structure as does
BaTi03, and are cubic at sufficiently high temperatures, see Fig. 1.5. SrTI03 was
thought to remain in this phase down to quite low temperatures, but in 1956
Griinicher [1.102] observed a slight anisotropy in the dielectric constant below
100 K. However, no splitting of X-ray lines was found. An analysis of the spectrum of Fe3+ substituting for Ti4+ was then carried out. In the cubic phase, the Fe3+
spectrum with S = ~ could be described by the spin Hamiltonian (1.6), the resonance pattern reflecting the cubic environment of the Fe3+ ions [1.15]. Below 100 K,
the fine structure ±! f--+ ±~ and ±~ f--+ ±~ transitions were observed to split for
magnetic-field directions along [100], but not for [111] directions. This necessitated
S(S + 1)1with z II (100). It was concluded
the introduction of the axial tenn D [S;
that SrTi03 undergoes a second-order phase transition near lOOK, and consists of
tetragonal domains below this temperature [1.15]. These findings were confinned by
an American group [1.103] as well as by the EPR of Mn 4+ (3d3 ) on Ti4+ sites [1.78]
and Gd3+ on S?+ sites [1.57]. It was noted in the first Fe3+ study [1.15] that the
transition may be typical for oxides crystallizing in the ABX3 perovskite structure.
The latter can be regarded as composed of positive A ions and negative, near-rigid

-1
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BX6 octahedra with common anion corners. Thus the octahedra can rotate about the
B ion, the rotation angle being proportional to the oxygen displacements. In SrTI03
this rotation occurs around [100] axes and was reported by Unoki and Sakudo [1.96]
(Fig. 1.12). One notes the correspondence with Buerger's model of an ideal distortive transition proposed in 1950 [1.104]. For a particular domain, owing to the
fourth-order term, there are two Fe3+ spectra which are rotated relative to each other
by 2i.p, the difference in Ti06 sublattice rotations. Because the short-range character
gives rise to the fourth-order term, the x, y and z directions in the Hamiltonian (1.2)
point along the corners of the rotated octahedra in Fig. 1.12.

Fig. 1.12. Oxygen octahedra rotated
around the tetragonal c-axis in SrTi03
below Tc. The presence of an Fe3+
substitutional defect is indicated.
From [1.1]

(1)

(2)

Fig.l.13. Angular dependence of resonance magnetic
fields of the +1/2 - t +3/2 (1) and -3/2 - t -5/2
(2) transitions in SrTi~ for H in a (100) plane at 77 K.
From [1.2]
30
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The angular dependences of the +~ -+ +~ and -~ -+ -~ transitions for a
rotation of H in a (lOO) plane near a [100] direction are shown in Fig. 1.13 at a
temperature of 77 K < Te. From Fig. 1.13, it is clear that i.p can be determined for
various temperatures at constant magnetic field by rotating the magnet. The rotation
from the line of one sublattice to the other then determines 2i.p absolutely. This
allows an accuracy of one tenth of an angular degree, the accuracy of the vernier of
32
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the magnet. By measuring the magnetic-field splitting of the two sublattice EPR lines
at fixed angle near maximum slope of the resonance fields versus angle, a relative
error of bt.p ~ 1/100 of an angular degree could be achieved. This corresponds to
an accuracy in the position of the oxygen atoms of bx = bt.p x d S!! 4 X 1O~4 A, with
d the titanium-oxygen distance d = 1.95 A. This precision in bx was, at the time,
more than one order of magnitude better than that of other methods.
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Fig. 1.14. (a) Temperature dependence of the
rotational parameter 'P in SrTiCh . From [1.1).
(b) Trigonal rotation angle of the Al06 octahedra in LaAICh as a function of temperature
below Ta. From [1.97)
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Figure 1.14a shows an earlier measurement of t.p as a function of temperature
and a fit to the microscopic theory of Feder and Pytte [1.105], which also accounts
for the soft-mode results investigated by inelastic-neutron scattering by Shirane and
Yamada [1.106] and Raman scattering by Fleury et al. [1.107] as well as elastic
measurements [1.108]. It should be noted that, in the plane of rotation, the Ti-O
distance for Tc - 30 < T < Tc remains constant [1.109], and thus the rotation angle
is the true order parameter of the transition.
From the Fe3+ spectra alone, it is not possible to detelmine the structure since the
periodicity of the rotational motion in planes parallel to the one shown in Fig. 1.12
remained open. Unoki and Sakudo [1.96] pointed out that the EPR spectra of Gd3+
ions at Sr2+ sites [1.57] showed an axial second-order D term lying along the c-axis.
This implies that octahedra on adjacent (100) planes rotate in opposite directions, i.e.,
33
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if in one (100) plane an octahedron rotates by +<p then the adjacent ones lying along
[100] directions rotate by -<po Thus from EPR alone it was possible to detennine the
low-temperature strucnlre to be Dl~, I/4rncrn. In the cubic phase, the periodicity
of this staggered rotation is described by a wave vector q = !
with a the
lattice constant. q lies at the R corner of the Brillouin zone [1.106,107]. The nonnal
coordinate for this motion is therefore

(!, !, !)

(1.20)

where TI are Ti 4 + lattice vectors. The rotation described so far around the [100]
direction can occur for T > Te around anyone of the [100], [010] and [001]
directions. The three basis vectors <P[OOI], <P[0I0], and <P[IOO] for this motion transfonn
as axial vector components. The mode is thus triply degenerate with R25 symmetry
[1.105] and becomes dynamically unstable at Te. WI is the soft mode of the transition.
1.5.2 The Cubic-to-Trigonal Phase Transition in LaAI03
a) Experimental Results. In this oxide, a rotation of alternate Al0 6 octahedra around
pseudocubic body diagonals occurs as shown in Fig. 1.15. These (Ill) rotations can
be described by a linear combination of the nonnal coordinates

1

'P[111]

= v'3 {'P[OOI] + 'P[0I0] + 'P[IOO]}

(1.21)

This shows how closely related the two low-temperature structures of SrTi03 and
LaAI03 are. Four such combinations are possible, corresponding to rotations along
the four pseudocubic body diagonals. Consequently in the low-temperature phase,
four domains are observed, whereas in SrTi03 there are three (along equivalent
(100) axes).
The alternate rotations were revealed by Fe3+ spectra at 300 K, and constituted
historically the first observation of this characteristic phase transition possible in
perovskite-type compounds [1.95]. Fe3+ ions are substitutional for Al3+ and require
no charge compensation. To the spin Hamiltonian (1.6), with inequivalent x, y, and

o La

Fig. 1.15. Rotations of the AI06 octahedra
under the R3c space group (for LaAI03).
From [Ll]

eAI
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z axes for two Al sites, uniaxial second- and fourth-order tenns have to be added
to analyze the data below Te. The fonner is D [s~ - ~ S(S + 1)] for both A13+ sites,
and ( is parallel to a pseudo-cubic (111) direction. The trigonal orientation of SZ, in
contrast to the spin operators in the fourth-order tenns which have components along
quarternary axes, demands a different technique for the absolute measurement of the
trigonal rotation angle. In SrTi03 this was achieved by a rotation of the external
magnetic field in a (100) plane. Here, the trigonal axis of a monodomain sample is
tilted by about 60° (for maximum sensitivity; the exact angle is not critical) to the
magnetic field, and then the sample is rotated around itself. This procedure was first
used by Geschwind [1.21] for trigonal AI 20 3:Fe3+.
EPR investigations of Gd3+ at La3+ sites [1.110,111] and NMR quadrupolar
splittings of 139La [1.95], which indicate that the La lattice sites are equivalent,
allowed an assignment to the R3c [1.22,95] rather than to the R3c structure based
on alternate octahedral rotation alone. Earlier X-ray extinction could not discriminate
between R3m and R3c, but had shown this crystal to be rhombohedral from below
about 700 K to 300 K [1.112]. In a hexagonal triple cell, for a rotation ~[1I11 of the
AI06 octahedra, the oxygen parameter :r. is

x=![1±3-1/2tan~[lll]]

(1.22)

and agrees with that obtained from a neutron-diffraction study at room temperature
[1.113]. An extended EPR investigation of Fe3+ determined ~[lll](T) as well as D(T)
from the phase transition at Te = 800±10K down t04.2K [1.97] where ~[1l11 = 6.2°.
This transition is the only one observed. Te agrees with X-ray diffraction results
[1.114] and was confirmed by differential thermal analysis (DTA) measurements
[1.115].
The low-temperature structures of SrTi03 and LaAI03 retain their inversion
symmetry. It readily follows that the EPR parameter D must in both cases depend
quadratically upon the rotational parameter. In the classical Landau theory, the temperature dependence of the latter is proportional to (Te - T)1/2, thus D ~ (Te - T).
This linear dependence is observed over a large temperature interval in the experiments on LaAI03 except near Te [1.95] (see also Fig. 1.17). The same behavior is
also found for the NMR quadrupole splitting of 139La and 23 Al [1.116] over that
interval.
The static displacements in the R3c phase of LaAI03 are a linear combination
of nonnal coordinates of SrTi03. Therefore the soft mode which freezes-out in
the cubic phase is the same R 25 mode. Cochran and Zia [1.117], in their analysis
based on the LaAI03 EPR results, were the first to recognize the importance of
this mode. It was detected by Axe et al. with inelastic neutron diffraction [1.118].
In the low-temperature rhombohedral phase where the modes are again split, Scott
[1.119] observed them by Raman scattering. Away from the neighborhood of Tel all
experimental information is accounted for by the theory of Pytte and Feder [1.105].
b) Landau Theory. To close this section, we want to relate the SrTi03 and LaAI03
transitions and assess the microscopic theory mentioned [1.105]. We do so by using
a free-energy expression based on crystal symmetry. Such a Landau expression can
describe the nature of the transition and the soft modes [1.98,120]. In a more recent
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fonn it is written as [1.100, 121]
E

= Er,(T) + arT)

t~; + b(T)

(t 'Pi)' t ~1

(1.23)

+«T)

The indices 1,2 and 3 of the nonnal coordinates are short-hand notations for [100],
[010] and [001]. In such a Landau expression, the coefficient a(T) changes sign
at Tc and varies linearly with T as a(T) = a(T - Tc). This is a direct result of
the anharmonicity of the lattice. The coefficients b(T) and c(T) are not strongly
temperature dependent. They vary by about 10% according to [1.105], and represent
the isotropic and anisotropic parts of the anharmonic potential, respectively. Eo(T)
contains all other degrees of freedom of the lattice.
The equilibrium states of the crystal are obtained by minimizing E(T) with respect to the CPi, BE / BCPi = 0. For b(T) > 0, a second- and for b(T) < a first-order
transition is found. For a constant cP = (cpi+cp~+cpDl/2 and c(T) < 0, the fourth-order
expression c(T) (cpt + cP~ + cp~) has minima at points cp = (±cptt, 0, 0), (0, ±CPtt, 0)
and (0,0, ±CPtt) and maxima at cP = (l/V3)(±cptr. ±CPtr. ±CPtr) with all sign combinations. Thus, depending on the sign of the fourth-order tenn c(T), only tetragonal
or trigonal (rhombohedral, c(T) > 0) symmetries, respectively, are compatible with
this model. Thus SrTI03 and LaAI03 just realize the two possibilities. The minimization procedure yields cP ex (T - T tr )1/2 for the rotational parameter, with T tr the
transition temperature. The soft modes are found by solving the dynamical matrix

°

2

MWjbij

&E
= -",,-UCPiCPj

(i, j

= 1, 2,3)

(1.24)

Coupling to other degrees of freedom, in particular static elastic defonnations Cij,
can be taken into account by adding coupling tenns C ijCPiCP j to (1.23) as well as the
strain energy with tenns of the fonn c7j and CijC!m' Minimizing E with respect to
strains BE / BCij yields the strains as a function of the normal coordinates and the
coupling constants involved. Thus, the strains can be eliminated and E renormalized
to the fonn (1.23) with changed constants a', b' and c'. Slonczewski [1.122] considered the interaction with uniaxial stress in the phenomenological Landau model.
To the renonnalized Hamiltonian (1.23), two terms have to be added by symmetry.
Neglecting hydrostatic pressure, these are

de LTii (3cp; - cp2) + d f LTi)'PiCPj
.
i<j

(1.25)

where Tij is the applied stress tensor.
The microscopic theory [1.105] yields the temperature-dependent constants of the
Landau model. They are functions of the temperature-independent local octahedral
second- and fourth-order potentials, the moment of inertia of the octahedra, the
coupling between them and between the rotational and acoustic modes, and the
rotational correlation functions which are temperature dependent. Comparison of
both theories with static and dynamic experiments as a function of temperature places
LaAI03 well in the trigonal phase, whereas SrTi03 is a borderline case between
the tetragonal and trigonal phase. Therefore, trigonal-mechanical [111] stress can
36
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induce the R3c phase in SrTi03. We shall come back to this realization in Sect. 1.6
on multicritical points. Expressions (1.23) and (1.25) contain no spatial dependence
!.pi(:C). In the microscopic theory it is in principle there, but for the correlation
functions involved, averages over q space were taken. As we shall see, these c.p of :c
dependencies are important for the critical phenomena and the fluctuations occurring
near T tr , as will be discussed in the next two sections.
1.5.3 Critical Phenomena
Displacive phase transitions including the ferroelectric ones were analyzed two
decades ago with the help of Landau potentials [1.123], or with microscopic theories
using the mean-field approximation [1.105]. Near the transition temperature Te , both
yield a square-root dependence (exponent (3 = 1/2) of the displacive order parameter as a function of temperature difference IT - Te I for T < Te. The calculated
susceptibility X diverges as the inverse of the latter quantity (exponent 'Y = 1), and
the specific heat shows a jump Llcp (exponent a = 0). Deviations from these laws
have long been found experimentally for gas-fluid and magnetic systems as well as
quantum fluids near the critical point terminating a first-order phase boundary, i.e.,
where a second-order transition occurs with (3 ~ t, 'Y > 1, 0'10 [1.124]. They
result from correlated fluctuations of the order parameter, whereas the Landau potential is correct for uncorrelated fluctuations with a Gaussian distribution (Gaussian
model) [1.125]. The deviation from Landau theory becomes appreciable when the
length of the correlated fluctuations ~ ex XI/2 ex (T - Te )-1/2 exceeds the range
,\ of the forces. For ferroelectrics with their long-range forces, this was estimated
by Ginzburg [1.126] to occur so close to Te that no deviation is experimentally
detectable.
As systems displaying critical behavior near SPT's, SrTi03 and LaAI03 are
particularly good examples because
a) their antiferrodistortive rotational transitions, i.e., Brillouin-zone R-boundary
soft modes, imply a cancellation of long-range axial dipolar electric forces.
This would then be analogous to the known cancellation of dipolar magnetic
forces in antiferromagnets [1.127,128].
b) Both crystals undergo second-order phase transitions, whereas most displacive
antiferroelectric transitions are first order.
c) With EPR, the accuracy attainable in measuring the rotational order parameter
!.p(T) of I~O of a degree on oxygen displacements of 4 x 10- 4 A was one order
of magnitude more accurate than that of such techniques as X-ray or inelastic
neutron scattering.
The outcome of the measurements is shown in Fig. 1.16a for SrTi03 where
!.p(t)I/3 is plotted as a function of T for two data sets; one obtained for the "cubic"

Fe3+, the other for the Fe3+ - Vo center (to be discussed later). An almost straight line
was obtained for (3 = 0.33. From Fig. 1.16a, one sees that from t = 1 to t = 0.94 the
first 18 points follow the straight line, but afterwards they deviate upwards (towards
larger (3).
37

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

409

Tc = 105.5 K

1.0

(b)

(a)

(Degree']

[em -'12]

•
o

Fe'·

•

Fe'+-Vo

6

2

o+--.-----,-~-,--.-~-.--~---,---'\

0.90

0.95

-

1.0

0.95

1.0

t

t

--+-

Fig. 1.16. (a) The cube of the rotational parameter 'P versus reduced temperature t = T ITc in SrTi0:3.
(b) EPR parameter D 3 / 2 versus reduced temperature t in LaAI03. From [1.99]

In LaAI03, detennination of r.p necessitates a rotation of the monodomain sample
around the domain axis (inclined by ~ 60° to the magnetic field) and is far too
inaccurate [1.97]. However, the crystalline field parameter D has been detennined
quite precisely. It reflects the local distortion of the octahedra along the trigonal
axis. Near Te , for small values, D must be proportional to r.p2 because the trigonal
R3c structure has a center of inversion. Therefore, assuming 1/ f3 close to 3, as in
SrTi03, D 3 / 2 should be proportional to t. In Fig. 1.16b, this is seen to hold for the
first seven points down to t = 0.94 with Te = 797 K for our sample. A least-squares
fit for these gave 1/ f3 = 3.03 [1.99]. X-ray intensity [1.114] and nuclear magnetic
quadrupolar splittings of 23 Al and 139La nuclei [1.116] are proportional to the EPR
D(T) parameter, and support the existence of a critical regime. They are, however,
a factor of 3-5 less accurate.
To obtain the limit at which the behavior becomes classical, r.p2 of SrTi03 and D
of LaAI03 were plotted as a function of t in Fig. 1.17. It is seen that a Landau-like
straight-line behavior is approximately followed between 0 .7 ::; t ::; 0.9 in both
systems. At te ~ 0.9 or 1 - tc ~ 0.1, the bending-down from the almost straight
line becomes noticeable. There, the fluctuations r.p(t) - (r.p(t)} are of the order of the
mean displacement (r.p(t)} and have been estimated by Ginzburg [1.126] using the
Landau approach and including a correlation tenn of the fonn

From his work, one obtains the approximate relation
38
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6

where Llc p = 8.1 X 10- 4 cal/deg is the specific heat jump, if the system is described
by the classical potential [1.120,129] and e = 5.13 gcm- 3. Equation (1.26) defines
a zero-temperature coherence length 1. One obtains 1 ':::' 10--17 A. As expected, this
is of the order of the estimated range of forces, i.e. the distance between equivalent
octahedral units of 8 A.
It is remarkable (Fig. 1.17) how well the critical exponents coincide in magnitude
for SrTi03 and LaAl03, despite one crystal being tetragonal and the other trigonal.
The rotation angle at T = 0 is 2.10 in the former and 6.20 in the latter (Fig. 1.14). In
addition, the transition temperature for LaAl03 (Tc ':::' 800 K) is almost eight times
higher than that of SrTi03 (105.5 K). Thus the behavior of the rotational parameters
does indeed scale for these two second-order displacive transitions. Furthermore, t.p2
(SrTi03) and D (LaAI0 3 ) are proportional to each other to an appreciable extent,
also outside the critical region.
These facts were not at first understood theoretically until it was recognized by
Aharony and Bruce [1.100,130] that they resulted from sample preparation. Proper
shaping of crystals has led to strained samples which become almost monodomain
below the phase transitions: to a {l00} domain in SrTi03 [1.131] and a {Ill}
domain in LaAl03. These samples allowed a much higher accuracy in the determination of t.p(T). Thus, the order-parameter dimensionality was n = 1 rather than
n = 3 for a polydomain sample, and the Landau-Ginzburg-Wi/son (LGW) Hamiltonian in renormalization-group (RG) notation from (1.23) for i = 1 including the
gradient term reads [1.128,130]

(1.27)
The renormalization of 'HI yields the well-known value of

/31

= 0.315 and was
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within the error limits of the experiment, 0.32 ± 0.02. EPR linewidth anisotropy
measurements confirmed the axial anisotropic Ising character of the fluctuation of
the monodomain samples of SrTi03. Furthermore, the specific heat exponent for
such samples was measured to be 0.25 < a < 0.08 and bracketed the Ising value
of a = 0.125 [1.132].
From Figs. 1.16 and 1.17, it is apparent that a crossing-over to mean-field behavior occurS in SrTi03 and LaAI03. This appears to be one of the very few instances
where this has been observed for d = 3. A theory giving an analytical expression
was only published later [1.133]. Renormalization-group theory yields a correction
to scaling close to Tc of the form:
(1.28)
Assuming 131 = 0.315, a correction exponent 1 > x > 0.5 was obtained [1.134],
confirming recursion-relation calculations of x ~ 0.64 [1.135] rather than others
yielding x = 0.5 [1.136,137].
Later, well-annealed and carefully etched polydomain SrTi03 samples were also
measured with EPR; the second-order character of the transition was therewith confirmed [1.138]. These experiments gave a critical exponent of the order parameter
of 13 = 0.40 ± 0.03 [1.139], definitely higher than that found with monodomain
samples and in agreement with the first RG results for SPT [1.140] obtained after
the discovery of critical phenomena by EPR. These RG calculations used an n = 3
system appropriate for an unstrained crystal with a full cubic LGW Hamiltonian of
the form:

1i.

t

~ 1{~ fro ~i(Z)' + ~ (t ~i('))'l t[~i(.)J'
+

c[V~(z)l' - f

+v

t (~~: )'}

(129)

The f term takes into account the cubic anisotropy of the fluctuations. These can be
quite large in perovskites wht::re octahedral rotations in one (100) plane (Fig. 1.12)
are possible with hardly any correlation to the next (l00) plane, in which case f
approaches 1. It has been shown that for f not too close to 1, as is the case for
SrTi03, and v < 0 from NMR results [1.141], f and u are irrelevant variables under
renormalization, i.e., f, v -+ 0, and a stable isotropic Heisenberg fixed point of the
Hamiltonian with u > 0 exists for which 13 ~ 0.38.
In Figs.1.16a and 1.17, EPR rotation-angle measurements with the Fe3+-V o
center are also shown. This center consists of a trivalent Fe3 + impurity substituting
for a Ti4+ ion with a nearest-neighbor oxygen vacancy Vo [1.12]. The center is also
known to exist in other AB0 3 crystals of the perovskite structure, and Me-V0 pairs
have been shown to occur for other transition-metal Me2+ and Me3+ ions as well.
Because of the oxygen vacancy, a strong axial crystal field exists at the Fe3+ site
whose axis is directed along the Fe3+-V0 pair-center axis. Thus a large EPR D term
of 1.4cm- 1 results. Using the Newman superposition model [see (1.8)], the local
shifts of the ions could be inferred. It was shown that the Me ions (Fe3+ or Mn2+)
40
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move by about 0.2 A towards the oxygen vacancy [1.63]. The large D term yields a
much stronger anisotropy of the EPR lines than the Fe3+ cubic center for rotations
r.p perpendicular to the Fe-Vo axis [1.63]. From Fig. 1.17, one sees that the intrinsic
rotation '-P and that of the Fe3+-Vo center are closely proportional to each other.
Thus the Fe3+-Vo center does indeed represent intrinsic local rotational properties.
The proportionality constant is given by '-P = (1.59 ± 0.02)<p, i.e. <p is smaller than
the intrinsic '-P due to the local shift of the ions. This center was first employed to
detect fluctuations in '-P and to determine their anisotropy.
It was originally intended to include here a section on fluctuations and nonlinear
phenomena as probed by EPR, with particular reference to the central peak phenomena. However, this has since been published, first in two lectures given in Norway
[1.142] and then as an update in a more general context [1.143].

1.5.4 Order-Parameter Behavior in PrAtO)
In the article of Fleury and Lyons in Chap. 2 of Vol. I of this series [1.144], the
structural phase transitions in PrAI03 were presented Since the writing of their
article in 1980, EPR has been able to clarify the behavior of the rotation axis of the
AI06 octahedra below 120 K. Therefore we end this section by summarizing these
findings [1.145].
Below room temperature, PrAI03 undergoes several phase transitions not found
in other perovskite compounds. In particular, the transitions at 205 and 151 K involve directional changes of the rotation axis of the AI0 6 octahedra towards different
cubic axis, and result from the competition between R Z5-phonon-W+ -4 f-electron
interactions [1.146]. Figure 1.18 illustrates the sequence of structural phase transitions in PrAI03 . As in LaAI03, a second-order transition from a cubic perovskite to
a trigonal phase occurs at 1320 K due to the condensation of the RZ5 zone-boundary
phonon mode. This phase persists down to 205 K, and the Al0 6 octahedra are rotated

• 0
[ 111]

[101]

205K<T<1320K

151 K<T<205K

IIS.5K<T<151 K

T < IIS.5K

Fig. 1.18. The perovskite unit cell and the direction of the rotation axis of the octahedra in the various
phases of PrAI03; <pI = 7r /4 - <p and 0 f 0 for T < 118.5 K. From [1.145]
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by an angle ~ 9 0 about a [111] direction in a staggered fashion which is constant
below 300 K. Cooling past 205 K, a first-order transition to an orthorhombic structure occurs, and the rotation axis for the AI06 octahedra jumps to a [101] direction.
A second-order transition to a monoclinic structure takes place at 151 K, and the
rotation axis moves continuously from the [101] towards the [001] direction below
that temperature. This transition is a prototype of the cooperative lahn-Teller effect
involving a single electronic mode [1.147].
Some experimental evidence for another transition at 118.5 K has been reported
in Brillouin scattering experiments [1.148], in Raman studies [1.146], and in EPR
measurements [1.149]. On the basis of their data Fleury et al. [1.148] conjectured
that the driving mechanism for this transition was the softening of a transverse acoustic phonon with strain as the sole order parameter. Harley subsequently proposed
[1.146b] that the data could be explained by a linear coupling of an acoustic mode to
the temperature-dependent optical modes in question. Below 151 K, the rotation axis
of the AI0 6 octahedra lies in the (010) plane. In Harley's model, this axis would lift
out of the (010) plane by an angle n below 118.5 K but would continue to approach
[001] asymptotically. A confirmation of Harley's suggestion for the mechanism of
the 118.5 K transition itself was presented using EPR techniques of Gd3 + ions substituted for Pf3+ in PrAI03 , but the asymptotic behavior for T --+ 0 is unexpectedly
different [1.145].
The Hamiltonian of the Gd3+ ion used has been given in (1.6) and (1.14). Out of
the seven transitions of the Gd3+ in PrAI03 , the -~ --+ -~ resonance line was used
to determine the order parameter, which is the direction of the axis about which
the octahedra rotated. This direction is expressed in terms of the angle c.p, varying
between 45 0 and 0 0 as the rotation axis swings from the [101] towards the [001]
crystal direction in the monoclinic phase in the (010) plane. The magnetic field was
rotated in this plane and the EPR Hamiltonian z-axis then swings by an angle 8
from 0 0 to 45 0 according to cot28 = 0.80 tan 2c.p as found by Sturge [1.149]. The
-~ --+ -~ resonance line was chosen for its sensitivity to angular variation of the
field and the ability to follow and distinguish the line from the other resonances as
the temperature and field position are varied.
Between 151 and 118.5 K, a characteristic splitting of lines called "c.p" was observed due to (010) in-plane domains. An un split line is observed for domains
whose octahedral rotation direction lies in (100) and (001) planes. Upon cooling
below 118.5 K, this line was found to split by an amount ",1". Because the '\1'''
lines remained unsplit, symmetry arguments indicate that the ",1" splitting observed
for (100) and (001) in-plane domains is due to a tilting of the octahedral axis out of
these planes and not to a deformation of the entire crystal as proposed by Fleury et
al. [1.148]. This conclusion was verified by setting the magnetic field parallel to the
[001] direction, the crystal was then rotated in such a way that the magnetic field
moved out of the (010) plane, in which it was rotated before, i.e., it was now moved
in a (100) plane. In doing so, no splitting of the degenerate "c.p" lines was observed,
as a deformation of the entire crystal order would have caused. Only a displacement
in the magnetic field was detected. This confirmed the Harley model.
Near HII [101], the ",1" lines are almost parallel to each other as a function
of H, and the angle ,1 of the z-axis of the Hamiltonian measured from the [011]
42
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Fig. 1.19. Temperature dependence of the order parameter as obtained from the tilt-angle measurement
(_) together with the fitted splitting (0) from the ".:1" lines below the lowest phase transition at 118.5K
in PrAI03. Note the finite value of 1.9° in the quantum region. The line is guide to the eye. From [1.145]

direction could be extracted. Then using the relation
cot 2.::1

= 0.80 tan 2Q

analogous to what Sturge [1.149] found to hold between the Hamiltonian z-axis angle
e and the order-parameter angle <p above 118.5 K, Q was computed from these
measurements. Q is shown by squares in Fig. 1.19. The circles have been scaled
from the magnetic ".::1" splittings to which they are proportional. The rotation axis
gradually tilts out of the (010) plane below 118.5 K down to ~ 100 K, and goes back
towards the (010) plane with a further decrease in temperature without achieving
a complete recovery at 4.2 K. Because the tilt angle Q(T) becomes temperature
independent below 80 K, one is most probably in the quantum regime of the system.
Thus the PrAI03:Gd3+ study not only verified the Harley model for the 118.5 K
transition of a tilt of the AI06 rotation axis out of the (010) plane, but also yielded
unforeseen behavior in the quantum regime [1.145].

1.6 Experiments on Multicritical Points
1.6.1 Introduction

Multicritical points (MPC's) with different topologies can occur for a variety of
reasons. Consider the isotropic Landau-Ginzburg-Wilson Hamiltonian 1-{ derived
from (1.29) by putting v = f = O. If u vanishes, a tricritical point results, and the
nonvanishing higher-order terms, h.o., then stabilize 1-{. Another class of multicritical
points will occur if the symmetry of 1-{ is broken, for example, by a uniform external
field in an antiferromagnetic system, as emphasized at an early stage by Fisher et
al. [1.150,151].
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At a tricritical point, a line of first-order transitions changes character to second
order. A mixed-crystal KTal-xNbx03 study by Todd showed for x = 0.30 the first
clear evidence of a para-ferroelectric tricritical point [1.152]. Upon application of
hydrostatic pressure, this has also been shown to occur in the KH2 P0 4 ferroelectric
crystal by Schmidt et al. [1.153]. The tricritical behavior can be accounted for by
mean-field theory in three lattice dimensions, d = 3, especially in ferroelectrics
because of the large range of dipolar forces and in part due to coupling between
acoustic and optical modes. On the other hand, if the forces are short range, clear
deviations from mean-field behavior will be observed near multicritical points of
structural phase transitions. These result ftom breaking the symmetry by uniaxial
stress as predicted by Bruce and Aharony from renormalization-group calculations
[1.130]. EPR has concentrated on such experiments which in turn allowed one to
check the RG results.
The predictions and experiments to be summarized here are concerned with
the SPT's of ABX3 compounds crystallizing in the perovskite structure. The first
crystals investigated were SrTi03 and LaAI03, traditionally model substances for
SPT's, see Sect. 1.5. Since the high-symmetry phase is cubic rather than isotropic in
(1.29), v and f can be different from zero. A stress P can only couple quadratically
to the order parameter because below the phase transition, the crystals retain their
inversion symmetry. The symmetry-breaking term Hsb thus has the form Pij'Pi'Pj,
see especially Sect. 1.5.2b, and the total Hamiltonian is
3

Ht

=

He + Hsb

=

He + LPij'Pi'Pj

(1.30)

ij=!

For example, for a uniaxial stress P along [100], the last term in this expression becomes 9 ['Pi - H'P~+'Pd] with 1,2,3 meaning [100], [010], and [001], respectively,
and 9 = Cp [1.130].
In the following sections, multicritical points observed under high symmetry
stresses in the two oxides mentioned as well as in RbCaF3 and KMnF3 are reviewed. We begin with the easiest case, the bicritical one. Here, two second-order
critical lines meet at the MCP. Bicritical points have been observed in SrTi03 and
LaAI03 by applying uniaxial stress along their respective [100] and [111] crystal axes. In Sect. 1.6.3, tetracritical behavior in LaAI03 and the Potts transition in
SrTi03 are summarized. These result from applying tetragonal stress to LaAI03 and
trigonal stress to SrTi03, i.e., with the stress symmetry axis reversed compared to
the experiments described in Sect. 1.6.2. Section 1.6.4 reviews the most sophisticated MCP behavior realized: a tricritical Lifshitz point in RbCaF3. Finally, the first
observations of a critical end point in RbCaF3 are discussed. The latter occurs when
a second-order phase boundary ends on a first-order line.

1.6.2 Bicritical Points in SrTi0 3 and LaAI0 3
In SrTi03, the rotation of oxygen octahedra induces an elongation along the tetragonal c-axis below the phase transition [1.1,109]. Thus, pulling along a particular
[100] direction or pushing along a [011] axis favors this particular {100} domain
44
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over the other two as observed quite early [1.131]. Because of this coupling Te(P)
is enhanced. Pushing along [loo] favors the two {OlO} and {ool} domains, again
enhancing Te(P). In mean field, this shift is linear in P and the couplings Cij in (1.30)
were detennined from ultrasound measurements [1.154]. The two phase boundaries
are second order and merge in a bicritical point as emphasized by Bruce and Aharony
[1.130], who also considered the critical regime close to Te. They predicted a tangential merging of the boundaries Te(P) with a departure from linearity, according
to
(1.31)
where 4> is the so-called shift exponent. For the lines separating the cubic from the
two low-temperature phases, the exponent is 4> = 1.25 from scaling. Qualitative EPR
Fe3+ linewidth measurements confinned the bicritical regime [1.134]. Later, more
quantitative ultrasound experiments by Rehwald [1.155] and accurate specific-heat
measurements of Te(P) for (loo) stress by Stokka and Fossheim [1.156] yielded
4> = 1.27 ± 0.06, in very good agreement with the prediction. Figure 1.20a shows
the Norwegians' results.
In LaAI03, rotation of the octahedra entails a rhombic angle larger than 90°
[1.110], i.e., LaAI03 shrinks along the trigonal axis below Te. Thus compression
along a [111] direction yields one {111} domain and an n = 1 Ising line. Pulling
leaves three equivalent {Ill} domains whose order parameters are linearly dependent upon one another. The resulting second-order boundary is an n = 2 XY line
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like that of SrTi03. Because Tc of LaAI03 is near 800 K, application of stress was
not an easy task, especially as the accuracy in temperature had to be of the order
of 10- 5 • An EPR experiment using ci3+ as a symmetry probe on A1 3+ lattice sites
determined Tc (Pl1t} for compressional Pl1t stresses [1.157]. The cavity especially
developed for this purpose, see Fig. 1.4, is discussed in Sect. 1.3.2. The result is
shown in Fig. 1.20b, again for the compressional branch of the diagram. The shift
exponent determined in this manner was 4> = 1.31 ± 0.07 in gratifying agreement
with the SrTi03 results. Thus, one can assert that the bicritical behavior is well
understood under conditions where the compressional stress is applied along the
low-temperature domain axes.

1.6.3 Phases Induced by Competing Forces
Upon application of uniaxial stresses with a symmetry different from that of the
genuine low-temperature phase of a system, other and new phases are induced. An
experiment of this kind was actually the very first of all symmetry-breaking ones
carried out; it involved [111] stress applied to SrTi03. In the Hamiltonian (1.29),
v for SrTi03 is negative but small [1.122]. Thus a trigonal LaAI03-type phase
was expected to occur from mean-field theory (MFT) and was indeed observed. In
Fig. 1.21, the phase diagram as probed by the EPR of Fe3+ [1.158] is reproduced.
Without uniaxial P111 stress, the known cubic O~ to tetragonal 14 mcm transition
takes place upon cooling. For modest Pllt t= 0, a second-order transition to the trigonal LaAI03 phase is observed with monodomain, n = 1, character. Upon further
cooling, the crystal wants to become tetragonal and a first-order transition to domains with components {xyy}, {yxy} and {yyx} of the rotation vector is observed.
This phase diagram was accounted for by an independently determined Landau potential outside the critical regime [1.158]. Then it was recognized by Aharony et
al. [1.159] that the first-order line was a realization of a three-state Potts transition
not previously known in nature. This is because the three above-mentioned domains
are reorientable by 120° rotations around the stress axis, but cannot be reversed.
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RG theory predicted the jump in order parameter Oip at the boundary to be strongly
renormalized by critical fluctuations with Oip ex (ip111)o* and 0* = 0.56 [1.160], as
compared with the MFf 0* = 1 value. The experiment yielded 0* = 0.62 ± 0.06,
and can indeed be considered satisfactory.
Whereas the trigonal R3c phase in SrTi03 results from compressing the crystal
along [111], the tetragonal 14 mcm phase in LaAI03 should occur under tensile
stress along a [100] direction [1.130]. However, this has to be done at 800K and
has not yet been carried out. On the other hand, a {1I0} phase was predicted for
compression parallel to [001]. In this phase, the AI06 octahedra rotate around the
[110] direction. EPR of the Fe3+ substitutional on A1 3+ sites verified this as correct.
The phase diagram from this study is reproduced in Fig. 1.22 [1.157]. A secondorder line Tl separates the cubic ('P = 0) from the {II O} phase. (It was the first
second-order transition to a {ItO} phase ever reported.) This phase is adjacent to
an intermediate phase with {yyx}, x < y, order-parameter components. At the T2
phase boundary shown, the y-component continuously increases from zero. Below
Tc and for zero stress, x = y, i.e., one is in the trigonal R3c phase described earlier.
For tensile stresses x > y, the intermediate phasse continues until at a transition
T2, y = 0 and the {001} phase is reached. The latter vanishes at a second-order
boundary T{ > Tc not shown. Thus, four phases and four second-order lines meet at
the MCP, i.e., one has a tetracritical point of which the upper part with PoOl > 0 has
been experimentally verified. The precision of the data which served to construct the
diagram of Fig. 1.22 was much less accurate than that of those shown in Fig. 1.20b,
but later unpublished experiments have clearly revealed the critical behavior of Tl
and T2 near the MCP.
15

Fig. 1.22. Experimental phase boundaries of
LaAl03 under [001] stress. Adapted from

•

[l.1]

[110] PHASE

N
E 10

ir
g

PSEUDO-CUBIC

5

Co

T-Tc.(K)

-150
OL-~

-50
____-100
- L______L-____

~

50______
100
150
____
L-____- L ~

Data on multicritical behavior of [1 iO]-stressed LaAI03 have also been obtained
[1.161] and so far indicate bicritical behavior, whereas according to Blankschtein
and Aharony [1.162], an (001) phase separates the cubic from the intermediate phase,
see the inset of Fig. 1.23. The experimental phase diagram consists of a second-order
boundary separating the pseudo-cubic (ip = 0) phase from a phase with two {yyx}
and {yyx }-type domains lying in the (lIO)-stress plane. The multicritical point
thus appears as bicritical rather than as tetracritical in Fig. 1.23, possibly because
the intermediate (001) phase, i.e. y = 0, is rather narrow and so far has escaped
detection. Also shown is the mean-field extrapolated temperature To exceeding Tc
47
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Fig. 1.23. Bicritical point of LaAI03 under [110) stress: first-order boundary for PliO = 0 and second-order
boundary for Tc(PliO)' Inset shows the predicted tetracritical point for Heisenberg fixed-point behavior.
From [1.161)

by about 8 K, so that the critical region extends ±8 K around Te as indicated by the
dotted lines. The critical region is [Te(O) - To]/Te(O) ~ 10-2.
1.6.4 Uniaxial Stress Effects on the Antiferrodistortive Transition
of RbCaF3 and Multicritical Behavior
a) Local Order Parameter Measurements in AMF3 Compounds. For the SPT
in RbCdF3 (Te = 123 K), an efficient EPR probe derived from the Fe3+-Vo pair
in SrTi03 was found to be the Fe3+-0 2- pair. Its excellent sensitivity [1.163] is
hampered by a SHF 9F) structure resulting in an appreciable complication of the
EPR lines. On the other hand, the 19F interaction allows the local order parameters
to be measured up to the third shell of fluorine ions surrounding (3d)5 probes by
means of ENDOR spectroscopy. This was done in RbCdF3 doped with Mn2+ and
Fe3+ [1.164]. In this way, using local measurements and static atomic displacements
below Te , it was shown that (001) layers of fluorine octahedra are weakly correlated
in [001] tetragonal domains. Indeed, the local distortion of !p(001) by the probe is not
transmitted much to the nearest octahedron along [001]. Instead, the Gd3+ ion (4f7),
5 = ~, exhibits a weak SHF interaction giving rise only to a limited inhomogeneous
line broadening. Moreover, its size nicely fits the host at a Ca site. In RbCaF3 doped
with Gd203, both cubic Gd3+ centers and Gd3 +_0 2- pairs are present, allowing two
strategies to monitor the order-parameter behavior [1.13,165]. It should be noted
that the Gd3+_0 2- pair is charge neutral in the RbCaF3 lattice.
With the cubic center, the shifts of the fine-structure lines are essentially due
to the axial b~ term: .!J.H ex b~(T) ex !p2(T) for HII[l00] and for (100) tetragonal
domains. The cubic centers are well suited for uniaxial stress (001) measurements
with HII[l00] or [010].
With the Gd3+_0 2- pairs, the lines involving Ms = ±~ transitions can be analyzed at X-band frequencies in terms of an effective g tensor: g-1- ~ 8, gil ~ 2 (5 = ~)

e

48

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

420

instead of 9.1. = 6 and 911 = 2(S = ~) for the Fe3+-Vo pair in SrTi03. The Gd3+0 2 - center pennits very accurate measurements of <Ploc for HII([11O]±2<ploc) and
for (001) domains, and it is well suited for measurements under uniaxial [110] and
[111] stresses, with conveniently shaped samples (110 and 111 cylinders).
Details about the spin-Hamiltonian parameters of Gd3+ centers in AMF3 crystals have been discussed [1.30,166] in the light of the superposition and of the
electrostatic models. As for Fe3+ in SrTI03, the local order parameter <p(00l) was
also measured through the fourth-order tenns
using either the overcompensated
Gd3+-V~ center in RbCdF3 [1.167] or the cubic centers. In TlCdF3, the Gd3+_0 2 pair [1.168] pennits EPR measurement at X-band frequencies near a spin level crossing, allowed in the high-temperature phase. The symmetry breaking at Tc then results
in a sharp rise of a new line through level decrossing. The intensity of this line enables one to monitor the critical behavior of r.p2, just as the superstructure Bragg
lines do for scattering experiments. Let us also note that for the SPT of CsCaCh the
table of ionic radii suggests the use of the Gd3+_S2- probe. This was recently carried
out [1.169]. Whatever the particular methodological aspects of the Gd3+ centers in
AMF3 hosts, they clearly exhibit a jump of the order parameter at Tc for RbCaF3
(Fig. 1.24), RbCdF3 and TlCdF3.
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Fig. 1.24. Measurement of the local (EPR) or of the intrinsic order parameter in RbCaF3 (A) through
b~(T) for [GdF6]-3 after corrections from theory; (B) Gd3+ -02- pair; (C) neutron scattering [1.170];
(D) through
and tilts of the corresponding x and y axes for the cubic center. From [Ll65a]

b101

The local values of r.p(T) given by the Gd3+_0 2- pair nicely fit the intrinsic value
given by neutron scattering [1.170]. The EPR method pennits one to measure <p(T)
directly very near Tc in a temperature range where neutron scattering is inoperative.
The local values deduced from bg for the cubic center (Fig. 1.24) exhibit exactly the
same behavior. The quantitative discrepancy arises in particular from an inaccurate
theoretical model for converting bg(T) into r.p(T). The essential point is that all
EPR measurements consistently monitor the order-parameter behavior r.p(T) and its
first-order jump.
49
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For all centers, a coexistence of cubic and tetragonal lines is observed in a small
temperature interval near Tc at X-band frequencies. The measurements using the
IBM K-band variable-temperature cavity enables one to rule out any artefact arising
from a temperature gradient or temperature fluctuations. A dynamical model based
on two relaxation times has been proposed to account for the temperature dependence
of the lines in the X-band spectra near Tc [1.171], but it was not supported by Kband measurements, because the predicted frequency dependence of the spectra was
absent.
Briefly, the essential features of a slightly first-order transition are easily deduced
from EPR spectra. These were also confirmed by a detailed examination of the shape
of the X-ray Bragg line near Tc [1.172]. Therefore, EPR measurements enable us to
investigate transitions with slightly first-order character and appear well suited for
studying the effects of symmetry-breaking fields, which are theoretically predicted
to be of such character.

b) Discontinuous to Continuous Restored SPT Under {OOl} Uniaxial Stress. In
cubic symmetry and no stress applied, mean-field theory predicts a second-order
cubic-to-tetragonal transition (Sect. 1.5.2b). However, a small first-order jump of
the order parameter can be induced by critical cubic fluctuations, provided they are
highly anisotropic, i.e., f ~ 1 in the LGW expression of the free energy (Sect. 1.5.3).
Renormalization-group theory also predicts that the transition can be restored to a
continuous one on application of a symmetry-breaking tetragonal field, because a
near-2D correlated sheet, say (001), is favored over the other two, (100) and (010),
all of which are equivalent in cubic symmetry. Actually, the soft R25 mode is very
flat along the RM line of the Brillouin zone:
d 2w

0:

= dq2 = 0.013 = 1 - f

in RbCaF3 instead of 0: = 0.036 in SrTi03. At the R comer +<.p - <.p rotations
perpendicular to the (001) plane occur, at the M comer +<.p + <.p rotations. For a
vanishing parameter 0:, the system would exhibit Lifshitz behavior, as the <.p rotations
along [001] are undetermined. In this case, the system could reach a tricritical point
with a symmetry-breaking field inducing a one-dimensional order parameter [1.100].
Experimentally [1.101] the restoration to a continuous transition has been observed by monitoring the bg parameter of the cubic center under near [001] stress.
[100] and [010] domains are then observed below Tc with a cia ratio larger than
one. The inset of Fig. 1.25 indicates that a continuous transition is restored for
O"t ;::: 1.9 ± 0.3 kg/mm 2 where the tricritical point is reached at T; = 193.3 ± 0.1 K.
The temperature dependence of {bg T }2.8 ex {<.p }5.6 for the cubic center is represented
in Fig. 1.25. The linear dependence of {b~T f·8 in the second-order regime below
t = (Tc - T)IT = 0.023 corresponds to a critical exponent f3 = 0.18 ± 0.2. At
lower temperatures, the experimental results deviate upwards from the exponential
law, at nearly the same reduced temperature and in the same way as observed for
monodomain SrTi03. [100] and [010] domains are present, but always with quite
different intensities. A nearly [010] monodomain was obtained for the highest stress
allowed by the softness of the crystal. This means that the symmetry-breaking field
50
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involving both internal and uniaxial stress, with some inhomogeneity, did lead to
a system with a one-dimensional order parameter, i.e., the stress was not precisely
axial along [001].
A change of the parameters u and v of the LOW equation under hydrostatic
stress may also induce tricritical behavior: u + v > 0 ---+ u + v < 0 [1.173]. Using
a K-band hydrostatic-pressure cavity up to 12 kbar, i.e., six times the tricritical
stress, the observed linear shift of Tc is given by dTc/ dll-I = 3.6 deglkbar instead
of the unaxial shift dTc/da(Ioo) = 12deglkbar (T > Tt). Moreover, no significant
change of the first-order jump is observed [1.174], see Fig. 1.26. Therefore, the
hydrostatic component of the uniaxial stress p" = ~allool plays no role, neither in the
tricritical behavior nor in the shift of Tc under uniaxial stress. Otherwise one should

193

194

195

196

197

TEMPERATURE (K)

Fig. 1.26. First-order jump and critical temperature dependence on hydrostatic pressure in RbCaF3, From
[1.174]
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obtain dT / dp :::::: 36 deg/kbar, an order of magnitude larger than the experimental
value. Measurements under uniaxial stress and hydrostatic pressure give substantial
evidence that the tricritical point is reached through a symmetry-breaking field with
n = 1. This is a prerequisite for a Lifshitz tricritical point.
The upper limit of f3exp, i.e. 0.20, differs considerably from the value f3 = 0.25
for normal tricritical behavior. Nevertheless, logarithmic corrections of the form
(t In It D1/4, present at low t, could lead to an effective f3: f3eff = 0.19. Such behavior
has only been reported for NH4 or ND4 halides, which probably exhibit a higherorder critical behavior. The lower limit of f3exp = 0.16 is consistent with a Lifshitz
However, a crossover
tricritical behavior, for which the prediction is f3 = to
to normal Lifshitz n = 1 behavior is not observed for the higher stresses. This may
result from too small a uniaxial stress or from insufficient precision in f3exp. Indeed,
normal Lifshitz behavior could be associated with f3 = 0.21 ± 0.03, according to
Monte-Carlo simulations. This would preclude the observation of the crossover from
tricritical to normal Lifshiftz behavior.
It turns out that the EPR experiments using the cubic Gd3+ center support a
Lifshitz behavior rather than a normal one. The center, which is well adapted to the
geometry of [001] stress, however, yields data which are not accurate enough for a
definite conclusion.

1 t.

c) A Critical End Point Under (111) Stress in RbCaF3. In presence of a discontinuous cubic-tetragonal transition, theoretical investigations by Kerzberg and Mukamel
[1.175] of multicritical points predicted a phase diagram with a critical end point
(CEP) under compressional [111] stress: a q = 3 state Potts first-order line Tp and an
Ising line TI impinging on it at finite angle and finite stress. Specific-heat measurements on KMnF3 could be qualitatively interpreted in this way [1.176], the nature
of the high-temperature transition and the symmetry of the phases not being established. Despite the transition at zero stress being continuous, EPR [1.177] and neutron scattering [1.178] experiments indicated CEP behavior in [111]-stressed SrTi03,
but it was poorly resolved. The EPR experiments on SrTi03, using the Fe3+-Vo
pair, initiated the (111) -stress experiments on RbCaF3, using the Gd3+_0 2 - pair.
The latter were successful [1.179] and are reviewed in the following.
In the cubic phase, the paramagnetic pairs aligned along [100] and [010] are
equivalent for HII[lIO] and give a single line centered at 3500G and K-band.
A (111) stress alone cannot resolve this equivalence, and cannot split this line
unless a stress-induced SPT occurs. Let us consider the staggered rotations by
±<p around an axis Uo of components (..)2/2) sin a, (..)2/2) sin a, cos a), i.e.
L1Ho = <p cos a, or around equivalent axes UI, U2 through the A3 {Ill} symmetry element, i.e. UI = (cos a, (..)2/2) sin a, (..)2/2) sin a); U2 = (..)2/2) sin a,
cos a, (..)2/2) sin a), Fig. 1.27a. To first order, these tilts would induce a splitting
L1H; equivalent to staggered rotations around {OOI} by <P;(OOl) = <p([OOI] x Ui), i.e.
L1Hi = <p( ..)2/2) sin a, i = 1, 2. This is the key to discussing the lines represented
in Fig. 1.27 in the same terms as for the O~ ---TO!~ transitions.
For the unstressed sample, Tc was observed at 196.05 ± O.lOK, and the line
splitting given by L1H = B<p(OOI) with B = (125 ± 1) G/deg. Application of a (111)
stress at low temperature below Tc does not modify the lines corresponding to
52
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Fig.l.27a-1!. 0"[111] = 0.31 kbar. (a) T < Tp: tetragonal phase and line splittings for 'PO domains (LlHo)
and 'Pi domains LlHi; (b) T ~ Tp: coexistence of tetragonal and trigonal phases; (c) T > Tp: trigonal
phase; (d) second-order transition near 1\; (e) geometry of rotational order parameter vectors and their
[001) projection below Tp. From [1.179]

tetragonal {ool} domains much. The removal of the tetragonal symmetry is marked
by the splitting of the inner lines corresponding to the {loo} and {OlO} domains at
zero stress. Without entering into details, the spectrum of Fig. 1.27a (0" = 0.31 kbar,
T = 196.35 K) is consistent with an outer splitting L1Ho given by rotations around
uo(o:) and an inner splitting L1Hj given by equivalent tilts of and rotations around
Uj(O:), i = 1, 2 in the other domains. Accordingly, 0: and 'Pj[ool] are given to first
order by tg 0: = V2(L1Hd L1Ho) and by 'Po,j[ool] = B L1HO,j. Warming up the crystal
results in an increase of L1Hj, L1Ho being nearly constant. This means an increase
of 0:, i.e., a drift of the Ui towards {Ill}. It was found that 0: = 8.r at 195 K and
16.r at 196.35 K for 0" = 0.31 kbar. At Tp = 196.45 K (0" = 0.31 kbar) the spectrum
changes discontinuously to that of Fig. 1.27b. The lines observed below and above
Tp coexist. This has to be seen as evidence of a first-order transition. Above Tp, two
lines are recorded. They correspond to rotations of the octahedra around the [111]
stress axis. Thus, a monodomain sample is obtained with R3c structure. When T is
raised up to TJ = 198.95 ±O.lOK, the line splitting, i.e. the order parameter 'P[11tj,
decreases continuously to zero (Fig. 1.27c,d).
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The same sequence of phase transitions is obtained for a large range of applied
stresses, from (1 = 0.31 kbar down to (1E = 0.l0 ± 0.1 kbar. A first-order line separates the pseudo-tetragonal from the trigonal phase (Fig. 1.28a). There Tp and 'P[OOl)
(Fig. 1.28b) are almost stress independent; 'P and a increase with the applied stress,
while the order-parameter discontinuity (Ll'P) and the jump of a to 55° at Tp decrease (Fig. 1.28c). From (1 = (1E down to (1 = 0, the trigonal phase disappears and
a first-order transition between a pseudo-tetragonal phase and pseudo-cubic phase
[1.179] is observed at Te. Its essential features do not depend much on the applied
stress. The second-order line 11«1) above (1E meets the first-order line Tp«1), Te«1)
at a finite angle, see Fig. 1.28a, allowing location of the coordinates of the CEP at
(1E = 0.10 ± 0.01 and TE = 196.3 ± 0.1 K.
Qualitatively, the phase diagram may be easily interpreted in tenns of a competition between the "natural" ordering along (100) and the ordering along [111]
favored by the [111] stress. For (1 < (1 E, the stress is too small to compete and only
perturbs the natural ordering slightly. For (1 > (1E, the stress wins over the natural
ordering below Tp • In other words, considering the components of the rotational
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vector order parameter r.p along [111] and in the (111) plane, the first-order transition
at Tp corresponds to the ordering of the in-plane components, i.e., to a q = 3 state
Potts transition [1.175] to relate to the SrTi03 phase diagram of Fig. 1.21. In that
case it remains open whether a CEP occurs near aE ~ 0 [1.177,178].
It turns out that the [l11]-stress EPR experiments [1.175] corroborate the topology of the predicted phase diagram and its CEP, and allow a determination of the
amount and direction of the order parameter in the tetragonal and trigonal phases, see
Fig. 1.28b,c, i.e., the experiments proved a quantitative verification of the predictions
of the theory.

1.7 Order-Disorder Transitions
A structural transition with a one-dimensional order parameter n = 1 implies a
double-well local potential for the atomic positions. Pure order-disorder transitions
correspond to kTe « Vm (Vm being the depth of the wells) and a very anharmonic
potential, see especially the introduction to Vol. I and [1.84]. For displacive transitions, kTe ~ Vm and the local potential is more harmonic. Upon approaching Te, the
average over the correlated regions becomes more and more anharmonic. A crossover from displacive to order-disorder behavior is expected. It should be marked by
precursor-order clusters and by relaxator dynamics. This behavior, favored by a low
effective dimensionality and by short-range forces, was initially observed by EPR in
SrTi03 [1.180]. Qualitatively any structural transition should exhibit order-disorder
features at sufficiently small t = (T - Te)/Te [1.142,143].
Recently, direct insight into the local potential of BaTi03 and the collective
dynamics of n4+ ions was obtained by EPR through adapted probes: Fe3+ and
Mn4+, respectively. Apart from the oxide ferroelectrics (Sect. 1.4), EPR indicates
a strong order-disorder character for many ferroelectric transitions and hydrogenbond ordering [1.181]. In this section, we illustrate a characteristic response of a
substitutional EPR probe to an orientational order-disorder transition in NH 4AIF4 ,
where all essential features (static order, depth of the local wells, precursor-order
clusters, collective dynamics, effective lattice dimensionality) can be deduced from
the EPR lines [1.182-184]. Moreover, insight from EPR into the mixed crystals
N~(1-x)RbxAIF4 is briefly reported, in order to show the possibilities of EPR
spectroscopy in problems also studied intensively by NMR spectroscopy (Chap. 2).
In the NH 4AlF4 , (001) layers of [AIF6] octahedra are connected by the equatorial
fluorines and separated by (001) layers of NH~. At room temperature, the [AlF6]
groups are tilted by an angle of ±tp around c = [001]. They are antiferro-rotationally
ordered along c, as in tetragonal (001) domains of AMF3 perovskites. The NH;t
occupy two equivalent positions which correspond to each other through tilts by
7r /2 around [001]. At equilibrium, the H-H edges in the (001) plane are randomly
oriented along the a axes. Finally, the displacive Ising-like variable of the system
(tp) is ordered at room temperature, whereas the second pseUdo-spin type variable
involving the NH~ is not (Fig. 1.29).
The average quadratic symmetry at the A13+ site is reflected by a quadrupolar
parameter b~ = 1112 X 10- 4 cm- I for a substitutional Fe3+ impurity. In the mixed
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AI3+ or Fe3+ at z =0; small open circles: equatorial fiuorines at z =0, large open circles: axial fiuorines;
squares: disordered
centered at z = e/2 (room temperature); bars: H-H edges of ordered
In
(e) the triangles stand for the projections of the (NH!) tetrahedra onto (100). From [1.l83b]
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Fig. 1.30. Structure of the 11M. = ~ -+ ~ line and
Hii[OOl] for RbxNl4(1_x)AIF4 and x = 0.35.
Al represent the lines for RbiNH4(I-i) due to the
second shell. Full line: experimental; dotted line:
reconstruction according to random substitution.
From [1.l84aj

crystal RbxNH4(1_x)AIF4, the lines L1Ms = 1 for HII[OOI] exhibit a well-resolved
structure (Fig. 1.30), which respresents the distribution of local crystal fields according to
b~(i) = b~(x) + iL1~
I(i)

= xi(1

(i= 1, ... , 8)

- x)(8-i)C~

where I(i) is the intensity of the ith line.
It could then be inferred that the Fe3+ probe mirrors an average crystal field
through b~(x), and the local organization of the eight second-shell monovalent
cations surrounding the probe from a superposition model [1.184]. On the other
hand, the probe indicates that no chemical ordering occurs for any x. This allows
direct measurement of the concentration x of the random impurity Rb+ by means of
a computer simulation of the structure (Fig. 1.30). Finally, the evolution of bg(x) is
such that for 0.1 ::; x ::; 0.25, the transition L1Ms =
---+
for HII[OOl] is near a
level crossing involving the Ms = and Ms = ~ states.

!
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1.7.1 NH! Ordering in Pure Crystals
The temperature dependence of the high field line (H = 5700 G) for HII[100] is depicted in Fig. 1.31. Qualitatively, it shows a slowing-down stemming from precursororder clusters represented by an outer doublet below 210 K, and full order below
155 K marked by a static splitting of the low-temperature line. The splitting corresponds to an asymmetry of the local crystal-field with an orthorhombic term of
magnitude b~ = ±281 X 10-4 cm- I • The equivalent sites have their asymmetry axes
tilted by 7r /2 around [001]. Therefore the low-temperature phase is also quadratic.

30~SS~k
250K

~\/
.r--..

230K

~ 210K

~200K
1\ -

I\~ 180K
163 K

+--1r

125K

Fig. 1.31. Influence of the slowing down on the line at H
5700G for HII[l(0). From [1.183b)

=

Assigning the local symmetry breaking to the NH:t parallel ordering in the (001)
layers and anti parallel ordering (Fig. 1.29) between the layers, the structure could
be directly inferred from the EPR spectra. Indeed, any other low-temperature order
would lead to a local A4 or A4 axis [1.182]. Thus the low-temperature space group
was obtained directly from EPR and confirmed by neutron scattering [1.185].
Consistent with the short-range character of the probe as demonstrated by the
line structure in mixed crystals, the local configurations of the nearest neighbor NH:t,
located in two adjacent layers, were grouped into four main configurations:
a) Low-temperature local order: the local parameter is ~ = b~ (T < Tc).
b) Local parallel order of the nearest NH:t in each layer, but parallel order between
them. The local symmetry element is A4 and ~ = O.
c) Intermediate local order: Parallel order exists between the nearest NH:t in one
layer, but the nearest NH:t in the second layer are disordered. For such configurations ~ = bV2 (T < Tc) was assumed. Indeed, only one half of the NH:t
cooperate with a well-defined crystal field parameter ~.
d) Local disorder of the nearest NH;t in each layer, restoring an average tetragonal
symmetry: b~ = O.
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The qualitative relevance of this classification is based on an underlying superposition model, apparent in the spectra (Fig. 1.30): configuration (a) (precursor-order
cluster) is responsible for the outer doublet, configurations (b) and (d) for the central
line, and configuration (c) for an intermediate doublet of "bumps" which becomes
apparent in the slow regime below 180K.
The experimental spectra were fitted to a dynamical model [1.183, 184] involving
a relaxation between the configurations, random jumps with many simultaneous
reorientations of the NH! being forbidden. The results are plotted in Fig. 1.32, which
depicts the dependence of the occupation probabilities P(a), P(b), P(c), P(d) on T
and of the inverse lifetime (r- 1) of precursor-order clusters.
From room-temperature down to 165 K, it was found that P(a) = P(b), Fig. 1.32a.
This means that in this temperature range the ordering process is essentially two dimensional (2D): ferro and antiferro orders along c are equivalent. At lower temperature, the onset of a three-dimensional (3D) ordering is marked by a fast decrease of
P(b) and a sharp increase in the density of 3D ordered clusters. Defining a(T) as the
density of 2D parallel-order clusters in the (001) layers, the occupation probability
of 3D configurations P(c) should be given by 2a{1 - a) with Pc(max) = ~ in a 20
regime. This is experimentally verified. More generally, above T = 165 K, any T
was characterized by a 2D-ordering parameter a (Fig. 1.32a) according to
P(a)

= ~a2, P(b) = ~a2 ,

Pc

= 2a(1

- a),

P(d)

= (1

- a)2

Thus, the dimensionality of the correlations was directly established.
p
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Fig. 1.32. (a) Probabilities of local configurations P(a), P(b): full line; P(c), P(d): dashed line; crosses:
20 ordering parameter u. (b) Relaxation rate of precursor order cluster. From [1.l83b]

According to Fig. 1.32, three different regimes could be observed for r-l. In
the temperature range 170-220K, r - 1 follows a law r-1/LJ. <X (T - T2D ) with
T2D = 125 K and L1 = 2. This may evoke a 20 Ising-like slowing-down with
L1 = Zv, Z = 2, v = 1. At lower temperature r- 1 deviates from the 20 regime and
follows a law r-1/LJ. <X (T - Tc) with L1 = Zv, Z = 2, v = 0.65, i.e., L1 = 1.30,
and Tc = 155 K. Thus a 20 ..... 30 crossover is apparent in the critical slowingdowns. These regimes may be characterized by critical exponents, proportional to
the exponent v for the correlation length of 20 and 30 Ising systems. However, this
58
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result may be fortuitous. Indeed the probe is not well suited for the slow regime below
7- 1 = 108 MHz. A local probe with a longer characteristic time would be required.
Above 220K, 7- 1 deviates upwards from the 2D regime and follows an Arrhenius
law with activation energy E = 1630K, in accordance with the NMR results [1.186].
The NH; then reorient independently in the local double-well potential VM = E =
1630 K, which is thus determined by the motionally narrowed linewidth in the fast
regime of fluctuations.
Near Te , the nearly static spectrum is marked by a low-temperature doublet and a
less intense central quadratic line on a flat absorption background. This characterizes
a long-range 2D order, and the quadratic line can be assigned to flat antiphase walls of
the low-temperature 3D order. Full low-temperature 3D order is rapidly established
below Te ~ 155 K.
1.7.2 NH! Ordering in Mixed Crystals: Rb",NR.(1_",)AIF4
Up to Rb concentrations of x = 10%, the critical slowing-down qualitatively exhibits
the same features as in Fig. 1.31. Each line is marked by satellites due to the nearest
neighbor Rb+, and becomes smeared out for HII[I00] and x > 10%.
The low-temperature lines for HII[I00] are represented in Fig. 1.33 for x = 0.03
and 0.07. An outer doublet, as in the low-temperature phase of pure crystals, and
a central quadratic line corresponding to a second shell of eight NH: are observed.
These lines are perturbed by one, two, or more Rb+ ions randomly substituted for
the NH;. The computer simulation indicates that the Rb+ ions randomly perturb the
doublet and the quadratic line. Thus the quadratic sites are not preferentially pinned
by the Rb+. On the other hand, no absorption background corresponding to disorder
is apparent.
In keeping with the above, the central L1Ms = -~ -+ ~ transition yields a central
quadratic line for HII[OOl], and a doublet (Fig. 1.34) which arises from an accidental
spin-level mixing of Ms = and Ms = ~ states by a substantial b~ term as for the
low-temperature phase in pure crystals; see inset of Fig. 1.34. The quadratic line

!

(a)

(b)

H 11[100]

Fig.1.33a,b. Structure of the line centered at H = 57000 for HII[lOO) in mixed Rb xNf4(l_x)AIF4
crystals: (a) 4% and (b) 6.7% of Rb. The doublet (ml, m2) and the central line q represent local
"antiferro" and "ferro" order, respectively. The small vertical lines represent sites perturbed by I, 2 or
3 Rb+ ions consistent with random substitution. From [1.l84a)
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(a)

HIi[O01]

(b)

q

Fig.l.34a, b. Structure of the line LJ.Ms = - ~ -+ ~ for HII[OOl]: (a) 6.7%, (b) 25% of Rb. The inset
indicates the mechanism of the level crossing for local "antiferro" order. From [1.184a]

up to x = 10% exhibits a well-resolved SHF 19F structure, not resolved at room
temperature, which marks a well-defined static local order. For this orientation, the
perturbations by the Rb+ ions are not resolved. All these observations are consistent
with a rather long-range 20 parallel order of the NH~ in the (001) layers. Doping
the crystal with Rb+ destroys a full anti parallel order between adjacent layers.
Adjacent layers with parallel order, which may be antiphase walls, are represented by quadratic lines which persist down to very low temperature. For
x < XCi = 4%, the density of antiphase walls is given approximately by x. The
order of pure crystals is not essentially modified. In agreement, recent neutron investigations indicate that the superstructure Bragg lines of the low-temperature phase
are present [1.184].
For x ~ XCi ' the intensity of the quadratic line increases drastically: a new phase
occurs. Possible high-order commensurate phases, such as given by extended Ising
models with competing interactions [1.187], could account for the spectra. Neutron
scattering does not give evidence for such phases. The actual phase for x > XCi is
therefore similar to a pseudo-spin glass, with long-range 20 ordered domains and
3D disorder.
For X > 10%, the lines for HII[100] become hard to analyze. The evolution of
the low-temperature phase can be followed by the .dMs = -~ - t ~ line for HII[OOI],
see Fig. 1.34. For x = 25%, a quadratic line is observed. The SHF interaction is no
longer resolved, owing to line broadening through topological disorder. The NH~
exhibit essentially a 3D parallel order. The critical concentration at which the ferro
order occurs has not yet been determined.
The phase diagram (x, T) of the NH4(1_x)RbxF4 system turns out to exhibit the
essential features of a universal behavior. The freezing of the collective reorientations
of the NHt occurs near T = 150 K to produce antiferro order, which does not vary
much for small x . For x ~ XC l ~ 4%, a steep line separates the antiferro order
from the pseudo-spin glass. For x = XC2 (13% < XC2 < 25%), another transition
line separates the glassy phase from the ferro order. The same phase diagram was
observed for NH4(1-x)Rb xH2 P04 and for magnetic alloys with competing ferroantiferro interactions [1.188].
60

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

432

1.7.3 Room-Temperature Phases of Mixed Crystals
In Sect. 1.7.2, the ordering of the NH; sublattice was considered to be independent
of the organization of the [AIF61 sublattice. In pure NH4AIF4, the staggered tilts of
the [AIF61 octahedra in the (001) layers are antiferro-rotationally ordered along c
at room temperature. In pure RbAIF4, they are ferro-rotationally ordered. For both
crystals, icpooli ~ 9° . In mixed crystals, therefore, competing interactions involving
the Ising-like variable cpooI are likely to be present.
Figure 1.35 gives the values of the local crystal field parameter b~(i) (i defining
the local second shell i Rb+ -(8 - i)NH;) as a function of concentration x of RbAIF4.
For a critical concentration Xc of about 40% and for different samples, two values of
bg(i), i.e., two types of crystals, were observed simultaneously and depending on the
batches of hydrothermal growth, i.e., on the exact conditions (P, T) of the growth.
For x > xc, bg(i) does not depend significantly on x, and the fluorine octahedra are
probably ferro-rotationally ordered along c as in pure RbAIF4 •

0 .17

.++
0 .14

o

Fig. 1.35. Local field parameter b~(i) for
RbiNH(8_i) at room temperature for i =
0,4,8. From [1.184aj
0 .5

For x < xc, the crystal-field parameter evolves linearly towards the value of pure
RbAIF4. One may therefore question whether the order of the fluorine octahedra and
the amplitude of the displacive order parameter {CPOOI } along c are influenced by the
orientational ordering of the NH;. The Fe3+ probe is not local enough to measure
the local tilts of the octahedra, and thus is not sufficiently suited to monitor the
rotational order between adjacent layers of [AIF61 groups. For this last purpose, a
probe substituted for the monovalent ion, i.e., between two adjacent layers of AIF6 ,
would be more appropriate. Let us recall here that in SrTi03 the antiferro distortive
order of the low-temperature phase could be fully demonstrated by using two probes,
one substituted for Ti4+, the other for sr2+. At present, we cannot exclude a disorder
in the organization of the [AIF61 layers, which ultimately drives the freezing of the
NH; for 0 < x < 25%. This is still an open question.
Summarizing, we have described the various ways in which the EPR method can
be used to investigate pure order-disorder transitions and transitions in topologically
disordered systems. Its merits and achievements are quite clear: the discovery of the
existence of a transition and the identification of the low-temperature order, a direct
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observation of precursive order clusters and information about their dynamics, direct
information about the anisotropy of the correlations and of their interactions with
very simple experiments. Nevertheless, the time scale of the Fe3 + probe is too short
to monitor the slow-motion regime near Tc accurately.
The Fe3+ probe allows one to monitor the configurations of blocks of pseudospins via three types of lines. One may consider here the first step of a Kadanoff
transformation for the NH; lattice. Blocks into which the Rb+, diamagnetic-like
impurity enters can also be probed. The range of the probe is such that one can only
detect relatively long-range NH; 20 order in the glassy phase, and cannot monitor
the tilts of the fluorine octahedra. Moreover, the probe location is not well suited
to monitor the 3D order of the fluorine octahedra. This illustrates the limits of the
method when a single type of probe is used.
A review of electron spin and paramagnetic resonance in KH2P04 and its isomorphs has recently appeared in [1.189]. Its abstract reads: "This paper reviews
magnetic resonance of radicals and paramagnetic ions in KH2P04 -type crystals up
to 1985. In two sections, dedicated to each category of impurities, their site, symmetry and static particularities are summarized. Then the application of spin resonance
to monitor fast ferroelectric domain polarization reversal is exposed. Finally, in the
last section, slow reorientations of certain magnetic defects as well as information
on intrinsic soft-mode dynamics from a static defect are described."

1.8 Incommensurate Phases
Before reviewing EPR in structural incommensurate (INC) phases, we want to recall the basic features of magnetic resonance lines in such phases. More details
can be found in Chap. 2 and in [1.190,191]. Usually one observes on cooling at
higher temperature a commensurate-incommensurate transition 11 and at lower T an
incommensurate-commensurate transition Te.
i) A static one-dimensional (10) modulation in the plane wave regime of an
INC phase below TI, UM = ATUo cos (p M + po), results in a shift of the EPR line
[1.192] at point M:
(1.32)
A ex (11 - T)f3 represents the critical amplitude, f3 = 0.35 the critical (XY -like)
exponent, and PM = qI· OM the local phase with qI the INC wave vector and OM
the local radius vector.
The expression for iJ.H (p M) is a power series expansion up to second order in
the local order parameter A e j 4>M • The parameters (hi, Pi) depend on the microscopic
details of the spin lattice interaction. The phase parameters PI, P2 arise from firstand second-order contributions of atomic displacements with different phases within
the range of the probe (consistent with the wave concept). They may also arise
from a coupling in quadrature of two displacement modes [1.192,193]. Either the
first-order or the second-order terms can be forbidden by symmetry for particular
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orientations of the magnetic field. Setting <PI = <P2 = <Po and h2 = h~ leads to the
"local phase approximation", which was used initially [1.190].
In the plane wave regime, all the values of the phase are equally probable. It
turns out that the line shape should then be given by

F(H - Ho) =

121r f (H -

H~+ L1H.p ) d<p

(1.33)

Ho represents the resonance field in the parent commensurate (COM) phase; f and
L stand for the shape and width of the local line at the resonance field Ho + L1H.p.
The line shape is marked by singularities corresponding to 8L1H / 8<P = O. Two
edge singularities are obtained for either first-order or second-order dominant contributions. Generally three singularities are obtained for equivalent contributions. Only
a phase difference (<PI - <P2) may result in a fourth singularity. At a lower temperature T < Tc, the INC wave vector locks at a commensurate value qc. Above and
near Tc , the "multi-soliton" regime takes over from the plane-wave regime. In the
limit of narrow solitons, a regular array of domains of the low-temperature phase
are separated by discommensurations. Consequently, discrete EPR lines of the lowtemperature phase superimposed on a continuous absorption background should be
observed.
ii) Competing interactions drive the evolution of qI to qC which may pass
through high-order commensurate values and, correspondingly, to stable or metastable higher-order commensurate phases. This is the devil' s staircase, which may
be complete (no stable INC phase) or incomplete [1.194]. Universal models, derived
from the Ising model, taking into account competing n.n., n.n.n., and n.n.n.n. interactions have recently been developed to deal with this particular aspect [1.187,195].
iii) The incommensurate phase may exhibit two vectors with different modulation
components along different crystal axes x and y. For the star of wave vectors having
a dimension n = 4, it may not be easy to distinguish a 2D modulation (q) and qr)
from a ID modulation in equivalent domains (q) or qr) by scattering techniques
[1.196].
Here, our purpose is to report simple examples illustrating the above three possibilities (i-iii) by EPR spectroscopy with various probes, and to give a more general
bibliography of the problem.
Furthermore, within a harmonic approximation, incommensurate phases are described by particular phonons as amplitude and phason modes. Roughly speaking,
the amplitude mode near TI has a normal soft-mode behavior. In contrast, the phason
mode has, in principle, a zero gap at q = % and corresponds to a modulation of the
local crystal field. Few direct observations of this mode are known. However, we
may infer large spectral densities of phase fluctuations within the time scale of EPR
spectroscopy, persisting far below TI. They may give rise to a line broadening which
depends on the local phase <P. This is actually observed, and is detailed below.
In Sect. 1.8.1 on ThBr4 and ThCl 4 and Sect. 1.8.3 on diphenyl, we shall deal with
pure plane wave regimes and with INC phases where the phason mode has been
directly observed. The probes are, respectively, the Gd3+ - V[x-l defect, comparable
to the Fe3+- V0 2- pair in SrTi03, and the excited triplet state of guest molecules
63
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with two or three phenyl rings. With BCCO (betaine calcium chloride dihydrate)
in Sect. 1.8.2, we shall restrict ourselves to a mainly visual examination of spectra
showing a devil's staircase behavior and a multi-soliton regime. The probe is a
substitutional impurity. We shall give further references to EPR work using such
probes.
Currently, several EPR investigations of COW's (charge density waves) are in
progress. The EPR lines of paramagnetic impurities are affected by the COW order
parameter and by the application of dc voltage near the threshold voltage [1.197].
The mechanism of the spin-COW interaction remains to be clarified. For instance,
the paramagnetic impurity may polarize the COW locally, allowing it to interact with
the spin probe [1.198]. The COW may also modulate the crystal field. A review of
this evolving field is probably premature.
1.8.1 EPR of Charge-Compensated Defects in the INC Phases
of ThBr4 and ThCI 4:Gd3+
ThBr4 is probably the best example of a pure displacive COM-tINC phase transition
in ionic crystals where all the basic features (the soft phonon above 11. the amp litudon and the phason below TI, as well as the static 10 plane wave modulation)
really correspond to direct observations by scattering methods [1.199,200]. As usual,
the scattering techniques may suffer from a lack of accuracy and resolution near the
critical temperature. This crystal and its isotype ThCl 4 will be used to exemplify the
response of an EPR probe to an INC phase and the particular information available
very near 11.
In these crystals, the Th4+ are surrounded by flat tetrahedra of n.n. halide ions and
by elongated tetrahedra of n.n.n. halide ions (Fig. 1.36). The COM-tINC transition
which occurs at TI = 95 and 70 K for ThBr4 and ThCI4, respectively, results in a
modulated displacement field [ql = (~ - 8)c*], consisting of tilts of the tetrahedral
ligands around the c-axis. A local binary axis is preserved for the Th4+ site alone.
The displacement mode arises from the coupling in quadrature of two modes. They
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Fig.l.36. Unit cell of ThBr4 and ThC4.
The [100] axis is along 3-4. In ThC4:Gd3+
the Cl- vacancy is located at sites 3-4-56. In ThBr4:Gd3+ the Br- vacancy is located at sites 1-2-7-8. Reprinted with permission from [1.201]. Copyright 1986 Pergamon Journals Ltd.
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correspond, for q = 0, to a global rotation and a twist of the surrounding ligand,
respectively [1.199].
In crystals doped with Gd3+, charge compensation occurs principally through
the pairs Gd3+-Vn.n.n.Br- and Gd3+- Vn.n.C]-, where Vn.n.n.Br- for instance stands for
a next-nearest neighbor Be vacancy. They were identified with EPR. Indeed, the
spin Hamiltonian in the commensurate room-temperature phase could be analyzed in
terms of a quadratic Hamiltonian due to the host, perturbed by an axial Hamiltonian
due to the vacancy whose direction nicely fits the Th-n.n.n. Br and the Th-n.n. CI
directions in the host [1.192,201].
Despite the local symmetry breaking by the defect, the symmetry of the modulation wave only allows second-order line shifts for HII[l00] (Fig. l.36), while
both first-order and second-order line shifts are allowed for {) = ([100], H) 0
[l.201,202]. The experimental results are depicted in Fig. l.37 for the 11M ~
~ ~ ~ transition and 71 - T = 10 K. Introducing a phase-dependent line width
L(iJ!) = Lo + L\ cos 2 (iJ! + $\), a quantitative agreement between theory and experiment was found. Qualitatively, the rotation of H in the (001) plane away from
(100) induces an increasing first-order contribution, and the number of singularities
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found verifies the number of solutions for oH / OP = O. Four solutions occur for
() = 10, 2° through a phase difference PI - P2 ~ 30°. For () = 12°, the singularity
splitting is about 400G at X-band frequencies. Such a high sensitivity reminds one
of the Fe3+- Vo pair in SrTi03. Both probes are well suited to monitor tilts of metal
ligands of the host. Moreover, the excellent agreement between theory and experiment confirms a pure plane wave regime and precludes any phase pinning by the
defect. On the other hand, a partial phase pinning by the substitutional U 4+ impurity
in ThBr4 was observed in luminescence spectra at 4K [1.200]. This may illustrate
the importance of the electronic configuration of an extrinsic probe, as previously
discussed. Note that Fig. 1.37 depicts the whole set of possible line shapes in a ID
plane-wave regime.
Similar results were obtained in ThBr4 but in a different way [1.192]. The ratio of
first-order to second-order contributions varies as A-I ex (11- T)-f3 for orientations
of the magnetic field allowing first- and second-order contributions. Consistent with
this, a sequence of 2,3,4 singularities was observed on cooling. In both crystals, the
amplitude was found to vary critically with f3 = 0.35 in a large temperature range
below 11. The local amplitude of the tilts estimated from the splittings and from the
superposition model [1.192, 202] was in satisfactory agreement with the results of
neutron scattering [1.199].

20 db

Fig. 1.38. Line shape at 1i - T = 15 K for 11M. =
HIPOO, showing saturation effects. From [1.202b]

t

-+
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For HII[I00], the two edge singularities were found to be significantly asymmetric for some transitions [1.192,202], for instance the 11Ms ~ ~ -+ ~ line in
ThC4 (Fig. 1.38). The sharp high-field singularity can easily be saturated, as seen
in the figure, implying a phase-dependent Tl. This was considered as a sign of
large, persisting phase fluctuations in the frequency range of 1010 Hertz far below
11, according to the following possible scheme. A dominant first-order Hamiltonian
A1il cos P was assumed to be responsible for the static line shift via second-order
perturbation. The sharp singularity should then correspond to P ~ (0,71") and the
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broad one to cp ~ (0, ±7r /2). For the latter, it can be assumed that no effect of
underdamped amplitude fluctuations is present, because of a large gap and the underdamping of the amplitude mode [1.200]. Then the "classical-lattice" fluctuating
spin Hamiltonian should be A1il sin cp8rp(t), implying a short relaxation time for
cp = 7r /2, i.e. for the broad singularity. This qualitative interpretation is appealing
for true measurements of Tl (iJ» with the INC EPR lines, as in NMR spectroscopy
but with a time scale modified by two orders of magnitude. Recent developments in
EPR technology make them more quantitative.
(a)

5g
H

(b)

(e)

T =T -10

Fig.l.39a-<. Coexistence of "INC-like" and "COM-like" lines near

H

11 in ThC4: (a) and (c) pure commensurate and incommensurate
lines. {{) = 8°}. In (b). both a commensurate-like line and edge singularities exist. Reprinted with permission from [1.201]. Copyright
1986 Pergamon 10urnals Ltd.

Near 11, both ThCl 4 and ThBr4 exhibit a coexistence of "INC edge singularities"
and of a central "COM-like" line [1.192,202] in a temperature range of a few K,
see Fig. 1.39. For the orientation employed, the first-order line shift is dominant. A
similar spectrum was observed for 87Rb-NMR in Rb2ZnBr4 [1.203], and attributed
to a motional averaging of the INC modulation by large phase fluctuations in defectfree regions of the crystal and to a pinned modulation near defects. Full pinning
caused by the critical increase of the amplitude arises a few K below 11 [1.203].
For ThCI4, a precise location of the critical temperature was established via a
change in the behavior of the "COM-like" line. The Lorentzian (1) and the Gaussian
(g) parts of the linewidth, and the shift of the center of the line .:1.H are plotted
in Fig. 1.40 versus temperature. A simultaneous and sharp change of all parameters
is observed at T = Tl = 70 K. Moreover, just below T, and keeping a stationary
temperature, the width of the essentially Lorentzian shape was shown to depend
quadratically on the linear static line shift for angles {) ranging from 3° to 15° [1.202].
According to an argument previously used for SrTi03 [1.204], this is consistent with
a motional averaging accounting for the "COM-like" line below 11.
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Fig. 1.40. Temperature dependence of the parameters of
the "COM-like"line near TI: squares: center of line; circles: Gaussian width 0g. The " A-shaped" variation evokes
a normal behavior for line widths at a SPT; triangles:
Lorentzian width 0/. Inset: Plot of {LlH} 1/f3 versus
T(f3 = 0.35); LlH represents the distance between the
edge singularities. From [l.202b I
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1.8.2 EPR of Mn2+ in Doped Betaine Calcium Chloride
Dihydrate (BCCD) and Substitutional Probes
At room temperature, the space group of BCCD is Pnma. The Mn 2+ substitutes for
Ca2+ at crystal sites which exhibit local (010) mirror-plane symmetry [1.205]. The
EPR investigations [1.205] were initiated following previous X-ray and dielectric
measurements [1.206,207].
For Hllb, all sites are equivalent and a single low-field hyperfine sextuplet
was observed at room temperature (Fig. 1.41). The evolution of this sextuplet on
cooling down to lOOK is represented in the sequence of spectra in Fig. 1.41. At
164 K, a continuous change leads to INC spectra, in which each hyperfine line gives
rise to two edge singularities. At 127 K, a change into a discrete set of lines is
observed. A computer reconstruction of one hyperfine line, Fig. 1.42a, indicates that
seven discrete lines are present, an indication of a new unit cell seven times larger
than that at room temperature. From 124 K down to 116 K, a two edge singularity
spectrum is first restored, then modified by a superstructure of increasing intensity
corresponding to a narrow-soliton regime, which leads to a sharp change at 116 K.
At this temperature, down to 73 K, each initial line is split into a discrete quadruplet which may reflect a unit cell enlarged by a factor of 4. At 73 K, a discontinuous change occurs. Despite an overlap between the hyperfine lines, an accurate
reconstruction of their structure yields a set of five lines with a small, but relevant
unresolved splitting, see Fig. 1.42b, Le., a q = commensurate structure. Another
smooth change occurs at about 47 K. At 15 K, a discontinuous change restores a
hyperfine sextuplet as observed at room temperature, see Fig. 1.43. Therefore the
size of the RT unit cell is restored (q = 0) but with a lower symmetry as indicated
by satellite lines corresponding to L1MI t= O.
The incomplete devil's staircase previously observed by X-ray Bragg scattering [1.206] with a sequence [COM(q = 0) -+INC-+COM(q =
-+INC -+COM

!

9)
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7Gauss
~

1,2

34

56 7

Fig. 1.42. Detail of a hyperfine line and computer
reconstruction showing seven components (a) and
five doublets (b), respectively, for q = ~ and
q
~. (1') in (b) belongs to the adjacent hyperfine ttansition. Solid line: experiment, dotted line:
reconstruction. From [1.205]

=

Fig. 1.41. Temperature dependence of the low-field
hyperfine sextuplet (AMI 0, -~ $ MI $ ~)
for HI/b. Note the rise of a narrow soli IOn regime
in the second INC phase. From [1.205]

=

=

25 Gauss
t--t

Fig. 1.43. Hyperfine sextuplet below T
15K.
The symmetry lowering with respect 10 room temperature (Fig. 1.41) is marked by AMI 0 satellites. From [1205]

r
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t)

(q =
-+COM(q = ~) -+COM(q = ~); q = qc*] is confinned by the EPR method
with the help of an easy experiment. Different regimes of the modulation in the INC
phases are depicted qualitatively, the values of the higher-order commensurate wave
vectors appear clearly, except for q = ~, and apparently a new low-temperature phase
with q = 0 occurs at T = 15 K in BCCD:Mn2+, not observed in pure crystals. More
infonnation on the symmetry of the high-order commensurate phases can probably
be obtained by considering different orientations of the magnetic field to the crystal
axes.
For Hllb and q = ~, the positions of the split lines (Fig. 1.42a) fit the law
H(n) = Ho+h cos 2(27rnq+po); n = 1, ... , 7, consistent with a quadratic dependence
on the local amplitude of the order parameter. The same law, which would give a
doublet instead of the observed quadruplet for low temperatures (Fig. 1.41), does not
This may suggest the occurrence of an extra symmetry breaking
apply for qc =
for q = Actually, the most valuable infonnation about the symmetry available so
far is given by the measurements of the spontaneous polarization, either along b for
q = or along a for q = ~ [1.207].
In searching for some universal behavior of the system within extended Ising
or related models involving competing interactions [1.194], appropriate parameters
could account for the full sequence of the incomplete "devil's stairs" when appropriate trajectories in the phase space are chosen. This was for instance realized with
the (TMAhMCI4 compounds [1.195]. The particular interest of EPR is to prove a
phase with qc = 0, i.e., to evidence the ultimate step of the stairs.
The interesting case of BCCD certainly deserves further investigations. Here, we
have illustrated the efficiency of simple EPR experiments to monitor the essential
features of a complex system.
Many other INC phases have been studied by substitutional impurities or radicals.
In K2(Se04) an incommensurate phase occurs at 129.5 K and was investigated with
the help of the (Se0 4 ) radical obtained by ,-ray irradiation [1.208]. The details of
the line shape at 110 K were interpreted in tenns of a broad soliton regime [1.208].
In Rb 2ZnCI 4, NQR on 35,37 Cl (I = ~), NMR on 87Rb (I = ~) and EPR on Mn2+
(S =
1=
substitutional for Zn 2 (I = 0) allow all crystal sites to be monitored
by local measurements. Despite a nice fit with the host and the good sensitivity of the
EPR spectrum to the structural transitions {Pnma, z = 4} TI~C INC Tc~oC COM
(qc = a* /3), it is not so easy to obtain quantitative infonnation from the probe.
Indeed the hyperfine structure results in an overlap of the lines which are rather
broad because of an underlying disorder. There are two ways to resolve this: First,
the hyperfine interaction allows a very particular and accurate method to monitor the
static critical behavior near T, [1.209,210]. Second, since the hyperfine interaction
is a nearly constant atomic property of the probe, the EPR spectrum can be cleared
by signal treatments [1.211,212]. Let us begin with these technical points.
Above 11. the [MnC4]2- groups possess a (010) mirror. The main local axis of
the quadrupolar spin-lattice interaction lies in this plane with (a, z±) = ± 7° for the
two magnetically inequivalent sites. x = b is a common quadrupolar axis. For H
in the (a, b) plane, all sites become magnetically equivalent by symmetry. On the
other hand, nuclear spin transitions 11Ms = ± 1 are forbidden for H along the local
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T=lj+4k

H

r-::/~~aJz:
r

A

Fjg.l.44a~. Hyperfine structure of .dM. = - ~ -- ~. (a) T > 11 and Hila; (b) T > 11 and H tilted,
and (c) T < TI and Hila. The clearly resolved lines .dMI = ±l are indicated by a star

quadrupolar axes (x, y, z). Otherwise they become allowed and can reach a large
~
They are responsible for the complicated hyperfine
probability for L1Ms =
structure for Hila (Fig.1.44a). Their intensity increases sharply, see Fig.1.44b,
when H is slightly tilted by ()e around c, according to

-! !.

L1I«()c) = {I«()e) - I(Hlla)} ex ()~
Below TJ, in the INC phase, the nearly rigid[MnCI 4 ]2- groups undergo a modulated
tilt around a and around c. For the sake of simplicity, we may ignore associated
distortions and assume that essentially the probe is sensitive to the configuration of
the first shell of ligands according to the superposition model, see Sect. 1.2.4. Then
the EPR spectrum is not much influenced by the tilts around a, and the local tilts
around c by ()(r) = ()o cos cp(r) = ()o cos(kr + cpo) are equivalent to a local tilt by
-()(r) of the magnetic field, see Figs. l.44b and c. Therefore the average intensity
of the hyperfine lines L1MI = ±1 increases for Hila according to

L1I(T < 11) = {I(T) - I(l1 + €)} ex

(()5 cos2 cp(r») =

()2

;

ex [11- T]2.8

Let us note that the essential result, i.e., the quadratic dependence of L1I(T < 11)
on the amplitude of the order parameter, is not due to the shortcomings of the tilt
model. It only depends on the symmetry, i.e., on the local breaking of the (010)
plane by the plane wave modulation near 11.
Experimentally the hyperfine structure (Fig. 1.44a) does not change down to a
well defined temperature 11. Then a sharp and continuous modification occurs, but
the line shape remains commensurate-like. This can be accurately verified by the
nice reconstruction of the structure with a discrete set of lines, see Fig. 1.45.
Moreover, the smallest details of the hyperfine structure below 11, for any Tin
the range (11, TI-6 K), can be experimentally reproduced above TI, by a convenient
71
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tilt Be(T) of H (Figs. 1.44b and c). This means that Be(T) is an accurate image of
the amplitude of the order parameter at the temperature T. Therefore monitoring
the critical behavior of the order parameter only requires a visual examination of
two sets of lines: those recorded for Hila and T varying smoothly below 11, and
those recorded for T = 11 + E, H becoming smoothly tilted by Be. Fortuitous reasons
favor this rather odd way of monitoring the static critical behavior. In any case,
it is certainly one of the simplest and probably one of the most accurate for an
incommensurate system. Usually dynamical effects and lack of a perfect long-range
order very close to T, make the observation of the true static critical behavior
difficult. Alternatively, the reconstruction results (Fig. 1.45) can be used to monitor
the critical amplitude through L1I(T). The (x, y)-like behavior predicted by the
theory (n = 2) is well verified, see Fig. 1.46.

o

/

0.32 •

{3 { 0.35

0.38

o /

+
0

0/
Fig. l.4S. Computer reconstruction of the structure below 11 with discrete commensurate-like lines. (..:lM,
± 1 ttansitions are indicated by a star over the bars)
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Fig. 1.46. Plot of {..:lI(T)}1/2,6 versus (1l - T). A
linear law is obtained for f3 = 0.35
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On the other hand, dealing with the lines L1Ms = ±~ =+ ±~ is much more
complicated. Nevertheless for this transition each local, fine-structure line splits into a
constant sextuplet (L1M, = 0) not influenced much by the transitions L1M, = ±1, ±2.
Therefore it was possible to deconvolute the experimental lines below 11 by the
hyperfine structure recorded for T > 11. This numerical treatment [1.211, 212] clears
out the essential features of the modulation. Particularly, the rise of the multisoliton
regime near Te is marked by the rise of "embryos" of the lines which are fully
developed below Te in the COM phase, see Fig. 1.47. The rise of the multisoliton
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Fig. 1.47. The embryo of a low·temperature line at T = Te +5 K becomes apparent when the experimental
line is deconvoluted by the hyperfine structure. This line is marked by an arrow, and becomes fully
developed below Te. From [1.212)

regime, also marked by slow kinetic phenomena, was directly observed early on
[1.213]. The numerical treatment now allows a quantitative insight.
For Hila, the local line shift depends quadratically on the amplitude of the
modulation. Assuming that the phase is driven by a sine-Gordon equation, allowing
a slight modulation of the amplitude, the experimental line shapes near Tc could be
reconstructed accurately by a convolution procedure involving the theoretical phasedependent line and the constant hyperfine structure, and by matching the soliton
density. The results are shown in Fig. 1.48 [1.212].
An interesting result [1.212] was obtained for samples cleaved from Bridgman
batches and submitted to several thermal treatments prior to the measurements. For

(a)

expo

(b) theory

Fig. 1.48. Reconstruction of the experimental line according to a convolution procedure: {theory}·
{hyperfine structure}. Ns represents the fitted value of the soliton density. From [1.212)
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Fig. 1.49. Temperature dependence of the soliton density for a slow thermal cycling. From [1.212]

a very slow thennal cycling by steps of 0.2 K with thennal stabilization between
the steps, metastable states were observed over a temperature range of a few K, see
Fig. 1.49, [1.212]. They are characterized by a stationary soliton density. Metastable
states have also been observed [1.214] in {N(CH3)4 hZnCl4 subjected to large doses
of X-ray irradiation inducing defects. The metastable states were characterized by
stationary Bragg satellites, which imply some long-range order between the pinned
solitons. On the contrary, the local measurements in Rb2ZnCl4 do not yield any
direct infonnation on the long-range order. Therefore a full identification of the
metastable states near the lock-in transition requires the use of both techniques.
The large hysteresis seen in Fig. 1.49 and the dielectric measurements, which
show a smearing of the dielectric peaks at Te , indicate that the behavior of the
Bridgman samples near Te is dominated by defects. It is worth noting that freshly
cleaved crystals subjected to a fast thennal cycling (steps of 1 K) do not exhibit
metastable states [1.212].
Dynamical phenomena have also been observed using the EPR Mn 2+ probe and
the i1Ms = ±~ :::; ±~ lines. The critical slowing down is marked by a central peak
phenomenon, in agreement with the results of NMR investigations. This could be
inferred from a drastic effect of a small tilt by Be of H on the line width. Indeed,
the tilt of H away from a allows a linear contribution of the ordering variables on
the secular part of the fluctuating Hamiltonian via direct secular mechanisms. The
drastic broadening of the line width very near 71 for H slightly oriented away from
a requires a large spectral density J1 (0) of the fluctuation spectrum. In contrast, for
Hila, the secular part of the spin Hamiltonian depends quadratically on the amplitude
of the ordering variables. No significant line broadening is observed near 71 and this
means that the relevant spectral density h(O) is not drastically influenced by the
slowing down. "Central peak" phenomena and a strong order-disorder character of
the transition may account for these observations [1.215].
Below 71 and near 71, large phase fluctuations inducing a partial motional averaging of the line positions were observed [1.211]. This effect prevents a reliable measurement of {3 near 71 through the amplitude of the local line shifts and enforces the
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interest of observing the intensities of LlMJ ± 1 transitions within LlM. = - ~ --+ ~,
as described above.
In the plane regime at lower temperature, the asymmetry of the "edge singularity" spectrum (Fig. 1.49) has been assigned to persistent phase fluctuations with
large spectral densities in the range of 1010 Hz and to local line broadenings through
nonsecular mechanisms, i.e., through direct relaxation processes. The same effect
has been reported for ThCI 4, Fig. 1.38. Using a theoretical model involving an overdamped underlying phason mode, an upper limit for the phason gap could be estimated: wp ~ 1010 Hz [1.211].
Further information about the use of the Mn2+ probe in Rb 2ZnCl 4 can be found
in [1.216]. Using unusual ways, i.e. transition probabilities, or more sophisticated
methodology, i.e. rather heavy numerical treatments, the investigations on Rb2ZnC4
show that EPR probes are also efficient for complicated and messy spectra. Surveying the investigations of Rb2ZnCl4 with Mn 2+ yields that EPR remains efficient
despite confusing spectra due to overlap or an intrinsic complexity of the system.
Nevertheless, the usual basic quality of the method, i.e., fast access to essential
features, becomes spoiled by sophistication of the techniques.
In a tri-sarcosine chloride crystal, an EPR investigation with Mn 2+ probe ions
showed anomalous line broadening above T = 10°C, correlated with a change of
regime by a temperature dependence of most parameters of the spin Hamiltonian,
and also correlated with a distribution of local strains. The line shape resulting
from two equivalent sites but discernible for H in the (a c) crystal plane was
qualitatively interpreted in terms of an underlying, INC-modulated disorder [1.217].
At the ferroelectric transition (Tc = 130 K), the coexistence of "paraelectric-like" and
"ferroelectric" lines was interpreted in terms of an incommensurate wave resulting
from the collective fluctuations of a dipolar pseudo-spin [1.181] and giving rise to
similar phenomena as for ThCl4 near 11. Qualitatively, components of ferroelectric,
order-disorder, and COM--+INC transitions were invoked to account for the critical
behavior of the EPR lines at Tc = 130 K [1.181].
1.8.3 Incommensurate Phases in Diphenyl Studied
via a Triplet-State Spin Probe
In the molecular crystal diphenyl, (C12 HIO), guest molecules of phenanthrene
(CI4HIO) or of naphthalene (CIOHg) exhibit a long-lived triplet state under UV irradiation. The corresponding EPR lines undergo a splitting at 42 K and a further
modification at 15 K [1.218]. This was attributed to a structural phase change, initially suggested by Raman investigations. This was actually the first evidence of a
COM--+INC transition in molecular crystals, although this conclusion was not stated
explicitly.
The technique used was "EQR", i.e., electron quadrupolar resonance perturbed
by the Zeeman effect, rather than conventional EPR spectroscopy. Furthermore,
carbene [-¢-] has a triplet ground state, which was used to investigate INC phases
in partially polymerized crystals [1.219].
Below 11 = 42 K, pure diphenyl is known [1.196] to exhibit an INC phase (II)
with qJ(ll) = ±h'a* ± (1 - h'b)b* /2, and below T2 = 17 K, another INC phase (III)
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with lJI(llI) = (1 - ob)b* /2. In the high-temperature phase (I) the crystal structure is
monoclinic with space group P21 / a (Z = 2). In the INC phases, the displacement
field is essentially a modulated twist of the molecules around their long axis [1.196].
It is worth noting that two components of lJI(II) are incommensurate and that the star
of equivalent wave vectors has a dimension n = 4. The 11-+111 transition appears as a
partial lock-in. The current problem concerning phase II is that neutron scattering can
hardly distinguish a 10 modulation q: = oa* +(1- ob)b* /2 or q:' = oa* - (1- ob)b* /2
in a bidomain structure from a 20 modulation with qj and q:' in a single domain.
Both modulations are possible solutions of an n = 4 LGW equation [1.220].

(a)
7

~~

(. Gauss)

N ~(b)
(d)

14

56

-VA'--

Fig. 1.50. Experimental lines in diphenyl near 'lI for (a~)
=42.3, 4l.5, 40.5 and 37.1 K, respectively. From [1.218].
For (c) and (d) computer reconstructions with a ID model
involving first- and second-order line shifts are also given.
From [l.221]
T

Let us re-examine the early EPR results. The experimental line shapes near TJ
in Fig. 1.50 are drawn from [1.218] and [1.221]. They can be reconstructed by a 10
plane-wave model. On decreasing the temperature, the distribution of crystal-field
parameters [b~ - b~] and b~ progressively exhibits three and four peaks [1.218], Le.,
a similar behavior to the crystal-field parameters of Gd3+ -VBr in ThBr4. On the other
hand, a computer reconstruction of line shapes for a 20 plane wave modulation on
the same principles as for a 10 modulation can hardly account for the experimental
results [1.221]. This brief discussion of line shapes from early experimental results,
which focussed on the triplet state and the conformation of molecules with phenyl
rings, supports 10 rather than 20 modulation, but the line shape should be examined
in a larger temperature range. It outlines an interesting possibility of the EPR method:
the direct application of local measurements to infer reciprocal space properties. Only
a few 20 independent modulations are well identified. For instance, they occur for
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potassium strontium niobate (n = 4) [1.222] and for the charge density waves in the
2H-TaSe2 structure (n = 6).
In summary, EPR or ESR spectroscopy is an efficient method for obtaining valuable information about COM-INC phase transitions with simple experiments. For
the various extrinsic probes employed, such as charge-compensated defects (ThBr4'
ThC4), substitutional paramagnetic impurities (Rb2ZnC4, BCCD), free radicals
(K2Se04), molecular triplet states, there is no evidence of drastic phase-pinning
effects by the probe, i.e., an easy slide of the modulation wave is possible. If this
were not the case, it would indeed have considerably reduced the value of the
EPR method for investigating the static and dynamic properties of incommensurate
phases.
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x- and Q-band electron paramagnetic resonance measurements are reported on Mn4+-doped BaTi0 3 single
crystals in the rhombohedral low-temperature phase. The Mn 4+ probe ion is statistically substitute for the
isovalent Ti 4 + ion. The critical line broadening observed when approaching the phase transition to the orthorhombic phase demonstrates the presence of order-disorder processes within the off-center Ti subsystem and
the formation of dynamic precursor clusters with a structure compatible with one of the orthorhombic phase.
From the data it is concluded that BaTi0 3 shows a special type of phase transition where displacive and
order-disorder character are not only present at the cubic-tetragonal transition, but also at the orthorhombicrhombohedral transition at low temperatures. The disappearance of the Mn 4 + spectrum in the orthorhombic.
tetragonal. and cubic phases can be interpreted as the consequence of the strong line broadening caused by
changes of the instantaneous off-center positions in time around the averaged off-center position along a body
diagonal.
DOl: 10.1103IPhysRevB.76.094105

PACS number(s): 77.80.Bh. 77.84.Dy. 64.60.Cn. 76.30.Fc

I. INTRODUCTION

The problem of the coexistence of displacive and orderdisorder phenomena at the phase transitions of BaTi0 3 has
met growing interest in recent time. Whereas the first microscopic theory of BaTi0 3 (Refs. I and 2) was based on orderdisorder behavior, later on, BaTi0 3 as the most-prominent
representative of perovskite-type ferroelectrics was considered as a classic example of displacive transitions driven by
classical mode softening 3.4 which can be described by anharmonic lattice dynamics. s BaTi0 3 shows three phase transitions. At around 408 K it undergoes a paraelectric to ferroelectric transition from the cubic PI1l311l to the tetragonal
P4ml1l structure; at 278 K it becomes orthorhombic, C2ml1l;
and at 183 K, a transition into the rhombohedral lowtemperature phase RI1l3 occurs. Already 20 years ago, electron paramagnetic resonance (EPR) measurements performed on Mn4+_, Cr 3+-, and Fe 3+-doped BaTi0 3 (Refs. 6-8)
questioned seriously the pure displacive character of the
above phase transitions. In the low-temperature rhombohedral phase it was observed that Mn4+. which substitutes isovalent Ti4+ sites, is displaced off-center by 0.14 A along the
pseudocubic [III] directions as Ti4+ itself and is cooperatively coupled to the Ti4+ and its dynamics. The disappearance of the Mn 4 + EPR spectra at 13 and 19.3 GHz in the
high-temperature phases of BaTi0 3 let the authors conclude
that a reorientational hopping of the Mn 4 + between different
[Ill] off-center directions with correlation times
10-9 _10- 10 s takes place which suggests an order-disorder
transition. From diffuse x-ray scattering investigations
Comes et al. 9 had already earlier concluded that the Ti ions
are in all phases in off-center positions along the equivalent
[III] directions, at rest in the rhombohedral low-temperature
phase, but move around their average positions along two,
four, and eight [I \I] directions in the orthorhombic, tetragonal, and cubic phases. respectively. Ravel et al. to showed
with extended x-ray-absorption fine structure (EXAFS) and
x-ray-absorption near-edge structure (XANES) measure-

ments that the off-center displacement of the Ti4+ site in
BaTi0 3 is present in all phases and changes only slightly
from 0.19 A at 35 K to 0.16 A at 750 K. Recently. the problem was studied by quadrupole-perturbed 47Ti and 49Ti
NMR.II.12 For symmetry reasons the electric-quadrupole tensor is zero as long as the Ti ion is at the center of the cubic
cell, but nonzero for any off-center position. Thus, NMR
provides a direct tool to investigate the local dynamics. The
results are that the Ti is off-center not only in the tetragonal
but also in the cubic phase. However, the experimental data
cannot be reconciled with the pure eight-site off-center
model of Chaves et al..13 which predicts a zero value for the
averaged quadrupole tensor in the cubic as well as in the
tetragonal phase. Yet by considering an order-disorder component in coexistence with a displacive one resulting from
the dynamic distortion in the cubic phase and the static distortion of the unit cell in the tetragonal phase, the scenario
becomes compatible with the experimental results. In the tetragonal phase, the tetragonally elongated unit cell leads to a
nonzero average value of the quadrupole tensor. In the cubic
phase. due to the off-center Ti disorder, small and randomly
oriented dynamically distorted tetragonal nanoclusters exist.
Upon soft-mode freezing at the extrapolated phase transition
temperature, they transform into 90° domains in the tetragonal phase. This off-center scenario is in apparent contradiction with purely soft-mode-type theoretical models for
BaTi0 3. Recently, the Girshberg-Yacoby off-center cation
model of perovskite ferroelectrics has been successfully applied also to the cubic-tetragonal transition of BaTi0 3 (Ref.
14) assuming that the symmetrized occupation operators or
"pseudospins" for the Ti off-center sites are linearly coupled
to the normal coordinates of the TO lattice vibrations. This
approach shows clearly the characteristics of a displacive
transition, but with a simultaneous ordering of the Ti subsystem as an additional order-disorder feature. In general, the
transition temperature Tc of the coupled system into the tetragonally ordered phase is higher than the instability limit Ts
of the uncoupled soft mode.
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On the other hand, the nonlinear polarizability model,I5·16
going beyond the self-consistent phonon approximation and
exhibiting unique new solutions, achieves better quantitative
agreement with experimental data. The giant changes observed in the polarizability of oxide perovskites have been
shown to stem from delocalization of the outer p electrons.
Modeling these compounds within an anhannonic electronphonon interaction Hamiltonian leads to new interesting effects. Precursor domain fonnation, competing length and
time scales, and structural and electronic anomalies are a
consequence. These findings are not in contradiction with the
observation of a soft mode, characteristic of a displacive
phase transition mechanism, but show that a coexistence and
competition of both phenomena-order and disorder and displacive dynamics-may occur where different length and
time scales are obeyed.
Most recently, first-principles calculations of instantaneous and averaged local Ti potentials in BaTi0 3 (Ref. 17)
have been carried out. It was demonstrated that in the cubic
phase, instead of a temporally constant potential with eight
minima, only a single minimum exists, but with position and
depth changing in time. The statistics of thousands of Monte
Carlo steps representing stochastic temporal moments shows
that the minimum of the instantaneous potential is mainly
located at the eight off-center regions along the body diagonals of the unit cell in the paraelectric phase whereas four of
them are favored in the ferroelectric tetragonal phase. Considering the long-term time-averaged potential, this orderdisorder behavior disappears and a single minimum at the
center of the unit cell is obtained in the paraelectric phase
that becomes displaced in the ferroelectric phase.
Here we report on X- and Q-band EPR measurements at
the Mn 4 + probe ion site, which is substituted for the isovalent
Ti4+ of BaTi0 3 . The angular-dependent Mn 4 + EPR spectra
were recorded for selected crystal planes in order to find
appropriate directions for the temperature-dependent measurements. At selected directions of the static magnetic field
Bo, the temperature dependence of the Mn4+ EPR spectra
was measured. A critical line broadening was detected in the
rhombohedral phase when approaching the transition to the
orthorhombic phase. This line broadening is interpreted as
being the result of an order-disorder process within the offcenter Ti subsystem corresponding to a fictive transition temperature, which is distinctly higher than the one of the collective displacive transition. This observation indicates that
microscopic clusters of the orthorhombic Ti off-center displacements exist already in the rhombohedral phase, which
then transfonn into orthorhombic domains above the actual
phase transition temperature. This assumption is confirmed
by the agreement of the characteristic experimental angular
dependence of the line broadening with the prediction of the
model.

1300 0 C for 2 h in oxygen caused an increase of the Mn4+
signal by a factor of 10.
In contrast to C~+ and Fe 3 probes, the Mn 4+ probe substituting isovalent Ti4+ sites is displaced off-center along the
pseudocubic [111] directions in the rhombohedral phase as
Ti4+ itself and is cooperatively coupled to the Ti4+ and its
dynamics. 8 Cr 3+ and Fe 3 probes remain centered due to the
repulsion of the effective negative charge of these triply
charged ions by negatively charged oxygen ions. For Mn4+
this is not the case. Theoretical calculations indicate a
ground-state energy similar to that of Ti4+. By using the superposition model, the axial crystal field splitting D
=0.65 em-I, found for Mn 4+ at low temperatures, leads to an
off-center displacement of about 0.14 A, close to but smaller
than the intrinsic Ti4+ displacement of 0.19 A detennined
recently by EXAFS and XANES studies. lo This result also
excludes the suspicion that the smaller ionic diameter of
Mn4+ could be in the first case the origin of the off-center
displacement at all.
EPR measurements were perfonned in the Q band at
34400 MHz using a BRUKER EMX spectrometer and in the
X band at 9600 MHz with a BRUKER ESP 380 FT-EPR
spectrometer in the cw mode with an OXFORD CF935 cryostat. Due to the very large axial crystalline field splitting, in
contrast to the X band, the Q band only shows the full fine
structure split spectra.
The precision of the relative and absolute temperature
measurements was 0.1 and I K, respectively. In the X-band
modus, the spectra were recorded with 100 kHz field modulation using an amplitude of I mT at angular dependence
measurement and of 0.1 mT when measuring the temperature dependence of the linewidth. In the Q-band modus,
20 kHz field modulation with I mT amplitude has been applied. The characteristic Mn4+ EPR spectrum was only observed in the rhombohedral low-temperature phase, but not
at higher temperatures in the other phases.

III. RESULTS
A. Mn4 + EPR spectra at X and Q bands

Angular-dependent Mn 4 + EPR spectra at the Q band,
shown in Fig. I, were measured at 90 K with a static magnetic B field rotating in a (I -10) plane in order to find an
appropriate orientation for the temperature-dependent linewidth studies. As shown by Muller et al. 6 - 8 20 years ago, the
spectrum of one of the [III] off-center Mn4+ with a
3d5-electron configuration and a resulting effective electron
spin 5=3/2 can be well described by the spin Hamiltonian
H = gii/35,H, + g Jf3(5,H, + 5,Hrl

+[)(5~-~5(5+ 1)+£(5,-5,))
( I)

II. EXPERIMENT

Crystal growth and sample preparation have been described in detail in Ref. 7. Samples were carefully selected
out of crack-free regions with planes parallel to (I 10). Consecutive heat treatment of the sample at 650, 950, and

with ::11[111], D=0.65 em-I. £=0, gll=gc= 1.9968, g~
=2.0015, AII=72.2 G, and Ai =78.2 G. In Fig. I the circles
represent line positions [ignoring Mn4+ hyperfine splitting
(HFS)] calculated with Eq. (I) and the above parameters for
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FIG. 1. Angular dependence of the Mn4+ EPR spectra at the Q
band measured at 90 K with static magnetic B field rotating in the
(1-10) plane in steps of 5° (upper spectrum corresponds to -700
with respect to [001 ]). The circles represent line positions (neglecting Mn4+ HF splitting) calculated with Eq. (1) and the parameters
given in the text for the four Mn4+ off-center complexes in the
[Ill], [1-l1J, Ell-I], and [I-I-I] domains,
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FIG; 2. (Color online) Calculated line positions (small circles)
of all EPR transitions with final transition probability with B rotating in the same (1-10) plane. The large circles correspond to the
experimental line positions. Mn4+ HF splitting is neglected. All
other symbols are explained in the text.

[ll-l], and [1-1-1) domains. Figure 2 shows calculated line
positions for all EPR transitions with final transition probability and B rotating in the same (1-10) plane. Open and
half-solid circles represent [Ill] and [11-1] domains and
solid circles [1-11] [1-1-1] domains showing equivalent
spectra in this plane. The transitions are marked for the halfsolid circle spectra (without shadow) and for the solid circle
spectra (shadowed). The larger circles represent the experimental line positions where Mn4+ HFS is neglected. One
observes clearly that neither [111] nor [11-1] domains are
formed in the studied crystal upon cooling.
For the X-band measurement the same crystal was oriented such that the static magnetic B field was rotating in the
(l 10) plane. The angular-dependent line positions measured
at 140 K are shown in Fig. 3 as open circles. The solid
circles are the result of the calculation of four axial Mn4 +
off-center ions using Eq. (1) and the same parameters again
ignoring HFS. As is obvious only the spectra of two Mn4+
off-center ions appear with their axial directions along [Ill]
and [\-11) lying within the (110) plane. Together with the
fonner Q-band results, these results demonstrate that in the
crystal studied, after cooling to the rhombohedral phase only
two kinds of domains are formed: namely, [Ill) and [l-ll).
For the numerical analysis of the spectra the program
R-SPECf version 1.03. and private programs were used. 22
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FIG. 3. Angular-dependent line positions of the Mn4+ EPR specat the X band measured at 140 K with static magnetic B field
rotating in the (110) plane. The open circles correspond to the experimental positions; the black ones are calculated according to Eq.
(1) with the parameters given in the text, The small deviations result
from a small misfit in sample orientation.
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FIG. 4. Temperature-dependent line shape of the Mn4+ hyperfine
sextet of the low-field 2-> I transition at -70 0 as shown in Figs. I
and 2 measured from 130 K up to the phase transition temperature
at 197 K.
B. Linewidth

When heating the crystal from low temperatures to that
close to the transition temperature of the orthorhombic
phase, striking changes of line shape and linewidth arise. The
temperature-dependent measurements of these effects were
done in selected directions where no line overlap occurs. At
the Q band, the same direction as at the rotation angle -70 0
in Figs. I and 2 was chosen. The temperature-dependent
line-shape change of the Mn4+ hyperfine sextet of the lowfield 2 --) 1 transition from 130 K to the phase transition at
197 K is presented in Fig. 4. Using the BRUKER WINEPR
SimFonia system, the linewidth was derived from spectrum
simulations. The temperature dependence of the linewidth is
shown in Fig. 5 by open circles. With increasing temperature
not only the linewidth but also the ratio of Lorentzian to
Gaussian parts of the line shape is increasing from a value of
0.3 at temperatures below 180 K to 0.5 above 180 K, demonstrating the presence of an exchange process. The measured temperature-dependent line broadening can be fitted
very well by an expression characterizing critical phenomena
at order-disorder transitions,18
/::"B

=/::"Bo + a/(To -

T),

In comparison to the Q band, the X-band linewidth and
broadening are considerably smaller. Consequently, the linewidth can be taken directly from the well-resolved spectra.
The low-field transition at the rotation angle -50 0 in Fig. 3
was selected for the temperature-dependent linewidth measurements, which is considered to be related to the [I-II]
off-center ion. The temperature dependence of the experimental peak-to-peak linewidth /::"Bpp is shown in Fig. 6 by
open circles. The best fit using Eq. (2) yields the parameter
values /::"B o=(1.29±0.03) mT K, a=(59±5) mT K, and the
fictive order-disorder transition temperature To=(234±3) K
which is in excellent agreement with the one measured at the
Q band.
Assuming that both Mn 4+ off-center ions in the [Ill] and
[II-I] domains behave similarly with respect to the linewidth, the angular dependence of the linewidth of the [Ill]
branch at 140 K was taken from the spectra shown in Fig. 3.

Chi"2/DoF
= 0.02032
R'2
= 0.99816

12.91849
590.21821
234.08654

;{).32207
±S1.77862
±3.20014

(2)

where /::"B is the resulting total linewidth, /::"Bo the extrapolated basic line width at low temperatures, the parameter a is
a measure of the strength of critical fluctuation phenomena,
and To is the fictive order-disorder transition temperature.
The best fit results are with parameter values /::"Bo
=(4.5±0.5) mT, a=(l95±56) mT K, and To=(232±9) K.
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FIG. 6. Temperature dependence of the peak-peak linewidth at
the X band (open circles). The line is the best fit using the parameters shown in the inset.
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FIG. 7. Angular dependence of the peak-peak linewidth of the
[111] branch at the X band (see Fig. 3) measured at 140 K. The
angular orientation agrees with the one of Fig. 3.
The result is presented in Fig. 7. demonstrating a very characteristic angular dependence. It is interesting to note that the
maximal broadening appears in the direction of the highest
resonance field.
IV. DISCUSSION

A. Anisotropy of broadening

The experiments provide evidence for a fast motional process of the Mn4+ off-center ions between several states being
of unknown nature for the time. There are limitations for
these states with respect to time and symmetry. Thus. from a
symmetry point of view. within a <1-11) domain of the rhombohedral phase. an order-disorder scenario not only allows
the [1- I I] Ti off-center position. but also those along [III].
[-I-II], and [1-1-1] directions with equal population and
similarly [-111], [11- I]. [-1-1-1], and [-11-1].1 [ Assuming the
existence of a fast biased exchange between. e.g., the dominating [1-11] off-center position and the weaker but equally
occupied [111]. [-1-11]. and [I - I - I] positions. it requires that
in contrast to the experiment. another anisotropy of line
broadening would result.
In order to obtain an angular-dependent motionally narrowed linewidth as observed experimentally one has to assume an exchange between two states corresponding to two
slightly orthorhombically distorted fine structure tensors D+
and D_. In diagonal form. with the main values Duo Dyy , and
D,,, the axial fine structure parameters D+=D-=3/2 D" of
b~;h tensors are identical, whereas the orthorhombic fine
structure parameters e+= -E-= (D u - D"y) 12 = IN= 0 are equal
with opposite sign. Then. in the fast motional average one
ends up with the undeformed axial [1-11] tensor D I_II . This
scenario can be considered as dynamic orthorhombic distortion of the Mn 4+ off-center complex. By setting arbitrarily
0=66 X 10-4 cm- I. the frequency difference I1w or the analogous B-field difference 11 between the lines of the two
equally weighted paramagnetic centers can easily be calculated. This frequency difference I1w (in units of s-I) is the
cause of the anisotropy of the broadening according to the
simple relation for the line width (in units of s-I) in the
fast-exchange case, [8

25

50

75

100 125 ISO 175
,p=n 12

¢ (degree) at

FIG. 8. Angular dependence of the calculated static line splitting
6. between the two states represented by the slightly orthorhombicaIIy deformed fine structure tensors D+ and D_ in the (J 10) plane.
The splitting 6. is a measure of the linewidth in the case of the
fast-exchange regime.
(3)
where 'Tex is the correlation time of the exchange. Using the
above spin-Hamiltonian parameters, the result for an X-band
calculation for the measured orientations shown in Fig. 7 is
demonstrated in Fig. 8. Here, the line shifts 1112 (in units of
tesla) are plotted as caused by e+ and C. respectively. Note
that a minimal shift appears at the same orientation at which
the minimal broadening was found experimentally.
There remains, however. still the question about the structural background of the assumed dynamic distortion. For this
reason let us consider the tensor of the [1-11] off-center
Mn4+ ion dominating in a <I -11) domain, the one of the three
other off-center positions [111], [-1-11], and [1-1-1], and of
the orthorhombically deformed tensors D + and D _ all of
them being transformed into the crystal coordinate system
[100], [010], [001].
Transforming the four diagonal axial tensors with components D,,=-2Dxx =-2D y ),=2/30.65 cm- I with their main
principal axes z along [I-II]. [III]. [-1-11]. and [I-I-I] into
the crystal coordinate system [100], [010]. [001], the tensors
have the following matrix form:

D I_II =

~(

- 0.450

3250

3250
3250

- 0.450

- 0.450

D I_I_I = ~ ( 3250
-3250

3250

3250 )
3250 X 10-4 cm- I , (4)
0.900

3250
- 3250)
- 0.450 - 3250 X 10-4 cm- I ,
-3250

0.900
(5)

DJJJ=~

(

- 0.450

- 3250

-3250
-3250

- 0.450
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- 0.450 - 3250
3250 )
(
D'I'II=~3 -3250 -0.450 - 3250 X 10-4 cm- 1 ,

3250

- 3250

0.900

(7)
and setting 8=66 X 10-4 cm- 1 one obtains further

D+ =

~(

-33.8 3316 3217)
3316 - 33.8 3217
3217

3217

32.9 3183
32.9

D_=~ ( 3183

X [0-4

cm-I,

(8)

67.9
3283)
3217 X lO-4cm-l.

(9)

3283 3283 - 65.8
One can easily obtain a tensor close to D+ by adding a small
value k=0.023 of D Il .! to D J. II ,

o

- 0.46 3324 3175)
(D1. 11 + kDI.!.I) =~ ( 3324 - 0.46 3175 X 10-4 cm- J •

Ba

3175

3175

(10)
In order to obtain D_. equal parts of both Dill and D. j • lI
have to be added,

D!.ll+k/2(DIl!+D'1.11)=~ (

-0.46

•

0.96

3175

3175

3250 )
-0.46 -3250

3250

3250

X 10-4 em-I,

0.92

\

[1-1-1]

Ti

FIG. 9. Precursor model of the Ti order and disorder in the
low-temperature phase close to the rhombohedral· orthorhombic
phase transition. Schematic representation of the BaTi03 unit cell
with the Ti off-center position along the [1-11 Jbody diagonal and
dominating occupation probability in a (1-11> domain, together with
the three neighboring ones along [lll], [-I-11J, and [1-1-1] which
are involved in the fast exchange.

(II)

which yields reasonable numerical agreement.
Perfonning a weighted average over the fine structure tensors of two paramagnetic centers means spectroscopically
that a fast-biased exchange takes place. 12 Thus, one obtains
two different time scales of the Mn4+ off-center dynamics at
temperatures close to the rhombohedral-orthorhombic transition temperature. A first one is fast with respect to the large
frequency difference of the order of 100 GHz of the EPR
line positions of the centers involved in the X and Q bands;
the second one is slower by two orders of magnitUde, but fast
with respect to the frequency difference of the line positions
resulting from the fast-biased exchange of the order of
1 GHz. However, there are still two weak points of the
present interpretation. The considered dynamical orthorhombic distortion of the Mn 4 + off-center complex with only two
final states and the coupled contributions of Dlll and D. l . 1I
in contrast to the singular contribution of D u . j are inconsistent with the trigonal symmetry of the [1-11] domain. And in
addition, the experimental angular dependence of the line
broadening is far from being well reproduced by the above
model.
Therefore, another approach is undertaken (see Fig. 9)
where three average tensors are fonned by fast-biased exchange between the dominating [1-11] Mn 4+ off-center position and each single neighboring [111], [-I-ll], and [1-1-1]
off-center position. The corresponding fine structure tensors
are

(12)
with a small but arbitrarily chosen parameter k=0.05. Experimentally, the magnetic B field is rotating in the (I to)
plane such that the spectra of the two centers with the tensors
D l . llllil and DI.III.I.ll become identical. The calculated
resonance field difference A (in units of mT) is shown in Fig.
lOusing the same angle of rotation as in the experiment, Fig,
7. Adjusting the calculated line splitting to the angulardependent linewidths presented in Fig. 7, a very good correspondence of the model anisotropy with the experimental
one is obtained.
In addition, the structural consequences of the biased average states become obvious. Upon undergoing the transition
to the orthorhombic phase from the above described rhombohedral [1-11] domain, three domains can result, with their
C 2v axis directed along the (l01], [0-11], or [1-10] pseudocubie directions (Fig. 9). In this case, for these three domains,
the occupation probability of the considered [1-11] off-center
position becomes equal to the one of the [111], [-1-11], and
[1-1-I] off-center positions, respectively. Consequently, one
may consider the hiased average states in the rhombohedral
phase as precursors of the orthorhombic order-disorder
situation. 19
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FIG. 10. Line splitting /), calculated from the precursor model
(line with right side scale) compared to the experimental line broadening IlBpp (points with left side scale) in the (110) plane at the X

band.
B. Correlation time of motion

In the previous subsection two different time scales of
Mn4+ off-center motion were discussed. In the following,
more precise estimates of the correlation times will be performed using the well-known expression for the line shape in
the case of chemical exchange between mUltiple sites of different occupation probability20 The site n has the resonance
frequency w" and is occupied with the probability Pn- The
shape of the absorption line is then gi ven by

I(w)=Im

[ iwrMO~

Pn/(l + aliT)]

I

L

'

(i 3)

P"a,/(I + anT)

11=1

with
an=ro+i(w,,-w),

(14)

where r 0 is the basic linewidth and Wr is the amplitude of the
microwave field B I. For fast reorientation, the multiplet is
reduced to a single line with linewidth r being a measure of
the correlation time of motion T. This has been evaluated
numerically.
To begin with the fast-biased exchange between the dominating [I-II] Mn4+ off-center position and the one of the
neighboring [III], [-I-II], and [1-1-1] off-center positions
(Fig. 9), the exchange frequency is estimated by assuming
that the same occupation probabilities as above, P I _II =0.95
and P 11-1 = 0.05, are valid. The linewidth resulting from this
exchange process must not exceed the basic line width !lBo
=4.5 mT as obtained in Fig. 5 at the Q band. The temperature dependence of the Iinewidth was measured at the rotation angle -70 0 of Fig. 2. As is seen in this figure, at -70 0 ,
the difference in the resonance fields of the 2 -+ I transition
of the [I-II] center at 720 mT and the 2 -+ I transition of the
involved [III] center at 2310 mT is large, being of the order
of 1500 mT. Numerically it turns out that the exchange frequency of the fast-bi\lsed exchange must be at least
160 GHz.

Now, the dynamics between the three precursor states can
be considered as an exchange between three equally occupied sites (Fig. 9). Using the fine structure tensors as given
by Eq. (12), the fictive line positions of the three sites in the
direction -70 0 (see Fig. 2) are calculated to be 702 mT,
723 mT, and 753 mT. With these values, the largest linewidth of 9.7 mT measured a few tenths of a degree K below
the first-order transition corresponds to a reorientational correlation time T=0.6 X 10- 10 s.
At the X band, on the other hand, using a calculated line
splitting of 11.5 mT taken from Fig. 9 and the maximal linewidth of 2.5 mT, a correlation time T=2.1 X 10- 10 s results.
This implies that close below the first-order transition into
the orthorhombic phase the critical order-disorder Mn 4+ offcenter dynamics is slowing down to about I GHz. One
should note that this frequency is only an estimate since the
calculated resonance field splitting with k=0.05 is rather
plausible, but remains somewhat arbitrary.
The calculation shows that also in the present case of fast
exchange between three sites the resulting linewidth is
strictly linearly proportional to the correlation time. Consequently, by using Eq. (2) for the linewidth, the resulting reciprocal correlation time or frequency of reorientation in the
temperature regime between 90 K and 197 K obeys the relation

-

I

27rT

=(To -

T)/36 GHz,

( 15)

with the fictive transition temperature To= (233 ± I) K as in
the case of a relaxator mode at an order-disorder transition.
Recent theoretical studies L1 of a displacive transition with a
simultaneous ordering of the Ti subsystem showed that the
transition temperature Tc of the coupled system into the ordered phase is higher than the instability limit Ts of the uncoupled soft mode. The experimental result of To=233 K in
comparison to Tc= 197 K for the first-order transition from
the rhombohedral into the orthorhombic phase is in line with
the theory. The picture which we obtain from these results is
the following: The Mn4+ and Ti4+ ions sit in an anhmmonic
potential of trigonal symmetry with a deep minimum at the
off-center position along the diagonal [I-II] and three relative equivalent minima at considerably higher energy. The
ion is rapidly excited into one of the higher minima with a
rate of at least 160 GHz, but on the average it occupies the
deeper minimum for most of the time. Then, at a rate of
I GHz, the excitation changes randomly to another of the
three ancillary minima. Even though it remains rather speculative, it is tempting to correlate the 160 GHz dynamics with
an anharmonically distorted soft mode and the one at I GHz
with the central peak-cluster dynamics.
C. Orthorhombic phase

The disappearance of the Mn4+ spectra in the orthorhombic phase and the other high-temperature phases becomes
clearer if one takes into account the symmetry restrictions II
and, in addition, the results from recent first-principles studies of instantaneous and averaged local Ti potentials in
BaTi0 3. 17 Monte Carlo calculations demonstrate that in the
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cubic phase the instantaneous Ti potential minima are locally
distributed around eight equivalent positions shifted from the
unit-cell center along the body diagonals in the paraelectric
phase, but around only four in the tetragonal phase. From
symmetry considerations only two positions are privileged in
the orthorhombic phase. By extrapolating the model results
to this phase, one may easily conclude that a distribution of
the instantaneous local off-center positions around the two
preferred ones takes place and leads inevitably to considerable changes of the fine structure tensor components in time.
On the other hand, in the tetragonal and cubic phases, dielectric relaxation measurements 21 yielded 10-8 _10- 9 s as typical reorientation times for the Ti off-center reorientation, being rather independent with temperature. By considering the
47Ti and 49Ti NMR spectra l2 in the tetragonal phase, the
quadrupole splitting of the order of 100 kHz is comparatively small with respect to the reorientation frequency.
Therefore, the NMR lines of the instantaneous local offcenter positions around the four preferred ones are averaged
out and sharp lines are measured in the fast-motion regime.
In the case of the EPR spectra, which have been considered
here, with a fine structure splitting up to I T corresponding
to 30 GHz, the situation is different. The manifold of instantaneous fine structure lines distributed around the preferred
ones is not averaged out such that heavily inhomogeneously
broadened EPR lines result that cannot be detected anymore
experimentally. This is true not only in the orthorhombic
phase, but also in the tetragonal and cubic phases, implying
that the main reason for the disappearance of the Mn4+ lines
in these phases is not a line broadening due to hopping between different off-center positions along the body diagonals, but the local distribution of instantaneous off-center
positions around each of these positions.
V. CONCLUSIONS

X- and Q-band EPR linewidth studies of Mn4+ substituting Ti4+ in BaTi0 3 demonstrate that order-disorder processes
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PHOTOCHROMIC Fe 5+ IN NON-CUBIC LOCAL FIELDS IN SrTi0 3
Th. W. Kool and M. Glasbeek
Laboratory for Physical Chemistry, University of Amsterdam, Nieuwe Prinsengracht 126, Amsterdam,
The Netherlands
(Received 20 January 1977 by A.R. Miedema)
The EPR spectrum of an S = ~ centre in SrTi0 3 has been observed. It is
ascribed to an Fe 5+(3d 3 ) ion adjacent to an expanded oxygen octahedron.
Near the structural phase transition the line shapes reflect critical phenomena comparable with those of the Fe 3+ - Vo pair centre.
IT IS WELL-KNOWN that SrTi0 3 , containing transition
ion impurities, shows photochromism [1]. Recently the
charge-transfer bands for the sequence Fe 5+ -+ Fe4 + -+
Fe 3+ [2] and Fe 4 + - Vo -+ Fe 3+ - Vo [3] were established
by using the EPR conversion-rate method. In this communication we present the results of an EPR study of a
new photo chromic centre in SrTi0 3 : Fe 5+(3d 3 ) substituted for a Ti 4 + ion in a local axial crystal field. This
centre has a large anisotropy in EPR and can therefore be
used as a probe in a study of the structural phase transition of SrTi0 3 [4].
Single crystals of SrTi0 3 containing Fe(18 ± 4 ppm)
and Mo(2 ± 1 ppm) were purchased from Semi-Elements
Inc. Irradiation between 65 and 200 K with light from a
Philips SP 500 W high pressure mercury arc fIltered by a
396 nm interference fIlter induced the following changes
in the X-band (9.2 GHz) EPR spectrum: the signals due
to Fe 3+ [5], Fe 3+-Vo [6] and Fe 4 +-Vo [3] disappeared,
while the isotropic Fe 5+ [7] and the new Fe 5+ lines increased. Figure 1 shows the X-band EPR spectrum taken
at 77 K before and after irradiation for H II [110]. The
photo-induced changes could be reversed by irradiation
with light fIltered by a 780 nm interference fIlter. The
solid lines of Fig. 2 depict the angular dependence of
the photo-induced spectrum for H in the (001 )-plane
at 115 K. The orientation dependence of the lines
denoted by A is characteristic of an effective S = !
system with tetragonal axes along one of the {100}directions, except for 11 ° < Q < 18°, where the A lines
are not observed. The effective g-values are :
gilff

=

2.0132 ± 0.0010

and g!ff

=

3.784 ± 0.0010

d 3 -ions

A value of g!ff - 4 is expected for
with zerofield splittings much larger than the Zeeman interaction.
In this case we calculate 12DI "" 0.8 cm- 1 , using the
perturbation treatment of references 5 and 8. The zerofield splitting being of the order of the Zeeman interaction makes it necessary to proceed with a direct computer diagonalization of the secular equation. Choosing

as the angle between the main centre axis z and the
direction of the magnetic field, the spin Hamiltonian
can be written as:

Q

H = D[S; - !S(S + 1)]

+ gll(3HSz

cos Q

+ gl{3HS",

sin Q

for S =~. Complete agreement with the experimental
curves for 115 K of Fig. 2 is obtained by computer
diagonalization for : gil = 2.0132 ± O.OOlO;gl = 2.0116
± 0.0010 and 12DI = (0.541 ± 0.001) em-I. With these
parameters we computed energy diagrams for Q = 0°,
45° and 90°. [Fig. 3(a-c)]. The indicated transitions
illustrate the origin of the curves of Fig. 2. Transitions
C and D are forbidden at Q = 0°, but off axis they
become strongly allowed, except for Q > 60° where the
X-band quantum is smaller than the level splittings. The
B line is calculated to contribute to the spectrum for
0° < Q < 11 ° only. E lines are allowed only for Q = 90°
and orientations close to it. For other orientations the
transitions are forbidden, because the spin functions
are mainly m. = ~ or - ~ in character. No A line resonance is expected for 11 ° < Q < 18°, because the local
splitting is smaller than the X-band quantum [Fig. 3(d)].
Below tlie temperature of the structural phase
transition of SrTi0 3 (in this crystal T < 103 K)
additional splittings in the S = ~ spectrum are observed.
The dotted lines in Fig. 2 show the angular dependence
of these splittings for H in a (001 }plane. The analysis
can be given in complete analogy with that of the Fe 3+_
Vo pair centre [6]. If the paramagnetic centre is substituted for a Ti4 + ion and perturbed by an axial crystal
field along one of the three equivalent {100} crystal
axes, two types of defect centres are possible due to the
cubic-to-tetragonal phase transition: (i) The main centre
axis is directed along the tetragonal domain axis; (li)
tlie main centre axis is perpendicular to the tetragonal
domain axis. In the former type the local axial symmetry
is retained, in the latter the local symmetry is lowered
to orthorhombic symmetry. The 0 lines in Fig. 2 are
due to tetragonal centres, which are also the high
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Fig. 1. (a) EPR spectrum of Fe centres in SrTi0 3 : Fe-Mo at 77 K and 9.2 GHz for H II [110] before irradiation. (b)
EPR spectrum obtained from (a) by irradiation with light of A. ~ 396 nm. The lines marked x belong to axial Fe 5+.
temperature centres. The ± <1>* lines correspond to
centres with their z-axes in the (00 I )-plane and are
± <1>* rotated from the [100]- or [OlO]-directions. The
m lines stem from centres with their z-axes tilted by
± <1>* out of the (OOI)-plane and finally, the r-lines are
due to centres with their z-axes slightly tilted away from
the [OOI]-direction.
Choosing (J and 0 as the polar angles of the magnetic
field with respect to the main axis z of the local centre,

the spin Hamiltonian can be written as:

+ !E(S; + S~)
cos (J + !gAS+ + S_) sin (J cos 0

H = D[S; - lS(S + 1)]

+ (3H[gzSz

-!igy(S+-S_) sin

(J

sin 0] .

By use of Table I of reference [6], the (J and 0 dependence can be expressed in a <1>* and 0' dependence. where
0' is the angle between H and the pseudo-cubic
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POOj-direction. With giifi = gil = 2.0132 ± 0.0010;
= gy = gl = 2.0116 ± 0.0010 and <1>* = 1.75° it is
found with the help of computer diagonalization that
12DI = (0.551 ± 0.001) cm- 1 and lEI = (0.529 ± 0.03)
x 10- 3 cm -I. In the temperature range 30 K < T < 85 K
the rotational angle <1>* is linearly proportional to the
intrinsic order parameter <1>, <I>*(T) = (1.14 ± 0.05) <I>(n
The rhombic splitting E is proportional to <1>2; E(T) =
p<l>2 with p = 0.74 ± 0.05 cm- I rad- 2 .
In summary, there is a close similarity in the EPR
behaviour of the S = ~ centre and the Fe 3+- Vo pair
centre. We conclude that the S = ~ ion is substitutional
for a Ti4 + ion in a local tetragonal crystal field. The EPR
spectrum of the centre lacks hyperfme structure. The
meang-value, g = 2.012, is within the experimental
accuracy equal to that of the Fe s+ centre [7j at a cubic
site. This was also found for the Fe s+_0 2 - _Al 3+ defect
pair [9j. Therefore, the defect centre is assigned to Fe s+
in a local tetragonal crystal field. The origin of the tetragonal field is still uncertain. An Fe s+- Vo centre is unlikely because for oxygen vacancy pair centres in SiTi0 3
a rotation angle of - 0.9° is expected at 77 K, whereas
the rotation angle <1>* for the S = ~ centre reported
here was found to be 1.75°. A more probable assignment
would be an Fe s+ ion perturbed by a still unknown diamagnetic ion at a Ti site in an adjacent oxygen octahedron. The measured value of <1>* can then be understood
as the result of an expansion of this adjacent oxygen
octahedron.
As has been demonstrated in extensive studies of
the EPR spectra of Fe 3+ - Vo, a critical slowing down of
the rotational fluctuations of oxygen octahedra in
SrTi0 3 occurs near Tc [4j. Similar phenomena are
observed in the EPR spectra of the axial Fe s+ centre.
From the temperature dependence of <1>*(0: <1» in a
monodomain crystal the critical exponent {3, defined
by <I> 0: (Tc - T)13, was determined as {3 =! for 0.7 <
T/Tc < 0.9, and therefore (<I» shows Landau behaviour
in this temperature region, whereas {3 = 0.33 for 0.9 <
T/Tc < I in agreement with the results of the Fe 3 +- Vo
pair centre [lOj. Local fluctuations in the order parameter (<I» are known to cause asymmetry in the line
shape of the EPR lines for T ..... T; [l1j. Similar effects
were found for the axial Fe s+ centre. In addition, a
temperature dependent linewidth broadening was
observed for the geff - 3.4 lines (Fig. 4). From the maximum linewidth the upper limit for the characteristic
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VIII. Dipolar and Quantum ParaeIectric Behavior

Cubic oxide perovskites, with BaTi03 as a prominent example, exhibit three first-order
transitions (from cubic to tetragonal, orthorhombic and trigonal symmetry) upon cooling
from high temperatures. Todd 8 .1 found that in the mixed KTao.gNbo.l 0 3 crystal the highest
transition was continuous at Tc = 92 K. Re-examination of the dielectric constant E(T)
revealed a very high value of 160,000. The behavior as function of temperature could be
fitted with E(T) ex: (T - Tc)'Y and mean field 'Y = 1, with a crossover at about 50 K above Tc
with 'Y = 1.7. A very careful experimental and theoretical analysis showed that in a cubic
ferroelectric, the strong electric dipole forces can extend the dipole range in temperature by
such a large amount, compared with that in a cubic ferromagnet, where the range is quite
short. Macroscopic randomness due to inhomogenities cannot mask the dipolar behavior in
KTao.gNbo.103 [VIII1J. Regarding the non-Curie-Weiss behavior of the dielectric constants
in cubic perovkites, a crossover from 'Y = 1 to 'Y = 1.4 could be well described by biquadratic
self-consistent electron-phonon coupling [VIII2J.
The value of 160,000 of the dielectric constant E(T) measured near the cubic-totetragonal phase transition of KTao.gNbo.103 appears to be the highest ever reported.
However, the E(T) in the tetragonal phase of SrTi03 had been found to reach values of
some 20,000 in the liquid helium range. They were discussed as possible indication either
of a ferroelectric transition as in KTao.gNbo.103, of relaxator behavior due to some impurity, or of quantum dielectric behavior. In the latter, quantum fluctuations of energy
hw » kT, due to non-vanishing zero-point motion of the particles, suppress the incipient
ferroelectric phase transition. In a number of thorough experiments, Muller and Burkard
[VIII3J found that E(T) became temperature-independent below 3 K down to 0.3 K, or even
close to 0.035 K in one experiment. This convincingly proved the existence of the quantum
paraelectric regime and a crossover to it upon cooling. In this regime, E(T) only depends on
an applied external stress, with the temperature-independent inverse susceptibility being
linearly proportional to the external stress. The behavior found ruled out the other possibilities mentioned above, in which a drop in E(T) after a maximum for lower temperatures
must occur. In the remainder of this paper, the experimental E(T) crossover from classical
mean field to quantum regime was compared with various theories. It was concluded that
in this crossover the dipolar regime found in KTao.gNbo.103 is present and plays a role,
including some coupling to acoustic modes as proposed by Bilz et al. [VIII2J.
The quantum paraelectric state of SrTi03 was deemed to be extremely sensitive to
perturbations, and this was indeed found to be the case upon doping with Ca 2+. Bednorz
and Muller found the quantum mechanical onset for displacive ferroelectricity at Xc = 0.0018
in Srl-xCaxTi0 3 mixed crystals. These crystals became ferroelectric with polarization axes
along pseudo cubic {llO} and {lIO} directions perpendicular to the c-axis oriented II {DOl}.
The polarization could be switched between the two directions, i.e., the system is in an
XY, n = 2 ferroelectric state with quartic anisotropy, see [VIII4J. Upon increasing X above
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0.016, the rounding of c:(T) near the maximum seemed indicative of the presence of a random
domain state, which was verified later by birefringence measurements [VIII 5 ]. From them,
it was concluded that at criticality Xc the domains that occur have the size of the sample
and the random fields are likely due to Ca-Vo centers, similar to the Me2+ -yo centers
discussed in Chap. II.
In [VIII 6], a very careful EPR study of Fe3+ in SrTi0 3 in the quantum paraelectric
range is reproduced. The 1971 studies of the rotational order parameter cp(T) had already
shown a deviation from the SPT theory below a temperature Tq = 38 K, indicating a
coupling to another order parameter. Now in [VIII 6] EPR Fe3+ data were recorded in the
tetragonal and trigonal phases of SrTi0 3 that provided clear signatures of inverse cusps of
the spin-Hamiltonian parameter at Tq. Tq is constant as a function of uniaxial [111] stress,
continuous at the tetragonal-to-trigonal phase transition, and becomes stress-dependent in
the trigonal phase. The question was then discussed whether there could be a transition
from the existing incoherent quantum paraelectric state at Tq to a coherent one. The onset
of quantum ferro electricity with Ca2+ doping (see [VIII4]) may be considered as pinning
center of a dynamic domain state stabilized by quantum fluctuations, with the latter being
induced by the coupling of the low-lying transverse ferroelectric mode WTO(q) with an
acoustic mode WAc(q) at finite wave vector. This finite wave vector yields a minimum
in WTO(q) at finite q, like the rotonic one does in liquid helium. So far , the EPR data
reproduced in [VIII6] have not been supported by other experiments. Here a comment is
called for, which was not emphasized in [VIII 6] at the time. The dips in the EPR spectra of
Fe3+ have only been observed for the pure magnetic center without an impurity nearby (i.e.,
not for the Fe 3+ -V 0 center), namely, only if the environment of the paramagnetic probing
center is unperturbed. It may well be that in the real crystal impurities disrupt the phase
coherence and only the ideal lattice allows them. Therefore bulk methods, such as light
or neutron scattering, which integrate over a larger volume, are blind to the occurrence of
zero-order-type phase coherence.
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Dielectric-constant measurements on several samples cut from a KTa,_xNbx03
(x = 0·10) single-crystal gave values of < up to 160000 near the cubic-to-tetragonal
second-order ferroelectric transition at 92 K . An exponent y for «t) was determined
to be 1·7 ± 0·2 in a range of t = (1 - Tj Te) between 0·08 and 0·40 and is interpreted
as long-range dipolar behaviour. At t ",,0,8, crossover to mean-field behaviour is
observed.

In cubic magnetic systems the fixed-point behaviour has most recently
been investigated in the presence of short-range isotropic exchange and longrange dipolar interactions. Aharony, Fisher and Bruce [1] showed that
isotropic dipolar perturbations are relevant with spin (n) and lattice dimensionality d = n = 3. Not too close to T C' a crossover from short-range
Heisenberg to dipolar behaviour occurs, which may be observed in certain
dipolar ferromagnets with low transition temperatures [2]. However, the
computed critical exponents are, to second order, practically indistinguishable
from t.heir short.-range values [1]. These t.heoretical results are also applicable
to cubic ferroelectric systems [1, 3] if interactions of cubic symmetry are
neglected. The behaviour of systems in the presence of dipolar and cubic
interactions has not been worked out theoretically. In the present experimental investigation in a cubic ferroelectric we have found a critical exponent
y which, over more than an order of magnitude in dielectric constant E, exceeds
the computed dipolar fixed-point behaviour of 1·38 ± 0·03 and crosses over to
mean-field behaviour at high temperatures. This is the first time that, in a
ferroelectric with d = 3, a deviation from y = 1 mean-field behaviour has been
reported. The Gaussian fixed point is stable for dipolar n = 1, d = 3 systems
[4]. Dielectric-constant measurements in uniaxial ferroelectrics such as TGS
have confirmed these expectations [5] including a logarithmic dependence of
the fourth-order vertex function in the equation of state [6].
Ferroelectrics of cubic symmetry that undergo second-order phase transitions are scarce. The mixed crystals KTa 1 _ x Nb x 0 3 show second-order transitions for x:( 0 '30, according to a recent investigation by Todd [7]. He determined the sign change of the fourth-order vertex B from measurements of
t.he polarization as a function of electric fields at T> Te. B = 0 at x = 0'30,

t This research ,ms supported in part by the Swiss National Science Foundation.
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which is the concentration of the tricritical point at T t = 225 K. For x < 0·05
the crystals appear to remain cubic dmvn to 4·2 K as in KTa0 3 . We chose
x = 0·10 with T c = 92 K, sufficiently far removed from the tricritical point
and the suppression concentration to avoid crossover to hypercritical behaviour.
The crystal of optical quality on which the measurements were carried out was
that used by Todd [7,8]. The size of the crystal was 6·1 x 3·3 x 1·9 mm 3
and the orientation of the cubic axes was within ± 2° perpendicular to the
faces of the platelet. Electrodes of titanium covered with gold were vacuum
deposited on the large faces. The capacitance was measured in a cryostat
by means of a Wayne Kerr auto-balance bridge (B 642) at 1·6 kHz. The
initial measurements are shown in Fig1LTe I. The dielectric constant reaches
E= 1·2 x 10 5 at the cubic-to-tetragonal phase transition, twice the value
reported by Todd [7]. Despite this high value, the transition seems to be
smeared out over a region of about ± 1'5 K. The same feature is observed
for the first-order phase transition from tetragonal to orthorhombic. This
certainly results from macroscopic inhomogeneities in the Nb-Ta distribution,
since a 1% change in x causes a shift of the transition temperature of about
7 K [7]. Upon raising the temperature from 77 K (trigonal phase), E(T)
follows a lower curve which in the cubic phase asymptotically approaches the
upper curve. This is possibly because of space-charge effects, as recently
investigated by Hochli [9]. The two lower phase transitions show a thermal
hysteresis of about I K.
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In Figure 2, we report data on a truncated part of the crystal where E
reached 160 000 at T c: log (1/ E) is plotted versus log (T - T J. In the vicinity
of T c no critical exponent y can be evaluated. Above T - Tc = 8 K the slope
becomes constant, indicating an exponent y = 1·70 ± 0·20. At T - Tc ~ 70 K,
a crossover to y = 1 takes place.
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Figure 2 Inverse dielectric constant I/E versus T - Tc on a log-log scale
of the truncated sample. The data points above T-Tc=80K
are obtained by capacitance measurements at discrete temperatures. The error bars indicate the uncertainty in ( Tc ) arising
from the uncertainty in the value of a. 0·9 K < [T{E maJ (T c ) ]<1·7K.

The reliability of these results depends on the following features:
1. The surface layers, for which no critical behaviour is expected, can be
taken into account by an almost temperature-independent capacitance Os in
series with the bulk capacitance 0b . If one assumes that the upward bend
of the slope below T - Te= 8 K in Figure 2 is caused by Os, a minimum value
for Os is obtained. The curve corrected for Os is somewhat steeper in the
vicinity of T e, i.e. y ~ 1·8, but shows distinct deviations from a straight line.
The influence on y is therefore positive but smaller than + 5%.
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2 A very similar feature is connected with the quality of the electrodes
and the texture of the surfaces. Experiments showed that the surfaces had
to be polished to optical quality before the vacuum deposition of the Ti-Au
electrodes, in order to obtain the highest possible values of E at Te' Since
the problem can also be treated by means of a series capacitance Os, the
conclusions under (1) can be used.
3. The influence of the inhomogeneity in the Nb-Ta distribution on the
critical exponent y is not trivial [10]. Macroscopic inhomogeneities were
taken into account in the following way: the capacitor platelet is subdivided
into homogeneous but not too small volume elements with sharp transition
temperatures resulting from microscopic randomness, Tc(x, y, z), and dielectric constants
(1 )

In the direction of the electrical field z, i.e. perpendicular to the electrodes,
the volume elements represent piles of capacitors in series with distinct distributions gl[Tc-(TJx, y)zJ of T, .. The mean value of the inverse dielectric
constant for such a pile becomes
(2)

The distribution of Tc in the direction of the electric field limits <E(X, y, T)z
at T = (Tc(:r, Y)z to a finite value.
Adding the piles together to form the whole sample corresponds to an
infinite number of capacitors in parallel. Here the distribution of (Tc(:r, Y)z,
g2[<T c(x, y)>z- (Tc>Z, x, y] has to be taken into account:
+CD

E(T-<Tc>Z,X,y)=

J

g2[(T c(x,Y)z-<T c )z,X,y]

For the computer calculation of E(T), the following assumptions were made:
]

c(T <

TJ =-a c(T >

T,.).

a=2 (mean field); a=5

y(T < Te) = y(T >

Tel

gl and g2 are Gaussian distributions with standard deviations a1 and a 2 .
These simplifications certainly do not correspond fully to the crystal properties but they represent a plausible approach. All calculated curves
approach asymptotically the slope y for any a l , a 2 and a. For a 1 > 2a 2 the
correct slope is reached between 3a l < T - <To) < 4a1 within 1%. For a 1 < 2a2
the tangent with the slope y is crossed by the curve and approached asymptotically from the other side. The best fit to the curve in Figure 2 was
obtained with y = 1·7, a l = 2 K and a 2 = 1 K.
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In order to confirm these results, platelets with a thickness of 0·25 mm
were cut from the smallest faces of the crystal and subdivided into three
platelets (1'9xO'8xO'25mm 3 ): E(T) was then measured. Obviously these
platelets were more inhomogeneous than the rest of the crystal since they
showed different <T c (variations of more than 1 K between them) and E
reached a value of only 70000 at <T c>' For these platelets the slope in
log liE versus log t also reaches a value of 1·7, but for a much smaller interval
in liE. The remainder of the crystal, from which the measurements of
Figure 2 originate, showed an improvement of E at <T c>from 120000 (Figure
1) to 160 000. This crystal was finally examined by microprobe analysis
and within the accuracy of the technique used, L'lx = ± 0·3%, no systematic
inhomogeneity in the Nb-Ta distribution could be detected. This corresponds well to the observed values of a 1 and a 2 . All these investigations confirm the reliability of our results.
We have estimated a possible contribution of the tetragonal-to-orthorhombic phase transition. This transition is of first order because there is
no subgroup-supergroup relation between the phases. In such a case (as
in KNbO a [11]) the peak in the dielectric constant is known to be small.
This is also the case here, as can be seen from the small hump on the steep
slope below Te' The measurements show the free dielectric constant in the
polar phase, which in KNbO a is known to be an order of magnitude higher
than the clamped one owing to piezoelectric coupling. By extrapolating the
clamped value needed here to the cubic phase we find only negligible contribution.
The exponent we found suggests dipolar behaviour of the cubic [3J or
random [10] variety for the following reasons: (a) The lower limit of y falls
above the computed value for an isotropic dipolar fixed point y = 1·38 ± 0·03;
(b) The presence of cubic terms in the Hamiltonian of short-range systems
shifts the exponents more away from the mean-field values [12]. In the
range of temperature t where we see the new exponent, cubic terms are
certainly present [13]. In KTa0 3 the cubic anisotropy of the soft modes are
small but in KNbO a very large [14]; (c) Aharony computed for dipolar random
systems [10] an instability with a much larger exponent y = 2·2 for n = d = 3
to order E = 4 - d; (d) The energy of the soft TO mode nWTO in the range in
question is smaller than the transverse/longitudinal splitting n(wLO - wTO)
from Raman data of Perry [8]. Thus according to Bruce [3] the system
must exhibit dipolar behaviour.
A flattening of E(T) towards T c ' i.e. higher y, can occur due to space-charge
effects. These can be large for typical Perovskite-type crystals in the helium
range [9] but the ones found here above 105 K (Figure 1, upper and lower
curves) yield almost the same y. Quantum-mechanical effects could be a
possibility [15]. However, Tc = 92 K is still high and for short-range models
it has been shown that as long as Te is not suppressed towards T = 0, the
critical exponents remain the same in the presence of quantum-mechanical
oscillations [16].
A crossover from dipolar to mean-field behaviour is expected at temperatures corresponding to the TO-LO splitting in the ferroelectric [3]. Perry
has found the LO mode at a frequency of 200 em-lor 286 K in energy [8J.
By assuming wTooc1/E in the mean-field range from the Lydclane-Sachs-Teller

>
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relation, we find Tl ~ t(wLO - wTo)hjk. In SrTi0 3 and KTa0 3, deviations
from mean-field behaviour also occur at T 1 ~ t(wLO - wTo)hjk [15] which
appear to have the same origin. Tl is the temperature where experimentally
the crossover to mean-field behaviour occurs. This is in accord with the
expectation that for t = 0·8 the correlation length t is much shorter than the
range of short-range forces A. For t ~,.\, of course, mean-field behaviour is
always found [17J.
In conclusion, the much stronger electric dipolar forces (wTO - WLO splitting)
in a cubic ferroelectric can "extend the dipolar range in temperature by such
a large amount , compared to a cubic ferromagnet , that it becomes observable.
This extension to t = 0'4, as shown here, is sufficientlv large for the macroscopic spatial randomness in Tc due to inhomogeneities of the mixed crystal
not to mask the dipolar behaviour.
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Non-Curie-Weiss behavior in ferroelectric perovskites
H. Bilz and R. Migoni
Max Planck-Institutfur Festkorperforschung, Stuttgart

G. Meissner
Fachrichtung Theoretische Physik, UniversitCit des Saarlandes
Saarbriicken, W -Germany

and

K.A. Muller
IBM Ziirich laboratory, Riischlikon, Switzerland

The temperature dependence of dielectric constants and ferroelectric soft modes in
several perovskites shows a changeover as one crosses from a temperature region in which
mean field theory holds to a low temperature regime. Empirical values for the effective
component y in this regime are about 1.4, i.e. they deviate significantly from Curie-Weiss
behavior, y = 1. These results are well described by biquadratic self-consistent electronphonon coupling due to non-linear oxygen polarizability.
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The dielectric constants '(110) and their change with uniaxial (I TO) stress in monodomain
(001 )SrTiO) samples have been measured as a function of temperature. Between 4 K and 0.3 K
these quantities are independent of temperature. In one sample ,(T) was measured to 0.035 K
and found to be constant. This proves the quantum-mechanical stabiliz.ation of the paraelectric
phase below 4 K with a very high dielectric constant ,. The crossover from classical to quantum
behavior on lowering the temperature is discussed, and it is shown that the coupling of the ferroelectric mode to acoustic ones is important. The d T) dependence is compared to earlier and
recent theories. The former, yielding a coth (lifl!kT) term, are found to be inadequate for the
crossover region. A recent biquadratic ferroelectric mode-coupling theory fits the data better.

I. INTRODUCTION

In this paper we report a dielectric investigation on
two monodomain SrTiO) samples down to 0.3 K, and
in a third sample an extension to 0.035 K. The large
dielectric constant f does not vary below 4 K for a
given stress. This is taken as evidence for the occurrence of a quantum-mechanical regime which stabilizes large ferroelectric f1uctuations in the 'paraelectric phase.
One can view this state as follows: consider a
dynamical spin less Hamiltonian of the general form
n

H

=

"i.p?/2ml +

V(UI,U2 ..... UI, .... Un)

•

(l)

I

where PI, Uj, and mj represent the ith particle
momentum, its coordinate and mass, and V the total
potential energy. In SrTi0 3 the interaction potential
is such that a ferroelectric phase transition is about to
take place at low temperatures. Our experiments
prove that the presence of the dynamic momentum
coordinates PI in Eq. (I) which do not commute with
the Uj, i.e., (pj,u,) = -ih iii} suppress the phase transition due to the non vanishing zero-point motion of
the particles. The latter having a larger amplitude
than the ferroelectric displacement, the resulting susceptibility as reported in Sec. II is high and temperature-independent below 4 K, in contrast to crystals
with random paraelectric impurities.
Many years ago Barrett extended Slater's meanfield theory of BaTiO) to include quantum effects in
cubic ferroelectrics. 1 Renewed interest in the
quantum-mechanical suppression has resulted, owing

to the recent rigorous calculations of Schneider,
Beck, and StoH 2 for structural short-range regimes
with lattice dimensionality d = 3 and order-parameter
dimensionality n = 1; 2, where an inequality was
analytically derived from the Hamiltonian. These authors were able to prove rigorously the suppression
therewith. Aubry) then proved it for general interactions including d = 3, n = 3, and long-range (ferroelectric) forces using the equivalence between a ddimensional quantum-mechanical spinless Hamiltonian as in Eq. (I), and a d + 1 classical system of
closed Feynman rings of length 1- f3 fi (f3 - 1/ kT).
In Sec. III a comparison of our experiments· on
SrTiO) with earlier work is made. The recent
Raman-scattering data as a function of uniaxial stress
obtained by Uwe and Sakud0 5 at 4.2 K are of importance in this connection because they show the existence of a paraelectric state at T = 4.2 K in the absence of stress. Finally, in Sec. IV, the origins of the
crossing over from classical mean-field behavior
E(T) 0: (T- Tc)-I, where kT» fin, and Tc-35.5 K
- with Ifn the quantum energy - to the quantummechanical regime kT « fin are discussed. The
quantum-mechanical mean-field formula l leads to a
quantum energy of 80 K, but considerations of
short-range forces of Ti-ion displacements 6 suggest
the existence of mechanisms which reduce the classical Tc to a value Tc' < 10 K, where quantummechanical suppression of the phase transition becomes operative. These are the phonon dressing)
and the recently discovered dipolar behavior in a cubic ferroelectric. 8 A quantitative theory including
both of them has recently been worked out by
3593
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SAMPLE A

SAMPLE B

UO"lh

Migoni, Bilz, and Biiuerle.9 Its clue is the anisotropic
oxygen intra-ionic and biquadratic poiarizability
KO. TI•Ti • This nonlinear theory and earlier less complete ones are compared to our results. In the Appendix the mean-field result,l but within the selfconsistent single soft-mode theory, is recalled. to This
is helpful in understanding the physics of the
suppression involved.

~Ojh

1st RUN

If

lE

ft

(O)

(b)

n.

The dielectric constants of two SrTi03 single-crystal
samples A and B were measured in the temperature
range 0.3 - 300 K in a 3He cryostat. To obtain
monodomain crystals,ll both samples were thermally
treated by rapidly cycling between room temperature
and liquid-nitrogen temperature five times before
loading into the cryostat. A third sample C was
measured between 0.035 and 4.2 K in an adiabatic
demagnetization cryostat. ll The temperature Twas
measured with a copper-constantan thermocouple and
with carbon resistors which were calibrated for
1.25 E; T E;4.2 K against the vapor pressure of 4He
and for T E; 1.25 K against the magnetic susceptibility
of cerium magnesium nitrate (CMN). The capacitance measurements were performed with an au-

(d)
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tomatic three-terminal capacitance bridge at ac frequencies of 1, 10, and 100 kHz. The capacitance
values for these frequencies agree within 0.2%.
In a first run, the dielectric constants 13 Ell0 of samples A and B, with gold electrodes on the (110) faces
[Figs. 1(a) and I(b)] were obtained. Down to 4 K,
the values observed increase monotonically in a
well-known manner, IUS but for T < 4 K, EllO is almost a constant (Fig. 2, curves I and 2) showing a
very smooth maximum at 3 K (the maximum values
are about 0.20/0 higher than the values of I K). For
sample C, too, EIIO was found to be constant in the
temperature range 0.035 ~ T ~ 4.2 K. In a second
run, the dielectric constant fifo of sample B [electrodes on the (110) faces, Fig. I(d)] was measured;
at low temperatures, the Elfo values observed (Fig. 2,
curve 3) are slightly smaller than E\10, but show exactly the same behavior. The slight difference
between Elfo and E\10 suggests that E. in sample B is
20000, similar to what was obtained by Sakudo and
U noki.13 This is half as large as measured by Uwe
and Sakudos and could result from plastic elongation
in the thin monodomain samples along the c ditection.
In the same run, the stress dependence of Elfo of
sample A was investigated (stress along [110]). The
applied force was transferred by a stainless-steel wire
from the top of the cryostat to the cell. The stress T
was calculated from the applied force by multiplication with the ratio of the lever arms, and division by
the cross section of the pressed face. The error in
stress resulted mainly from friction (corresponding to
a stress of about 30kPa/cm 2). In sample A, electrodes were only applied to the middle part of the
large faces [Fig. I(c) J.16 To further improve the
homogeneity of stress, the planes to be pressed were
carefully polished and fixed to the piston with vacuum grease.
After mounting the sample into the stress cell and
cooling to liquid-helium temperature without an applied force, the E values were measured (Fig. 2,
curve 4). A small residual stress O'fe. might still have
been present during cooling, thus a reduced E resOlted.
The EI [0' in the presence of external stress, was
measured in the following way: the stress was applied at 4.2 K; and the sample then cooled down at
constant stress. The observed E values taken at 4.2,
1.3, andO.8 K agreed within 0.05% [see Fig. 3(a)].
After warming up to 4.2 K again and removing the
stress, the sample was checked for irreversible
changes of the dielectric constant. This procedure
was repeated for each value of applied stress. After
removal of the highest applied stress (1560 kPa/cm 2)
the zero stress value of E had decreased irreversibly
by about 4%.
The slope of the inverse dielectric susceptibility

')Ir -4'IT/(Elfo-O against the applied stress T, [see
Fig. 3 (b)] was computed; its value
(Q\1 + Q\2 + Q66/2) was determined to 6.1 x 10-13
cgs, which compares well with that of 6.01 x 10-13
cgs, reported in Ref. 5. The value of
')I.(T-O) -4'IT/E. could not be determined because
of the plastic deformation of sample A, the absolute
zero stress being unknown. Assuming the value
measured by Uwe and Sakudo s - marked with a circle in Fig. 3(b) - is the strain-free one, then our
sample had undergone a plastic deformation
corresponding to application of I) - -0.02 x 10 x 109
dyn/cm 2 on a strain-free sample.
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III. EXISTENCE OF A QUANTUM-MECHANICAL
PARAELECTRIC STATE

Earlier dielectric-constant measurements down to 4
K in multidomain SrTi03 had been fitted with the
mean-field Barrett formula, I rederived in the Appendix within self-consistent single-mode theory [Eq.
(All)] with TI -1iD./k, it reads,
X=

M

( )

(Tt/2) coth (T I /2 T) _ Teel

2

They yielded l4 . 15 TI - 84 K, Te = 38 K, and
M =9 x 104 K. There are a number of reasons why
the seemingly good fit was not accepted as proof of a
quantum-mechanical suppression of the ferroelectric
phase transition: Equation (2) was a quantummechanical extension of the mean-field theory of
Slater, thus not a rigorous result. We shall discuss
below that it could be of importance why Eq. (2) is
not, in general, applicable, and Te is too high for the
suppression to occur; there can exist a crossover temperature T, to another regime. This crossover then
depresses Te towards such a low-temperature Te .el
that quantum-mechanical suppression becomes
operative at - +0- T, (see Fig. 4). That such a
suppression can occur follows from recent rigorous
calculations 1. 3 as mentioned in Sec. 1.
Experimentally the situation regarding the
quantum-mechanical suppression was also far from
clear. The monotonic rise of e( T) down to 4.2 K is
mirrored by the near proportionality to wid found in
Raman scattering. 17 As calculated by Cowley7 and
emphasized byWorlock,18 WTO(T) could be interpreted by the "phonon dressing." Whether such an
anharmonic stabilization called "incipient ferroelec-
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FIG. 4. Schematic representation of crossover of 1t. vs
temperature for a mean-field quantum-mechanical regime
according to Eq. (2) in the text, or via a classical dipolar
mode coupling regime - (T - Te *) > with 'Y - 1.5 and dipolar Me quantum-mechanical regime for T -0.

tric"19 would lead to a quantum-mechanical dielectric
behavior, and where, was not clear. In other words,
experimentally there was no data indicating a flat region
in either £( T) or WTQ( T) over a srifficiently extended
temperature range. Some experimentalists expected
that £(T) would drop again below 2 K, in analogy to
paraelectric systems. 10
Another reason for doubt was the observation of
hysteresis loops. These observations were ascribed to
ferroelectricity despite the application of Eq. (2) .14
More recently, Uwe and Sakud0 5 have investigated
SrTi0 3 at 4.2 K by means of dielectric measurements
and Raman scattering as a function of uniaxial stress.
At this temperature, the crystal is in its tetragonal
paraelectric phase which exists below the structural
transition at To = lOS K.l1.22 They showed conclusively that at 4.2 K the ferroelectric mode only
freezes out under application of uniaxial [l001 and
[1I0] stress, perpendicular to the c axes at lS.6 and
56 kPa/mml, respectively. This finding is essential
for our assertion of the existence of quantummechanical suppression, i.e., for stresses smaller than
the critical ones tha t proved the crystal to be in the
paraelectric state at 4.2 K. Our experiments show
that for stresses below the critical stress, the paraelectric behavior is temperature independent. This is
borne out in Fig. 2 for residual stresses between 4.2
and 0.3 K, and in Fig. 3 for externally applied
stresses between 4.2 and 0.8 K. It is, in our opinion,
conclusive proof of a quantum-mechanical regime.
The values of £110 and £110 obtained in sample B
are also of importance. The two different sample
lengths. of 0.33 and 3.0 mm for runs 2 and 3, across
which the ac dielectric constants were measured, give
almost identical values £110 and £Ifo eliminating possible influence of surface charges. Hiichli 13 has estimated a maximum charge density of a 1 C/m 3 at
zero field, which limits the maximum trapped field in
our sample to 1 kV 1m. This reduces the dielectric
constant by as much as O.S% with respect to its value
in the virgin sample. This is compatible with the accuracy of our measurements. Below 4.2 K, motion
of surface charges occurs on a slow time scale 1l and
£(T) was found to be independent of the ac frequency between 1 and 100 kHz.
In Fig. S the e( T) data of curve 1 in Fig. 2 are
compared to £( T) as computed with Barrett's Eq. (2) .
The constants M=8.0 x 104 and Te=3S.S k, were
obtained by a least-squares fit to £-1 = (T - TC> / M
between 150 and 300 K. In this range we are certain
to be in the high-temperature mean-field regime.
Next, TI =80 K was adjusted for an optimal e(T) fit
from ISO down to 16 K. It is seen that the quantum
paraelectric temperature-independent E value does
not reach the experimental values. Barrett's curve BI
bends away near 16 K and reaches too Iowa value,
i.e., 17800. This corresponds, in the schematic diagram of Fig. 4, to too high a value of l/E. The
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quantum paraelectric dielectric constant of 23 000 for
run 1 is significantly lower than the extrapolated
strain free of about 40000,5 due to plastic sample
elongation along the c axis. This further shows the
inadequacy of Eq. (2). Of course, one can fit Eq. (2)
to the observed temperature-independent dielectric
constant of 23 000 by slightly changing T, from 80 to
77.8 K. H~ever, as shown in Fig. 5, B 2, the fit is
then poor between 4 and 70 K. Basically this is a
result of the too fast bending over of Eq. (2) within a
temperature interval of ~ T = 5 K, instead of the observed 10K. The other curves of Fig. 5 refer to later
theoretical efforts, where coupling of the ferroelectric
soft mode to acoustic modes was taken into account
as discussed in the Sec. IV.

IV. CLASSICAL QUANTUM-MECHANICAL
CROSSOVER

A. Static considerations and phenomenological soft-mode
theories
Having established the existence of the quantum
regime, we now discuss its origin. Kurtz 6 emphasized
recently that the quantum suppression becomes
operative when the classically calculated ferroelectric
displacement ~z (of the Ti ion) for T « T, is smaller than the mean quantum-mechanical amplitude Kz.
In a number of ferroelectric perovskite oxides it was
found that ~z· is related to T, by24.25
(3)

with essentially the same force constant K = 5.5 X 104
dyn/cm .
Kurtz,6 taking into account that the short-range
constant K is compatible with elasticity data,24 calculated the quantum-mechanical isotropic rms amplitude Kz f~m a Deb~e temperature of 0 = 400 K. He
obtained ~z = 0.03 A using a formula by James,
KZ2 = 1f/2mNK (+0), in which the number of atoms
per volume N is included. Equation (3) yields
~z (T =0) =0.045A for T, = 36 K. Thus ~z < Kz is
not fulfilled. Therefore, we looked for a classical
mechanism which depresses ~z to the order of 0.02
to 0.03 A or from Eq. (3), T, >c, below 10 K (see
Fig. 4).
Before doing so, we want to make another point
supporting the above conclusion: as mentioned in
Sec. I it is possible to derive Eq. (2) from a single
mode self-consistent mean-field phonon theory as
shown in the Appendix . thus one may try to stay
within this approximation to estimate whether the
quantum suppression occurs. Using T, = SO K = n If/k
to obtain n = 1.1 x lOll rad/sec, and identifying

3597

m with the mass of the titanium ion, we calculate the mean QM amplitude Kz2 = 1f/2m n,
Kz - 0.077 A, a value larger than the value
~z = 0.045 A, obtained from Eq. (3) with T, = 35.5 K,
indicating that a quantum-mechanical suppression
Kz > ~z takes place. However, within the same single mode approximation, Eq. (3) is also derived in
the Appendix [Eq. (AI4)l, and yields
(4)

with n = 1.1 x 10 Il (T, = 80 K), one calculates
K =6.5 x 10 3 dyn/cm. Compared to the experimental
5.5 x 10 4 dyn/cm,24 this is a factor S.5 too small, and
clearly shows that the single soft-mode approximation
is inadequate and the inclusion of the coupling to
other modes is necessary. These will mainly be the
occupied acoustic modes 6
An apparent step in this direction was the recent
approach by Chaves er al.,26 who considered the
anharmonic phonon coupling
~ C(q,q',q",q"')Q(q)Q(q') X(q")X(q''')

(5)

q~~'"

between the TO wTo(T,q) and the acoustic n(T,q)
branch with normal coordinates Q and X, respectively. Substituting the summation over acoustic modes
in the Hamiltonian by an effective term C they arrived at a formula for the center of the Brillouin zone
q =0,

w~o(T)=wfo(O)+(C)/n)[++n(!1)l.

(6)

For SrTiO) they used the following empirical parameters to fit the temperature variation of the TO mode
WTO(O) = i 35.1 cm- I , n = 62.3 cm- I , C = 55.5 cm - I
Using these values, they claimed to get an excellent
fit down to 4 K. We have computed e(T)ccl/wfo(T)
with their Eq. (6) and show this in Fig. 5. As can be
seen, their curve does not give a better fit than
Barrett's formula. Thus this theory does not provide
an improvement. Furthermore, the value of the constant C is unrealistically high. Clearly a better and
microscopic theory including the soft-phonon acoustic
mode coupling is needed.
Earlier than the above authors, pytte 27 theoretically
investigated a triply degenerate ferroelectric soft
mode including piezoelectric coupling. Within his approximations the temperature dependence of the soft
mode is as given by the single frequency formulas
(A8) and (AIO), but with the fourth-order constant
y replaced by 31', +2f 2 -2C 2, where 1', and 1'2 are
the two local fourth-order constants allowed in cubic
systems and

G/j and Ci} are the electrostrictive coupling and strain
constants, respectively. The latter are known,S but r,
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and r 2 are not. Thus the temperature dependence
has to be fitted by choosing 3 r I + 2 r 2 to the same
analytic form as Eq. (2), and the same comments are
valid.
The difficulties with these phonon theories indicates the lack of an additional clue to the understanding of why the classically extrapolated Tc'1 of 35.5 K is
depressed to < 10 K. Now, Kind and Muller 8 in
KTao.9Nbo.IO) recently showed that a crossover from
the mean-field region to another regime occurs below
T, :::: 120 K. -The exponent of the susceptibility found
in this regime was y - 1.7 ± 0.2, therefore T, «I is
lower than T,e1, because f- I ex: (T - T, 'e1)y is flatter
for higher y (Fig. 4). Note also that in KTa09NboIO)
a real ferroelectric phase transition occurs at
T, «I = 92 K, and no quantum paraelectric behavior
exists. This supports the existence of another regime
in this mixed crystal.
Two causes for the occurrence of a regime different from that of Landau with a value of y = I were
discussed in Ref. 8: (a) the randomness of the
KTao9Nbo10) mixed crystal, and (b) dipolar behavior
as originally proposed by Bruce. 28 Cause (a) can obviously be ruled out for SrTiO). In Ref. 8 it was
found that the transition T, in KTao.9Nbo.IO) occurs
when the thermal energy kT becomes lower than
about half the dipolar energy WD . The latter is measured by the splitting between the longitudinal 29 WLO
and transverse lS WTO modes. Thus we have
kT, - +(WLO - WTO) If. Using the measured
wLO=188 em-I and wTo=45 cm- I energies in SrTiO),
we find that this rough empirical formula holds for
SrTiO) T, -100 K (see Fig. 2 and Ref. 13-15), and
(WLO - WTO) ~k = 210 K, respectively. Therefore,
crossover to dipolar-cubic behavior appears as a possibility. However, one may have to use for WLO a
higher and not the lowest mode. This reduces kT, to
a fraction of WD . More important is that the observed regime is sufficiently far from T, that one may
claim it to be critical dipolar in a true sense. The dipolar ferroelectric interaction is, on the other hand,
certainly involved.
An additional mechanism was proposed by Bilz.)O
The coupling of the ferroelectric mode WTO to the
acoustic modes WA occurs over the whole Brillouin
zone. Thus its interaction with the acoustic modes
becomes stronger than just perturbative once WTO( T)
at q = 0 has lowered so much on cooling the crystal
that it is lower than one or several acoustic modes at
the Brillouin-zone edge. The acoustic modes at the
zone edge have energies of the order of 150 K.29
This means the ferroelectric mode "plunges" into the
"sea" of acoustic modes spanned over the Brillouin
;zone, coupling to them with strong momentum
transfer. Naively, one would also expect from this
plunging mechanism to observe this new regime in
ferroelectrics with high T, as the plunging of WTO is
present there too. This is, however, not the case, as

it has up to now only been seen in systems with low
T, as KTN [K(Ta:Nb)O)] or in quantum paraelectries. Apparently, the regime is only observed as
long as kT < IiWA (q = 71'/a) , but not if kT, and thus
kT> IiWA (q = 71'/a). In this latter case the whole
acoustic branch is occupied. Thus the new regime is
only seen when this is not the case, i.e., when the
Brillouin edge WA is not yet occupied. Then renormalization via phonon occupation due to WLO - WA
coupling is possible. The self-consistent theory to be
described in Sec. IV B appears to implicitly include
both mechanisms.

B. Comparison to recent dynamic microscopic theory

Application of the most recent anharmonic theory
of Migoni, Bilz, and Bauerle 9 to three different oxide
perovskites has indeed borne out the existence of the
above-mentioned dipolar mode coupling regime.]1
This self-consistent microscopic theory9 includes the
aforementioned phonon dressing, 7.17.1& and automatically yields a coupling to mainly acoustic modes at
temperatures below T" ih agreement with the considerations at the beginning of Sec. IVA. In this
theory,9 a nonlinear and anisotropic polarizability
aoJ 0 2-), i: A or B ion, of the oxygen is assumed
due to the volume dependence. Along the 0 - B ion axis the polarizability is an order of magnitude
larger than along an 0 - A direction and takes the approximate form
aOB =

where

YJ

Y6I KOB

'

is the oxygen-shell effective charge and
(8)

the force constant between the oxygen shell and core
center, KOB,B is the crucial anharmonic fourth-order
coupling parameter of the local potential ",(4),
",(4) =

(\/4 !lKOB,B ~;r~ (O~) ,

(9)

10

(r(O)hlT is the mean fluctuation amplitude of the
oxygen-shell displacement in direction of B given by
(r(OH'T=(1i/ 2Nmo)

I, IJ.; (OoIA)/w,1
Xcoth(liw,/2kT) ,(\0)

The!a's are shell eigenvectors, A'" (q,j), and the
other quantities are given in a standard notation. 0 0
denotes the oxygen whose neighboring B ions lie in a
direction (x,yor z). The temperature dependence of
WF is given by
w}( T) -

w6 +
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where the dots indicate higher-order terms, Wo is the
harmonic frequency which is imaginary, and fa is the
shell eigenvector of the oxygen whose B neighbors lie
in the direction of polarization of the ferroelectric
mode. Wo and fa are complicated functions of the
harmonic parameters, the latter being known from
inelastic neutron scattering. Using wf{ T) at high
temperatures, where coth X"'" 1/ X [Eqs. (9) - (11))
were solved iteratively to obtain parameter K aB .B .
With this constant known, the low-temperature
behavior of wJ(T) was calculated. The results yield
in a natural way the coupling of the ferroelectric
mode WF to the acoustic modes via (r(OH>r from
Eq. (11) in the region where the acoustic WA fi < kT,
as well as the quantum paraelectric dominated lowtemperature regime.
For SrTi0 3 the following constants were obtained,
wb = -9000 cm- l , KaB. B = 74ge l /va l with v the
volume of the elementary cell and a the lattice constant. In Fig. 5 the calculated dielectric constant
f(T) is displayed and marked Me (mode coupling).
In the crossover region it is somewhat lower than the
measured one, i.e., its crossover curvature to
e(O) = 23 000 is less than the experimental one. This
is not unreasonable, because the neg~. tive w6 was
slightly adjusted to yield e(O) = 23 000. If the strainfree value is indeed £CO) = 40 000, S the fit with adjustment of w6 will be better, whereas the mean-field
B curve with its too small radius of curvature worsens.
A most recent comparison of dielectric constants
and soft-mode behavior in SrTi0 3, KTa03 and
KTao.9Nbo.103 showed 31 that immediately below the
mean-field (MF) regime the Me regime existed with
an exponent "Y = 1.4 ± 0.2. the Tr for mode-coupling
regime T Me = 8.9 K is indeed depressed from the
mean-field value T MF = 25; in the present study we
obtained TMF=35.5 K from l / E(T) above 150 K by
linear regression. The discrepancy arises because in
Ref. 31 the fitting was done on the Raman data l7 taken on different samples. Now, T MF has been found
to be strongly sample dependent in KTaO), as well.
Furthermore, the fitting in Ref. 31 was carried out on
a logrithmic scale which gives accurate values for "Y
and T, = 149 K but is sluggish in TMF . On the other
hand, T, """100 K is inaccurate from the e- I vs T fit.
In SrTiO J at Ta = 105 K, the structural phase transition (SPT) from the cubic to the tetragonal
paraelectric phase occurs.J! Thus, one may argue
that this transition to tetragonal symmetry, which
reduces the ferroelectric order-parameter dimensionality from n = 3 to n = 2, may influence WTO( T)
near Ta . We can rule out this possibility by comparing the behavior of SrTi03 with that of KTaO). The
dielectric constant l l and soft phonons l7 . 33 of KTa03
down to 4 K also show quantum paraelectric
behavior, and the crossover to dipolar mode-coupling
regime exists there toO .31 Now KTa03 remains cubic
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down to at least 10 K. Thus, the SPT cannot be the
primary cause. Actually, the anisotropy in f measured is very small near Ta = 105, 13 i.e., essentially cu bic behavior is still seen on the average,
E = +(ell + 2el). Perhaps at lower temperatures the
d = 3, n = 2 regime further depresses Tr .cl of El due
to the lowered order-parameter dimensionality n. An
accurate E measurement in KTaOl below the Iiquidhelium range may be of interest for comparison, as
there the dimensionality n =3 remains till T=O. A
recent dielectric and ultrasound investigation in
mixed crystal of KTal -xNbxO) has shown that the
ferroelectric transition remains quantum-mechanically
suppressed up to x =0.8%.34
SbSI, under a hydrostatic pressure of Pc = 9.1 kbar,
displays3s a dielectric constant parallel to the c axis Ee ,
which varies in a similar way as found in SrTiO l
down to 4 K. Thus, Ee measurements for T < 4 K
may reveal that under hydrostatic pressure P > Pc,
SbSI is also a quantum paraelectric.
V. CONCLUSIONS

We have shown that SrTi0 3 is an intrinsic quantum
paraelectric,.,)6 i.e., its high dielectric constant implies
by the fluctuation dissipation theorem, large ferroelectric fluctuations of wave vector q =0, which are
quantum-mechanically stabilized below 4 K in the
paraelectric phase . The crossing over from high temperature to this state cannot be fitted appropriately by
the analytical expression deduced from quantum
mean-field theory I (see Fig. 5), This also pertains to
other analytical expressions containing a
coth( fio'/kT) term ,l6,l7 Furthermore, it is shown
that the single-mode quantum mean-field theorylo
yields a constant K in the dependence of the classical
Te =
K6.Z l on ferroelectric ion displacement
6.z (T - 0), which is a factor 8.5 smaller than the
measured one. l4 It is important to take into account
the coupling of the ferroelectric soft mode with the
acoustic modes as pointed out by Kurtz. 6 This mode
coupling and the recently discovered new regime 8 in
KTao9Nbo.10) different from Landau behavior for
thermal energies inferior to T, "'" 120 K are accounted
for in the nonlinear shell model by Migoni, Bilz, and
Bauerle. 9 In this very recent theory the dependence
of the soft-ferroelectric mode and measured E( T) in
SrTi0 3 is quantitatively computed using the anharmonic biquadratic force of the oxygen sheil towards
the B (Tj) ion. This dipolar-Me regime yields an
E 0: (T - Te) -r, "Y - 1.4 ± 0.2 dependence which is
universally observed in other oxide perovskites as
well, with WTO(r) > 0 below T, = 120 K,31 as KTa03
and KTN. It depresses the classical Tc - 35,5 K observed in the Landau "Y - 1 regime in SrTi0 3 to such
a low value T Me. T,el < 10K that the quantummechanical suppression becomes operative (Fig. 4),

+
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There is an essential difference between the
present intrinsic quantum-paraelectric system and
those resulting from para electric impurities in
orthoelectric 36 lattices such as OH- in Kel. 17 !n our
intrinsic one, the dielectric constant remains very high
and constant till T -0 [see Fig. 6(a)). In the impurity case, the dielectric constant first rises according to

a single-particle Curie law - 1/ T on lowering T.
When, for the single center, the thermal energy becomes lower, than the local tunneling energy ~, i.e.,
kT < ~, EC T) flattens. However, because of the dipolar interaction between the randomly distributed
centers, for T -0 .(T) drops again to a small value
[see Fig. 6 (b) po. 37 due to possible polar-glass behavior.J8
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with M = m n 2/3yk.
In a quantum crystal, the variance is
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B(T) = (BQ2)qU = (Ii/2m n) coth

T( lifl/kT)

(A9)

.

At low temperature this quantity is always larger than
the classical analog of Eq. (AS), which tends to zero
for T -+0, whereas Eq. (A9) tends toward Ii/2m n.
Therefore, if in Eqs. (A I) and (A2) m nJ - Vq sO is
negative but small, classically a transition Tee! will occur, whereas quantum-mechanically one may have at
T=O from Eq. (A9)

APPENDIX: THE DYNAMIC MEAN-FIELD
APPROACH

The mean-field theory, where the single soft mode
(T) is coupled to itself,1O yields, for the dynamic
susceptibility,
Wq

Xq (w; T) =

1/ m (wJ -

(AI)

w2 )

and Wq in Eq. (A2) for q = 0 remains finite. This is
then the quantum-mechanical suppression.
Using Eq. (A9) we get for the ferroelectric susceptibility from Eqs. (A I), (A2), and (A6), at q -0 and
w=O,

with the soft mode given by
mwJ = m nJ +3-yB(T) - Vq = m n2(T)

-

(AIO)
(A2)

Vq

Here, m n2(T) = m nJ +3yB(T) is the single-particle
frequency at temperature T, resulting from the
short-range repulsion m nJ its harmonic part, Vq is
the interaction potential at wave vector q, owing to
short- and long-range forces, and y the anharmonic
force constant in the single-ion potential
(A3)

and B is the variance in amplitude B(T) = (BQ(T)2).
From Eq. (A2) it is clear that the high symmetry
phase with real Wq (T) is stabilized by the anharmonicity felt by the fluctuations B( T). The stability limit,
wq(Te) =0, gives from Eq. (A2)

or by setting

lin/ k

= T" with M from Eq. (AB),

(A 11)

Equation (All) is the formula derived by Barrett! for
the cubic case without using soft modes.
Within the classical formalism, we can derive a
useful relation between Tee! and the expected displacement (Q) = Az at T =0, which we use in Sec.
IV. For T < Tee!. the square of the total translational
displacement is. from Ref. 10,
(AI2)

(M)
For classical mean field at T -0, the fluctuations are
B(T =0) =0, thus with Eq. (A4),

In a classical crystal,

(BQ2)cI = kT/m

n 2(T)

(AS)

by equipartition. From this Eq. (A4) gives,

y

kT c!

3y mn 2e(T)

=

(A6)

Vq-mnJ .

For a ferroelectric with soft mode at q
Tec! one finds that

=

0, 'w q near

2'
(
)
T - Te
mw q _o=3y B- Be =3y m neT)

The difference between the particle interaction potential Vq and the single-particle frequency term at
T =0. m nJ in Eq. (A6) allows the elimination of the
anharmonic force constant y, and we arrive at
(AI4)

(A 7)

At frequency w=O, Eqs. (AI) and (A7) give the
Curie-Weiss law

i.e., Tee! is proportional to tH2 if n = no given by the
local potential is constant, and Vq varies. Or in
Kurtz's words,6 Tee! is proportional to Az2 if the
short-range force constant
= (m 0 2)/3 does not
vary. whereas the longer range ones contained in Vq
do, as a result of different lattice geometries.

TK

(AB)

(A13)
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Srl- x Cax Ti03 : An XY Quantum Ferroelectric with Transition to Randomness
J. G. Bednorz and K. A. Muller
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A series of twenty homogeneous Srl-xCaxTiD] mixed crystals has been measured dielectricalIy between 4.2 and 300 K. In the tetragonal phase, the dielectric constant perpendicular
to the c axis becomes peaked above Xc = 0.0018, the quantum mechanical onset for displacive
ferroelectricity. The polarization 1. c can be switched between the two equivalent a axes, i.e.,
the system is an XY, n = 2, quantum ferroelectric. Above x, = 0.016 ± 0.002, the d T) peaks
round in a distinct manner which we attribute to the onset of a random-field-induced
domain state.
PACS numbers: 77.80.Bh. 64.60.Fr, 81.30.Dz

Pure SrTi0 3 is a quantum paraelectric. Its lowtemperature dielectric constant, perpendicular to
the c axis, increases to about 30000 upon cooling,
and then remains temperature independent below 3
K because of quantum fluctuations.! Application of
stress perpendicular to the c axis induces uniaxial
ferroelectricity perpendicular to the c and stress
axes. This was shown in beautiful dielectric and
Raman experiments by Uwe and Sakudo. 2 Thus, in
principle, the onset of uniaxial n = 1 quantum ferroelectricity (QF) can be achieved by uniaxial
stress. The n = 1 QF case was first realized by
Samara in applying hydrostatic pressure to KH 2P0 4,
an n = 1 case, causing Tc to vanish at a critical pressure Pc. 3 The n = 3 case was then observed in
KTal_xNbx03 mixed crystals by H6chli and coworkers for Xc = 0.008. 4 This system exhibits ferroelectricity in the whole range from Xc to x = 1.
Here, we report on results of SrTi0 3 crystals
doped up to 12% with Ca2+ ions which show
several novel features: Above a critical concentration Xc = 0.0018, the quantum mechanical critical
point, the crystals become ferroelectric with polarization axes along pseudocubic [110] and [110]
directions perpendicular to the c axis oriented
11[001 J. The polarization can be switched between
the two, i.e., the system is an XY, n = 2 ferroelectric with quartic anisotropy. Upon increase of the
Ca concentration at x, > 0.016 ± 0.002, the peaks in
dielectric constant round, a phenomenon which we
attribute to the onset of a random-field domain
state. Much effort has recently been devoted to the
lower critical dimensionality d! of random systems.
If the dimensionality d of a system is below d!, no
long-range order can occur and the system will
show a domain state. For random fields, d! has
been investigated theoretically, and is 4 in Heisenberg and XY isotropic systems for the classical
short-range and dipolar cases. S• 6 In the quantum
regime, d I is lowered by 1, to 3, in the absence of

random fields,? but is again 4 when they are
present. 8 The experiments reported here suggest
that for the dipolar XY random-field case with sizable quartic anisotropy, d I > 3 in the classical regime.
Srl-xCaxTi0 3 single crystals (x = 0.0 to 0.12)
were grown by the flame-fusion and the zonemelting techniques. 9 Electron microprobe analysis
was used to determine the chemical composition
and to check the uniform Ca distribution, which
proved to be homogeneous with fluctuations .ix of
± 0.0005 lying in the range of counting statistics.
Capacitance and conductance measurements were
performed mainly at 1591.5 Hz on a Wayne Kerr (B
642) bridge with an applied measuring field of 200
mV peak to peak. The platelets cut from the crystals were approximately 6 x 2 x 0.3 mm 3 in size.
Electrodes of copper covered with gold were
prepared by vacuum deposition and extended to the
edges of the large faces. Because of the high dielectric constants measured as compared to air, corrections of the data with respect to boundary effects
were assumed to be unnecessary. An earlier set of
measurements showed the dielectric constant to be
dependent on sample thickness and strains. Even
well-annealed crystals did not show a clearly peaked
ferroelectric E (T) curve in the concentration range
of 0.0020 to 0.0075, when their thickness was
smaller than 0.2 mm. Unetched SrTi0 3 crystals
show surface layers of approximately 0.1 mm.!O It
is well possible that this is the reason for the rounding effects observed in thin samples.
First dielectric constants E for the mixed and
(lOO)-oriented crystals were measured in thermal
equilibrium between 300 and 4.2 K. In the case of
pure SrTi0 3, ferroelectricity was found to be
suppressed because of non vanishing zero-point
motion.! As can be seen from Fig. 1, below 10K, E
no longer depends on T. With increasing Ca content x, E (T) of the mixed crystals is found to rise.
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FIG.!. Temperature dependence of the dielectric constant EIIOOI of Srl-xCaxTi0 3 crystals with x between 0.0
and 0.12.

At x = 0.002, a maximum indicates that Tc ~ O. At
x > 0.016, the transition becomes diffusive, a
behavior often observed in solid solutions. l1 The
spread of the transition temperature over a certain
range can be assigned to either compositional fluctuations or structural disorder. 4• 12 However, Tm as
deduced from the minimum value of lit: vs Tis
found to become independent of the concentration
for x > 0.016. The rounding of the e( T) curves
between the quantum mechanical critical point at
Xc = 0.0018 and x = 0.0075 occurs where the dependence of Tc is steepest, actually proportional to
(x - xc) 1/2 as shown in Fig. 2 (a). Thus, macroscopic compositional fluctuations have greatest influence, and the less-pronounced peaks may be attributed to this case. In Fig. 2 (c), the temperature
width IlT at 90% of Emax is plotted (IlT
= T O.9.(max)- T.(max)
for
T O.9.(max) > T.(max»'
One clearly sees a decrease till Xr = 0.016 ± 0.002
from where on IlT increases linearly. At this same
concentration, the effective slope of 1/ E (T) shows
a minimum, Fig. 2(b), and the Tm curves break
away from the (x - xc) 1/2 law of quantum fer-

0

0.04

0.06

0.08

0.10

xCaTi0 3

FIG. 2. (a) Temperature Tm at Emax as a function of
CaTi03 concentration x. The solid line indicates the
(x -xc )l12 law for QF. (b) Effective susceptibility exponent 'Yeff as a function of x. (c) Temperature width
6. T = T O.ge (m.x) - Te(max) measured at 90% of E m• x as a
function of x.

roelectrics. This law was predicted theoretically7
and observed experimentally in KTal_xNbx03.4
A first possibility was that the whole system is
random and Xr is the concentration where ferroelectric domains become smaller than the thickness
0.03 cm of the sample. To exclude this possibility,
we further measured E (T) parallel to the [010] axis
where the sample dimension for x = 0.0107 was ten
times the thickness, i.e., 0.3 cm. For both cases,
the same peak value of E (T) was obtained. This
size independence indicates that we are observing
true quantum ferroelectric behavior perpendicular
to the c axis of the platelets. Indeed, measuring
e( T) along the latter axis showed the relatively low
dielectric constant of 7600, being temperature independent below 10 K similar to pure SrTi0 3.
Therefore, the system can polarize spontaneously
but in two spatial directions below x" and Tm'" Tc
in that range. Thus, it is an XY, n = 2 quantum fer-
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roelectric. We recall that Tb 2(Mo0 4 )3 is a classical
XY improper ferroelectric resulting from piezoelectric coupling. 13 Because our crystals are tetragonal above Tc. a quartic anisotropy in dielectric constant was expected. We found that we could polarize the crystals along the tetragonal a axes by applying electric fields, and switch P between them
below Tc . It should be noted that the a axes are
<110) and not <100) pseudocubic directions. Figure 3 shows the dielectric constant measured for
such a polarized crystal. Its peak value is 110000,
the second highest reported to date for mixed crystals, the highest being 160000 at the cubic-totetragonal ferroelectric transition in KTao.9Nbo.I03
by Kind and Miiller. 14
Since we observe polarizations across (110)
platelets, i.e., along [110] directions as well as parallel to the surface along 11 To]' we can exclude the
ferroelectricity observed as being due to strains introduced perpendicular to the thinnest sample
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18 JUNE 1984

dimension by the polishing-etching procedure.
Furthermore, such [110] strain would result in a
polarization along the c axis 11[001], and in (100)
platelets a polarization II [010) should appear,2
whereas we find P II <110) . Therefore, Ca doping
is microscopically quite different from applied
uniaxial stress.
Smolensky's group has conducted extensive
research in disordered high-temperature cubic systems, II and found rounded ~ (T) curves which they
called "diffusive transitions~" the rounding was attributed to compositional fluctuations. Ionic replacement and site disorder lead to both compositional fluctuations and random electric fields. In
the latter case, from renormalization group studies
for d = n = 3 systems, in the classical regime, d 1= 4
(Refs. 5 and 6) is expected, which also agrees with
the experimental observations. I I In contrast, in the
cubic KTal_xNbx03. n = 3 compounds, the transition is ferroelectric in the whole range above Xc
(Ref. 4) till X = 1. 15 Here, if we replace TaS+ by
NbS+ with practically the same effective charge and
ionic radii, it is the different mass which entails a
different soft-mode frequency and therefore a different Tc. 16
In our XY system, we observe a transition from
the QF state as in KTal_xNbx03 to one with a "diffusive character." This transition appears to be due
to random electric fields introduced by Ca2+ doping
in SrTi0 3. The Ca2+ has the same charge as Sr2+
and will mainly occupy this site. Its ionic radius of
0.99 A is small compared to the Sr2+ of 1.12 A
which sets up random strains eij coupling to the polarization with terms like eljPmPn. Alternatively,
some of the Ca2+ may be located at Ti4+ sites. To
balance the charge misfit, a next-neighbor oxygen
can be vacant, Vo. forming a Ca 2+ - Vo neutral
center. Such Ca2+ - Va centers form dipoles and
thus set up local electric fields. The ESR of Me2+ Vo centers in SrTi0 3 like Mn2+ - Va has been observed. l ? In our case, we expect random-field XY
behavior which has d 1 = 4 (Refs. 5,6); in d = 3
dimensions, this yields no ordering, i.e., a domain
state as found above x,. The observation of true
QF below x, is then a puzzle. Either the centers
responsible for the random field are only formed
above x, or, if the effect is due to random strains,
we shall have an effect of lower critical dimensionality crossover. Starting with Xc towards x" the
system crosses over from true QF at Xc to classical
behavior as Tc becomes different from zero. This is
exemplified by the lowering of the measured effective susceptibility exponent from 2 towards 1, the
classical regime, Fig. 2 (b). This crossing over may
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have the effect of changing the effective lower lattice dimensionality of the system from d 1= 3 at Xc
to d 1= 4 at higher Tc. In fact, when 'Y = 1.25 ± 0.15
the transition occurs.
As soon as Tc :;;r: 0 there must exist a regime very
close to Tc where classical behavior is present.
Schmelzer has considered this case of random
quantum ferroelectrics in a most recent field
theoretical study. IS The renormalized mass and the
coupling constant become temperature dependent.
He finds that the region of crossover seen experimentally is related to the Matsubara frequency cutoff, and the classical region is so small that it is not
accessible experimentally. Therefore, in our experiments the rounding due to the random-field classical case is not observed, and true ferroelectric
response is measured at finite electric fields for
X

<x,.

For an isotropic random field system, d 1= 4 in
the quantum case as well. However, in our system,
we certainly have a sizable quartic anisotropy:
From Fig. 3, we obtain a dielectric constant anisotropy of 23 at 1.07% Ca2+. The d
peak of
11 0000 is clear evidence for a ferroelectric transition. With quartic anisotropy, a ferroelectric state
in presence of random fields is possible 6 with a
first-order transition. For sufficiently large quartic
anisotropy, the XY system decouples into two Ising
systems which may have d 1= 2 or 3. 19. 20 Then at
sufficiently high random fields, the ferroelectric
state can give way to a polar-glass state. However,
at a spin-glass transition, X (T) shows a frequencydependent cusp. Our data were always more rounded the higher the Ca2+ content, and changed less
than 5% by varying the frequency between 10 and
10 5 Hz.
In conclusion, the Srl-xCax Ti0 3 mixed-crystal
system shows XY-type quantum ferroelectricity
above Xc = 0.0018 along the a axes of the paraelectric parent phase with a transition to a random
phase above x, > 0.016 ± 0.002. The nature of this
transition is presently being investigated with other

n
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Abstract
Smeared transitions into low-T domain states are
evidenced by linear birefringence measured on Sr1_xCaxTi03
at all concentrations, 0.002<x<0.058. Sharp £' vs T peaks,
as observed for x<0.016, may be explained by domains having
nearly sample size. The local disorder due to the Ca 2 +-induced random fields may partially be removed by a uniform
external electric field.

The quantum paraelectric SrTi03 1 is extremely sensitive to perturbations inducing low temperature ferroelectricity. E.g. Ca 2 +
impurities give rise to xy-type ferroelectrici~y at concentrations x>xc = 0.0018. 2 Easy axes [110]c and [110]c within the
(OOl)c plane indicate weak secondary anisotropy (Fig. 1). For
x c <x<0.016 sharp maxima of the dielectric permittivity, as large
as £ '~6xl04, seem to indicate phase transitions (PT's) into longrange order (LRO) at T~30 K. 2 For O.016<x<0.12 the peaks decrease and become considerably rounded. This was attributed 2 to
the formation of domain states lacking true LRO. They originate
from random fields (RF)3 due to local strains, eij' around Ca 2 +
on Sr 2 + sites or to static dipoles, ~, formed by Ca 2 + on Ti4+
sites and adjacent oxygen vacancies, Vo (Fig. 1). The apparent
boundary, however, between low-x ferroelectric (FE) and high-x
domain states at xvO.016 remained yet unexplained. 2

X
easy directions

<.1 10>.

C
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FIGURE 1
(001) plane of
SrTi03 with <110>
displaced sr 2 +
ions and Ca 2 + ions
creating strains,
eij' and local dipoles, ~, respectively.

492

W. KLEEMANN

946/(298)

el

al.

In order to help clarifying the situation, we measured the
principal linear birefringence (LB), ~nac = nc-n a , as functions
of both temperature, T, and electric field, E, applied parallel to
one of the easy axes. It is well-known that the LB is sensitive to
both <~2>, characterizing the cubic-to-tetragonal PT at To, 4 and
to the FE short-range order parameter, <P x 2>, 5 where x 11<11Q>c in
the present case (Fig. 1). Indeed, as shown in Fig. 2, non-zero LB
arises sharply below To = 115, 140 and 255 K (arrows) for x =
0.002, 0.0107 and 0.058, respectively, and additional FE anomalies, o(~nac)' are superimposed at low T. Being non-morphic, they
start smoothly with fluctuation tails and bend over into steeply
rising LRO parts below Tl~15, 28 and 50 K, respectively (arrows).
These temperatures systematically exceed the £' vs T peak temperatures, Tc = 14, 26 and 35 K, respectively, 2 where discontinuities of d~n/dT would be expected in case of sharp PT's into
LRO. 6 Absence of anomalies of this type and increasing differences, Tl-Tc' at increasing x hint at PT smearing at all concentrations, being largest in the high-x limit. Simultaneously, this
limit is characterized by compa atively uncomplete FE order at
T+O, as indicated by values <P x >1/2 = {20(~nac)/[no3(g11-931)]}
= 9.8, 29.4 and 42.6 mc/m2, respectively, which vary less than
proportional with x (n o =2.41 and 911-931~911-g12=O.14 m4 /C). This
behavior sharply contrasts that of the related system KTa1_xNbx03'
showing strongest polar disorder in the low-x limit. 7
It should be noticed that the structural LB anomalies are
well-reproducible owing to perfect crystallographic single domain
formation in platelets with {110} faces. on the contrary, the FE
anomalies largely depend on thermal history and on the (microscopically selected) sample section. o(~na ) e.g. varies between
2 and 9xl0- 4 for x = 0.0107 and T+O, limittng values for the
spontaneous direction of P being parallel and perpendicularly,
respectively, to the light propagation. However, even in case of
maximum o(~nac)' i.e. for transverse polarization, complete satu-
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domains of
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ration still needs support of an in-plane external electric
field (Fig. 3). The low-T polarization but slowly saturates at increasing E, <px 2 >1/2 = 30, 34 and 36 mc/m 2 for E = 0,115 and
285 kV/m, respectively. This strongly hints at RF induced microdomains, whose average size increases with an applied orderin~
field. 8 The increase of the average order parameter may be attributed to the disappearance of domain walls as verified in the
domain-state FE KO.974r~0.026Ta03' 9 and in the Jahn-Teller system DyVO.95AsO.0504.
In contrast with the completely frozen domain state of highly anisotropic KO.974LiO.026Ta03' 9 the polarization of
Srl-xCaxTi03 may be switched or saturated with negligible delay
(T<l s) at any temperature. This is due to its xy-symmetry with
only weak quartic anisotropy. 2 Nevertheless, 6{~nac) vs E cycles
are not fully reversible and occasionally show jump-like behavior
as depicted in Fig. 4 for x = 0.0107 at six different temperatures, 7.1<T<62 K. Hysteresis appearing at temperatures as high as
38 K (curve 4) indicate polar domain state formation far above
Tc = 26 K. Lack of saturation in the low-T and high-E limit clearly distinguishes the system from a conventional FE. Within the
field range available, the predicted 8 PT's into paraelectrically
saturated phases are not perceivable. Quasi-reproducibility of the
initial LB after cycling E indicates that the RF's are static owing to the immobile distribution of the Ca 2 + ions and Vo centers
(Fig. 1).
To summarize, all of our observations made on the x = 0.0107
sample, which qualitatively also apply to x = 0.002 and 0.058,
clearly yield evidence of domain states achieved via-;;eared PT's 3
at all concentrations, x>xc. Smearing and, hence, rounding of £ '
vs T is expected to increase gradually with increasing x. The virtual sharpness of the £' peaks for x<0.016, 2 may then be interpreted as a finite size effect, 11 i.e. the sample and the domains
evolving at Tc are comparable in size. In order to check this con"
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6{~nac) vs T of a
sample with
x = 0.0107, measured
in fields parallel
to the surface direction [110), E = 0 (1),
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FIGURE 4

...
':'

Cycle~ of ~nac vs
E [110] on a sample
with x = 0.0107,
measured at T = 7.1 (1),
21.4 (2), 29.6 (3),
38 (4), 48 (5) and
62 K (6), respectively.
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jecture, experiments on differently sized samples are presently in
preparation. Furthermore, dispersion, E I vs w, will ~e measured in
order to confirm the expected extreme slowing-down 1 of the RF
system on approaching Tc.
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Electron paramagnetic resonance of Fe3+ gives evidence
for a phase-transition-like feature in SrTi0 3 below
= 37 ± 1 K, both in the tetragonal and the pressure-induced trigonal phase. In the latter,
shifts to lower
temperatures as a function of uniaxial stress P111' The
new phenomenon is very tentatively discussed in terms
of a possible transition to a novel coherent quantum
state.
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Fig. 1. Antiferrodistortive rotation-angle measurements in SrTiO,
for H Ii [100J -320 in a (001) plane between 4.2 and 50 Kat K-band
[14]. For the data acquisition, see [16]

I. Introduction

SrTi0 3 and KTa0 3 , both crystallizing in the perovskite
structure, possess a remarkable property: upon cooling,
their dielectric constant increases according to a CurieWeiss law, s=B+C/(T-Tcl; however, on approaching
7;, of 36 K [1] and 13 K [2] from above, respectively,
e stabilizes, in SrTi0 3 at a value exceeding 104 and remains constant from 3 K down to the lowest temperatures of 30 mK measured by Muller and Burkard [3].
This property has been termed a "quantum paraelectric
state" by these authors. This state results in the following
way: the classically extrapolated 7;, of an oxide ferroelectric is related with a force constant K to z(O), the zero
temperature displacement of the ferroelectric ion Ti or
Ta. According to Kurtz [4], k7;,= (1/2)KLf Z2(0) and
K ~ 5.5 X 104 dyn/cm is quite universal. This can be deduced from soft-phonon-mode theory [3J. If .1 z(O) is
smaller than the mean quantum fluctuation amplitude
«'-)Z2»)1/2, then the paraelectric state is stabilized by the
dipolar quantum fluctuations [3]. In all discussions so
far, this state has been assumed to be an incoherent superposition of phonon modes. The question now arises,
could there be a transition to a coherent quantum state?
In liquid He-II, such a state results from the presence
of a rotonic minimum [5] at Ll = 8.65 K and at wave
vector qo/h = 19.1 nm - 1 [6]. Could such a type of minimum also occur in an acoustic phonon branch of a solid?
First we report electron paramagnetic resonance (EPR)
experiments on SrTi0 3 that may indicate a phase transi-

tion whose signature is new. Then we discuss mechanisms that can yield a rotonic-like mode minimum in
a solid. Specifically for SrTi0 3 we consider the coupling
of the lowest transverse acoustic to the soft quantum
ferroelectric mode [7J, which is sensed by the soft structural mode that is also present [8].
Electron paramagnetic resonance is a very sensitive
method to investigate displacive and order-disorder
structural phase transitions (SPT) [9]. With this method,
Unoki and Sakudo [10] determined the low-temperature
structure 14/mcm of SrTi0 3 using their EPR of Fe3+
on Ti 4 + and those of Gd3+ on Sr H sites by Rimai
and de Mars [11]. The antiferrodistortive rotation cp(T)
of the corner-sharing octahedra, which is the order parameter of the structural phase transition occurring at
To = 105 K, was subsequently measured by Fe3+ EPR
as a function of temperature [12]. In the mean field regime, the microscopic theory of Pytte and Feder [13]
reproduced cp(T) and the soft-mode behavior very well,
with the exception of the' quantum region where below
38 K a reproducible additional feature was observed as
early as 1969 [14]. cp(T)=cp(T)p.F. +.1 cp(T), where CPP.F.
is the value from Pytte and Feder. .1 cp(T) is a positive
feature that is zero above and below shows a behavior
like the square of an additional order parameter.
By 1970, a number of experiments had confirmed this
occurrence. In Fig. 1, cp(T) is plotted with LI cp(T)=
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Ll<po(T-Tq)l/2 near Yq=38K, and Ll<p(0)~0.08°. These

data have not been discussed until now because no confirmation or possible explanation existed.

--Ho-------,
r----Hi--

II. Experimental

More recently, motivated by the data shown in Fig. 1
and the afore-mentioned question, we undertook further
EPR experiments to detect whether the EPR parameters
of the spin Hamiltonian of the Fe3+ ion - not their
local rotation axis determined by <p(T) - would indicate
a phase transition or the like at Yq. These efforts were
successful in both the tetragonal and trigonal phases.
We start with the former. As has been known for 30
years [15J, the S = 5/2 ground state of the Fe3+ is split
by the cubic crystal field characterized by the parameter
a(T) above the cubic-to-tetragonal SPT 7;,~ 105 K. Below 7;, an additional tetragonal splitting of the EPR spectrum occurs, reflecting the tetragonal symmetry of the
low-temperature structural phase.
The total spin Hamiltonian then is, with the isotropic
g-factor of 2.0037,

6

500
(Gauss)

Fig. 2. Electron paramagnetic resonance spectrum of Fe 3 + at 4.2 K
with magnetic field H II [112] and pressure p II [111] of 1 kg/mm2

in the multidomain tetragonal phase at K-band. The outer He and
inner H, fine-structure splittings due to the {OOl) domains are
marked
340

a

£=gPSH +"6 (S~+S~ +S;-C)+ D[St-tS(S + I)J (1)

and (liz II (001) which are parallel to anyone of the
three equivalently occurring domain axes {DOl} [15]. In
the EPR experiment five transitions with ILlMsl=l are
observed, and the magnetic field direction H is parallel
to a [112J crystallographic pseudo-cubic direction. For
a tetragonal {DOl} domain no splitting due to the antiferrodistortive rotation of the x and y-coordinates occurs,
because the (11 0) plane containing the [112J direction
is a symmetry plane. For this domain the lowest (M =3/2
.-d/2) and the highest (M= -3/2 ...... -1/2), i.e. the outer
two, lines are as function of H to first-order perturbation,
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for the two innermost (M = ± 5/2 ...... ± 3/2) lines. A scan
at T=25 K and PUl = 1 kg/mm2 is shown in Fig. 2. The
details of the experimental apparatus operating at
19.2 GHz have been described elsewhere [16]. In Fig. 3,
the two line splittings are reproduced as a function of
temperature. Ll H~et(T) shows a characteristic dip of about
- 2 Gauss at Tq , whereas Ll Hlet does not. From Ll bHl et
~O we deduce (ja=2(jD using (3), and Ll(jH~et
= (7/4) (j a ~ - 2 Gauss, b a ~ -1.1 Gauss from (2). The
values of b a and b D are given in the first row of Table 1.
So we observe that both quantities are reduced.
Before considering what this observation means, we
report the investigation of the phenomenon as a function
of uniaxial [l11J stress. As long as the SrTi0 3 sample
remained in the tetragonal phase, only at high stresses
was a small shift of the anomaly at Tq detected. Then
a first-order tetragonal-to-trigonal phase transition at
Plll = 27 kg/mm2 at 4.2 K occurs as first observed with

205
i

30

35

i

40

45

50

T(K)

Fig. 3. Outer and inner Fe 3 + fine-structure magnetic-field splittings
with H II [112] measured at a [111] stress of 1.97 kg/mm2 in the
SrTi0 3 tetragonal phase between 30 and 50 K due to the {00l}
domains, see text. The middle splitting H!:;' is due to {lOO} and
{Oil} domains, which is not further discussed but clearly shows
the anomaly as well

Table 1. Approximate sizes of EPR parameter anomalies in
10- 4 cm -1 = 1.068 Gauss (g = 2.0037). Accuracy'" ±20%
Phase

Parameter

Tetragonal
Trigonal

ba

blDI

-1.0
-0.9

-0.5
-0.6

-------------------------------------
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Fig. 4. EPR spectrum of Fe 3 + at 45 K and Pili = 33 kg/mm 2 with
H II [112] in the single-domain trigonal phase at K-band. The outer
and inner fine-structure splittings H, and Hi are marked
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Fig. 6. Phase diagram of [111] uniaxially P1I1 stressed SrTi0 3 as
a function of temperature, showing the three-dimensional Potts
line [16, 17] between the lower tetragonal and upper trigonal
phases, and the dotted line T, in both phases determined in this
paper
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Fig. 5. Outer M=±5/2... ±3/2 and inner M=±3/2 ...-d/2 finestructure magnetic resonance field differences with H II [112) at a
[111] stress of 31.4 kg/mm 2 in the trigonal phase with an anomaly
at 25 kg/mm 2

Cr3+ fluorescence by Burke and Pressley [17]. This
phase transition was later determined as a function of
temperature by EPR [18J, and turned out to be the
first three-state Potts transition observed experimentally
[19]. In the trigonal phase with p II [111J, there is but
one domain and, in (1) is parallel to [111]. Furthermore
the trigonal parameter [20J IDltrig= 31.9 Gauss> Dtet
= 14 Gauss. Because of this difference and as H 1. [l11J
the outer (lowest and highest) fine-structure EPR lines
are due to the M = ± 5/2<-> ± 3/2 transition. Their split-

(5)

a =225 Gauss = 211 x 10- 4 em -1 at 37 K. Figure 4
shows a typical EPR scan at T=45 K and Pill
= 13 kg/mm 2 • Again, upon cooling at a fixed pressure,
an anomaly analogous to that in the tetragonal phase
appears for the outer splitting in the trigonal phase, while
it is barely visible for the inner ones. Thus we put
L1DHlrig~o and obtain Da(T)~(8/5)DIDI"ig(T) and
Da(T)~ -1 Gauss (Table 1) from (4) and the experiment,
see Fig. 5. Near the Potts boundary, the anomaly occurs
very close to the temperature at which it is observed
in the tetragonal phase. However, it is now strongly temperature dependent at higher pressures, with 7;, decreasing towards lower temperatures, first linearly then starting to level off with pressure. Looking at the form of
the dip at 7;" it has resemblance to the inverse of a
fluctuation-induced specific heat anomaly at a phase
transition. The 1'q(Plll) line where this anomaly has been
observed is shown in Fig. 6, including the well-known
structural 3D-Potts phase line [18, 19].
III. Discussion
1. Considerations related to the EP R data

EPR is the most sensitive local method to detect solidstate phase transitions. From the present investigation,
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we can assert that, with this high sensitivity, the spatial
symmetry of the lattice is the same above and below Tq
in both the tetragonal and the trigonal phase. Actually
the relevant structural order parameter for both phases
becomes nonzero below 7',,= 105 K, well above the observed anomaly [14]. The question therefore arises, what
do the EPR parameters reflect at Tq? An anomalous
EPR behavior at low temperature has, to our knowledge,
not been reported for the Fe 3 + ion, especially in oxygen
octahedral coordination. Therefore a local-mode dynamics could almost be excluded as a possibility. However,
to be entirely sure, we very carefully measured the outer
and inner EPR splittings of the Fe3+ impurity in MgO
also surrounded octahedrally by six oxygens. We did
not observe any dip at all to an accuracy of 0.12%.
It should be noted that in MgO the cubic splitting constant at 300 K, a=205 x 10- 4 cm- 1 [21J, is almost the
same as in SrTi0 3 with a= 195 x 10- 4 cm -1. Therefore
the Fe 3 + EPR dip observed in SrTi0 3 at and below
37 K is due to the behavior of the host lattice.
At Tq all absolute measured values of the Fe 3 + EPR
parameter, namely, a, Dtet and IDltdg, become smaller and
then appear to recover partially. The parameter a is (to
lowest order) proportional to the fourth derivative of

above or below Tq is detectable from the EPR data, neither in the line position nor in the line widths. This is
true for both the tetragonal and the trigonal phases.
These observations do not support the occurrence of
a real incommensurate transition at Tq as suggested to
us by Thomas [23]. Furthermore, the occurrence of Tq
above or below the Potts line, at practically the same
temperature of 32 K and pressure of 23 kg/mm 2 , see
Fig. 6, is relevant. At this point in the P111- T phase diagram, the structural rotational order parameter vector
jumps from a nearly <100) crystallographic direction
to the [111 J direction, parallel to the applied [111 J stress.
Thus, one would have an incommensurate phase below
Tq in the tetragonal phase, i.e. with wave vector q[100J
+ L1 q, and then in the trigonal phase, with wave vector
q [111J + L1 q'. This is difficult to reconcile with the EPR
data, and we must seek an explanation other than that
of a static incommensurate state. This is addressed in
subsection 2, where the importance of the quantum paraelectric state is emphasized. A transverse optic soft mode
is associated with it, whose frequency WTO is smaller than
the rotational ones [SJ at low temperatures. This is discussed in an appendix, since it appears to give rise to
additional phenomena.

3

the crystal-field potential

I

84 V/8 4 x;. Thus a lowering

i= 1

mimics a Widening of the lattice. This is consistent with
the observed reduction of Dtet and IDltd •. A reduction
of these two quantities means that the crystal becomes
more cubic in the critical regime near Tq. Assuming a
fluctuation-induced effect, all three parameters become
smaller if a fluctuating quantity I]i of cubic origin is present. In EPR near structural phase transitions, the parameters, say bDtetoc+I<bl]f), show an upward cusp because the average of the local time correlation functions
«151];(0,0)151];(0, t))) adds to the parameter in question.
Here however, a, Dtet and IDI'dg show dips instead. Thus,
it is quite unlikely that the rotational order parameter
of the antiferrodistortive phase transition (AFD) cp is
the primary fluctuating quantity. Furthermore, the AFD
transition occurs at 7'" = 105 K, a factor of three higher
than Tq. One can therefore ask whether the dips in the
EPR parameters may not result from a coupling of cp
to an as yet unknown order parameter 1]; in higher order.
That one such appears to be present is also indicated
by the 5 % increase of the rotation angle cp in Fig. 1.
Tn this respect, Raman-scattering data of Uwe and
Sakudo [22J are interesting. Using their experiments,
these authors analyzed the rotational, stress a, and dielectric coupling properties of SrTi0 3 at q = o. They
found stress-induced [l00J ferroelectricity at a critical
[OlO]-stress ae "" 1.6 dyn/cm2 and an accompanying relative increase of the rotational order parameter 15 cp/cp
""bwlJwl g ",,7%. This is close to the above-mentioned
5% spontaneous increase of qJ in the stress-free SrTi0 3
below 37K. This observation suggests that the unknown
transition might involve local strains, which are detected
by the EPR parameters IDI and a of the Fe3+ impurity.
On the other hand, no indication for a structural change

2. Can there be a novel quantum state?

Upon cooling, the inverse dielectric constant e~lo(T) of
pure SrTi0 3 extrapolates linearly to 35.5 K, which can
be taken as the onset of quantum paraelectric behavior
[3]. At low temperatures, ello(T) rises to very high
values of up to 100000 and its quantum paraelectric
state is close to a ferroelectric one. As already mentioned,
uniaxial stress a olo perpendicular to the tetragonal [OOlJ
c-axis induces bulk ferro electricity [22J along [100]. In
addition, Bednorz and Muller [24J found that Ca 2 + impurities give rise to XY-type ferroelectric domains at concentrations x>xc=O.OOlS. Easy axes [110J and [lIOJ
indicate weak anisotropy in the (001) plane. As x increases above x" 7;, rises rapidly to "" 35 K, where it levels off. Subsequent work by Kleemann et al. [25J, in
agreement with a general theory by Aharony [26J,
proved that the Ca2+ -doped SrTi0 3 is in a domain state,
with ferroelectric domain sizes comparable to the sample
size for x near XC. In such a state, periodically stacked
regions of compensating ferroelectric polarization are
separated by near static domain walls. Two relaxation
processes govern the dynamics: (a) At all temperatures
a Debye-like monodispersive process attributed to the
smaller, off-center Ca2+ ions at Sr2 + sites is observed,
and (b) for T < 7;, "" 35 K an additional polydispersivetype domain-wall relaxation with glassy aspects [27].
All this indicates that the new transition at Tq = 37 ± 1 K,
detected by EPR, is very likely related to the quantum
paraelectric behavior. If so, one can consider the Ca 2 +
impurities in SrTi0 3 as pinning centers of a dynamic
quantum domain state for x<x, and T< Tq. Mode coupling arguments, presented next, also favor such a state.
Displacive ferroelectrics are governed by soft mode
behavior [2S]. The lattcr is transverse optic at q = 0 and
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Fig. 7. He II excitation spectrum with rotonic minimum for T~O
compared to lowest acoustic phonon branch of a solid undergoing
a structural incommensurate phase transition at T,

freezes out towards the transition temperature 7;, with
w.foCX: li e [29]. In doing so, it couples for q 0 to the
transverse acoustic (T A) mode, which in turn acquires
polar eigenvector properties [30]. This coupling can become quite strong anharmonically, so that a clear depression ofthe T A mode at finite q (from sin q a behavior)
is observed by inelastic neutron scattering, for instance,
in ferroelectric SnTe, 7;, = 98 K , at q!l1 =0.18 [31].
When a T A mode at finite q is depressed to zero,
then, as is well known, an incommensurate structural
transition occurs [9, 23]. This state of affairs is depicted
as dashed line in Fig. 7. However, assuming that the
soft TO mode causing the T A depression does not freeze
out completely, as is the case in a quantum para electric,
and the TO - TA coupling is quite sizeable, then only
a minimum in the T A mode may be present, as shown
by the solid line in Fig. 7. Because the TO mode is at
a few Kelvin, so is the T A minimum. This situation is
comparable to the rotonic minimum occurring in liquid
helium. However in the solid state case, the minimum
will be anisotropic in wave-vector space, in contrast to
that in superfluid helium, where it is isotropic.
By analogy to liquid helium, a rotonic, anisotropic,
minimum in a solid could be associated with a coherent
quantum state. What may be the properties of such a
state? The inverse rotonic gap wi)! (Fig. 7) would measure the typical intrinsic time of domain rearrangement,
and the inverse wave vector ki)! the typical domain size.
We do not know whether such a state can actually exist
and, if so, whether it has any peculiar broken symmetry
or superfluid properties. In the much simpler sine-Gordon problem, a quantum-melted incommensurate lattice
has been described, but only in d = 1 dimension [32].
At present, this state is therefore just a concept. As this
may be the case, the system is in the incoherent quantum
paraelectric state at higher T. In a simple XY-approximation, the quantum paraelectric state is identical to the
quantum paraconducting state of granular superconductors, whose mean-field T=O state has been studied [33J,
and has no broken symmetry.
After this general discussion, let us return to SrTi0 3 :
from the XY-domain state of the Ca2+ doping experi-

'*'

ments [24J, one expects that the anisotropic rotonic TAminimum lies perpendicular to the c-axis in q space, i.e.
in a (001) plane. Stirling [34J has measured the TO and
T A phonon branches with inelastic neutron scattering
but only at 297 K and 90 K, where at q = 0, VTO = 1.2 THz.
At the latter temperature, the crystal still is nearly cubic.
More importantly, its dielectric constant is a factor of
16 smaller than in the quantum region [3]. This means
that, with w¥ocx: l/e(T), the soft TO mode frequency at
q = 0 is four times lower in the helium region than at
90 K , i.e., OJ THz or 13 K. It will couple more strongly
anharmonically or bilinearly to the TA mode. Thus it
appears important to measure the soft TO and the T A
dispersions in a (001) plane from the center to the edge
of the Brillouin zone in order to check whether a minimum of WTA exists. If so, it can give rise to the q 0
instability and to the formation of the dynamic domain
state. Substantial involvement of lattice-strain fluctuations should be responsible for the dip of the EPR parameters a and D at the transition. A further experimental possibility to observe the postulated state would be
to measure the second-harmonic light scattering [35].
In the trigonal phase, Yq is shifted to lower temperatures as a function of uniaxial stress p 111' Therefore,
the new phase is less stable. It is known that the soft
ferroelectric mode stiffens in this phase as a function
of P111 [36]. This would be in agreement with a shallower and finally vanishing minimum of the TA mode
owing to smaller coupling. Application of an external
electric field also raises the TO mode [8J and, if our
reasoning is right, should also lead to a depression of
Yq, even in the tetragonal phase.

*

IV. Conclusions
Electron paramagnetic resonance data of Fe 3 + on Ti
sites give evidence for a phase-transition-like feature below Yq = 37 ± 1 K in the tetragonal phase. The data show
an enhanced octahedral rotation of qJo = 0.08° at 0 K
(Fig. 1) and a dip of about -1 x 1O-4 cm - ! in the cubic
parameter a as well as of - 0.5 x 10- 4 em -! in the axial
parameter IDI at Yq in the tetragonal phase, see Fig. 3
and Table 1. This dip is also observed in the trigonal
phase under [l11J stress, with the same magnitude
(Fig. 5). However, Tq is depressed as a function of stress
P!!!, see Fig. 6. It should be noted that within the accuracy of the EPR experiment the spatial symmetry is unchanged below Yq.
The observation is very tentatively discussed in terms
of the quantum paraelectric transverse soft phonon to
transverse acoustic phonon coupling at finite momentum
transfer [30]. This can possibly lead to an anisotropic
rotonic-type minimum of the transverse acoustic branch,
with the existence of a dynamic domain state stabilized
by quantum fluctuations, see Fig. 7. Its onset would be
sensed by the enhanced rotation angle ,j rp(T) from the
Pytte-Feder value rpP.F.(T) upon cooling, and the dips
in the EPR parameters a and IDI·
It is suggested that new accurate experiments may
further elucidate the novel phenomenon at and below
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7;" especially in conjunction with applied electric fields,
which for Ell [looJ are known to raise the transverse
optic phonon [8J in the quantum region, as well as with
uniaxial stress [22]. Precise Brillouin and inelastic neutron-diffraction measurements at finite wave vector in
the (001) plane could contribute substantially, and so
could optic second-harmonic measurements [35].
Should 7;, mark the onset of macroscopic quantum coherence in this or an analogous system, it would occur
an order of magnitude higher than that of superfluid
helium [36J and in addition, also in a solid!
We would like to thank E. Courtens for his careful reading of the
manuscript, and him and T. Schneider for comments. H. Thomas
had substantial comments on an earlier version. We would also
like to acknowledge discussions with P. Fazekas, R. Folk, F.
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from the European Research Office of the U.S. Army.
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Appendix
At q =0 the temperature behavior of the antiferrodistorlive (AFD) and ferroelectric (TO) soft modes has been
known for a long time from Raman scattering [7, 8].
The ferroelectric TO soft mode E. drops fast with temperature between 100 and 10 K. In doing so, it crosses
the two AFD structural modes, Ag and Eg , at about
70 K and 30 K, respectively, as shown in Fig. 8. Initially,
at high temperatures, the ferroelectric thermal fluctuations are fast and irrelevant to the structural subsystems.
Around 70 K the first mode crossing occurs. The antiferrodistortive amplitude fluctuations become the faster
ones. Then the soft ferroelectric mode is below the Ag
AFD mode. Thus the Ag dynamics sees the environment
for q ~ 0 as a polarizable ferroelectric because the ferroelectric fluctuations are quantum, slow, and presumably
fairly long-ranged. The AFD system is now relatively
faster and has sufficient time to adapt to a local nonzero
polarization. In fact, Unoki and Sakudo [38J reported
an additional splitting below 65 K on the EPR of Gd3+
on Sr2+ site in SrTi0 3 if an electric field was applied
along an a-axis in the tetragonal phase. The splitting
resulted from a tilting by an angle i5 of the S, operator
axis (1) away from the tetragonal crystallographic c-axis.
The authors thought this was due to a structural phase
transition at 65 K. However, MUller [39J proved from
the S4 point symmetry of the Gd 3 + ion that the observed
electric-field effect was perfectly compatible with the 14/
mcm space symmetry group below T" = 105 K. The temperature dependence of the tilt angle splitting i5 matched
that of the electric field induced polarization P below
50 K well. However, it extrapolates to zero at 65 K, as
shown in Fig. 9. Both findings are in agreement with
the present concept.
As T is further decreased, the E. frequency drops
further, crossing the Eg mode at T ~ 30 K. The near coincidence of this lower crossing and of the temperature
7;, may have to be taken into account for the following
reason: below this temperature, at least as far as structural modes (short correlation length) are concerned, the
low-temperature SrTi0 3 is locally ferroelectric already
at zero stress. Actually there is absolutely no anomaly,

Fig. 8. Soft antiferrodistortive soft modes in SrTi0 3 below T.
0..105 K, from [7], and extrapolated soft ferroelectric mode from
Fleury et al. [8] (dashed line)
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Fig. 9. Comparison of the measured tilt angles {) of the Gd 3+ EPR
(-axis (1) away from the tetragonal [001] direction by Unoki and
Sakudo [38] (dashed line) and computed {)=PjD from MUller [39J,
with polarization P at electric field E ~ [001]

or jump - as noted in [22] - in the structural Ramanactive modes at the onset of stress-induced ferroelectricity. However, the stress-free crystal is clearly not globally and macroscopically ferroelectric, which implies that,
if present, the ferroelectric order parameter must fluctuate in space, averaging out to zero.
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Note added after acceptance of the paper
Yamada and Shirane [40] investigated the soft optical phonon
in SrTi0 3 in the temperature range from 4.5 K to 300 K. They
observed, as they called it, a rather spectacular anomaly in the
intensity of the TA mode excitation around the (000) reciprocal
lattice point that was not seen for other points: The TA mode
with polarization [100] decreased to an anomalously low value
below '" 30 to 40 K, in contrast to the [110] polarization. The
vanishing [100] TO mode intensity, on the other hand, appeared
as increased (see their Fig. 8). No explanation for this behavior
was offered. However, their data support the view expressed in
the present paper that below Tq the state of the SrTi0 3 appears
to be really interesting, especially the T A - TO mode coupling and
dispersion.
The first author thanks G. Shirane for bringing the observations
published in [40] to his attention.
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IX. Electronic Structure of SrTi0 3

The electronic structure of the semiconductor SrTi03 consists of a valence band of predominantly 2p wave functions of 0 2- and two nearby conduction bands of predominantly 3d
wave functions of Ti 3+, with a bandgap of 3.2 eV.
Optical charge-transfer measurements from the oxygen valence band to Fe5+ and V4+
impurity states with equal energies within the bandgap revealed a structured valence band
[IXl]. The valence band shows components of 3p and 2p-3d mixed states, whereas the
structure in the conduction band is due to t2g and eg states of the Ti4+.
In [IX2J photoelectron spectroscopy (PES) with synchrotron radiation and a novel technique called inverse photo emission spectroscopy (IPES) were used to measure the occupied
and unoccupied electronic bands of n-type SrTi0 3. Both techniques reflect the bulk and the
surface electronic structure equally well. The experiments revealed a rather small admixture
of Ti 3d in the valence band. The IPES spectrum shows a rather structureless unoccupied
density of states (DOS) due to a shallow conduction band. To fit the experimental values with those calculated earlier, the gap of the DOS had to be increased. Moreover, no
evidence of unoccupied surface states on SrTi03 was found.
IX l . Valance-band splitting of SrTi0 3, KW. Blazey, M. Aguilar, J.G. Bednorz and
KA. Muller, Phys. Rev. B 27, 5836-5838 (1983). (p. 504)
IX 2. Electronic structure of strontium titanate, B. Reihl, J.G. Bednorz, KA. Muller,
Y. Jugnet, G. Landgren and J.F. Morar, Phys. Rev. B 30, 803-806 (1984).
(p. 507)
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Valence-band splitting of SrTi0 3
K. W. Blazey, M. Aguilar, J. G. Bednorz, and K. A. Muller
IBM Zurich Research Laboratory. 8803 Rasch/ikon. Switzer/and
(Received 17 February 1983)
Optical charge-transfer transitions from the oxygen valence bands to Fe5+ and V5+ impurity
states at Ti4+ sites in SrTiO) reveal a 0.42-eV valence-band splitting. Since these transitions are
observed with conventional optical-absorption spectroscopy, their resolution is far better than
previously obtained by photoelectron spectroscopy.

The electronic properties of solids are usually quite
well described by their band structure. Theoretical
band-structure calculations of SrTiO) were first made
by Kahn and Leyendecker l and subsequently by
Mattheis,2 Soules et al.• ) and Pertosa and MichelCalendini. 4 The results show a valence band of
predominantly 2p wave functions of 0 2- separated by
3 eV from a conduction band of predominantly 3d
wave functions of Ti H . The density of states of both
the valence and the conduction bands exhibit a structured spectrum. The conduction band shows structure due to t21l and ell states on the TiH, and the
valence band shows two components of which the
higher component is almost pure 3p, while the lower
arises from 2p-3dmixed states. In fact, the higher
component of the valence band will also exhibit
structure if interaction with inner sand p states on
the metal ions is included. 4
The validity of such band-structure calculations is
usually tested by comparison with optical-reflectivity
spectra. The optical reflectivity of SrTiO) has been
measured by Cardona s between 2 and 22 eV, and interpreted in terms of transitions between the valence
and the conduction bands. However, the optical
spectrum is determined by the joint density of states
and unambiguous assignments are difficult.
Nevertheless, Cardona assigned the 0.8-eV splitting
of the dominant reflectivity peak at 4.4 eV as due to
the splitting of the 2p levels of the oxygen in the cubic crystal field.
The study of the density of occupied states in
solids is the domain of photoelectron spectroscopy.
Several studies have been made of perovskite oxide
crystals,4.6· 7 but they are unable to resolve a fine
structure because of their limited resolution of 0.55
eV. The results for SrTiO) show a valence-band
splitting of 1.5 e V, 6 which is the energy separation of
the nearly pure 2p component from the 2p-3d mixed
states. 4
Here, we show that by introducing a single impurity level within the band gap of SrTiO) the valenceband structure may be determined by measuring the
optical-absorption spectrum due to charge-transfer
transitions from the valence band to the single im-

purity level as shown schematically in Fig. 1. The
results reveal conclusively that the uppermost band
in the valence-band density of states consists of two
components split by 0.42 eV.
Transition-metal ions substituting for Ti4+ produce
various optical-absorption bands below the absorption
edge of SrTiO). The precise determination of their
microscopic origin has been successful in only a few
cases. One such case 8 is the absorption bands at 2.53
and 2.01 eV of Fe5+ impurities in SrTi03 crystals
doped with Al shown in Fig. 1. The Al dopant forced
the residual Fe impurities into the high pentavalent
state with three d electrons filling the t21l( P level.
Correlation of the wavelength dependence of the
Fe5+ EPR quenching rate with the absorption spectrum in Fig. 2 proved conclusively that these bands

CONDUCTION BAND

-m- t 2g (t)

DENSITY OF
STATES

:::::-: :::::::::::::::::::::-: :::::::::~:--VALENCE BAND

E
(a)

(b)

(e)

FIG. 1. Schematic representation of acceptor chargetransfer transitions (vertical arrows) to a pentavalent impurity substituting for the tetravalent titanium in SrTiO). (a)
Fe5+ which has the lowest 12,<\) state filled has transitions
into the unoccupied 12,( I> states, but (b) V5+ has only
empty 121 states within the band gap. Structure in the
valence-band density of states is shown in (c) as the cause
of the optical-absorption line shape.
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FIG. 2. Optical-absorption spectra of SrTiO J doped with
VH and Fe s+. The host band gap is near 3.2 eV, and the
band at lower energies is shown to be composed of two
bands as depicted by the computer fits: experiment (solid
line); lower-energy charge-transfer band (plusses); higherenergy charge-transfer band (crosses); sum of the two
charge-transfer bands (dashed line).

are due to acceptor charge-transfer transitions from
the valence band to the Fe s ions. The 0.52-eV splitting of the optical-absorption band could not be
unambiguously assigned to structure in the initial
valence-band states of the transition, because the final state could equally well have structure. This possible final-state structure is due to the proximity expected of the eg <t) and t2g( 1) levels on the Fe H
ion. 8 However, in the case of a tf! electron configuration such as yH, the lowest-energy acceptor
charge-transfer transitions are into the empty t2l
states, and the ambiguity mentioned above no longer
exists. Thus, structure in the absorption spectrum
must be due to the valence band. This is, in fact,
borne out by experiment.
Experiments were performed on a flame-fusion
SrTiOJ:0.2-at. % Y crystal. The as-grown crystal

shows a weak S =
EPR spectrum due to V4+ as
described by Kool and Glasbeek. 9 Oxidation at
1200·C quenched the y4+ EPR spectrum producing
yS+ which has no EPR. The optical-absorption spectrum of the oxidized crystal as measured with a Beckman Acta M VII spectrophotometer at 25 K is also
shown in Fig. 2. The strong similarity of the spectra
for two ions, FeS+ and VS+, both having the same
valence, is clear evidence of their common origin.
Thus both ions have their lowest empty d levels at
the same energy in the SrTiO J band gap, as expected,
and acceptor charge-transfer transitions from the
valence band to these empty levels are the cause of
the absorption bands (see Fig. 1). Since the vS+ produces only a single level t21 within the SrTi03 gap
with the next level e,lODq (:::::: 3 eY) higher in energy, the structure of this band is due to the valence
band. Deconvolution of this band into two Gaussian
bands is also shown in Fig. 2. The two components
at 2.52 and 2.10 eV for yS+ represent the splitting of
the nearly pure 2p states at the top of the valenceband density of states of SrTi0 3 with the weaker
component uppermost. It can also be seen that the
density of states in the uppermost valence band is 35
times less than the next-lower component.
The absorption spectrum of FeS+ in SrTi0 3 also
consists of two bands at nearly the same energies as
those for yS+. There is a slight shift of 0.09 eV of
the weaker component. The intensity ratio of the
two bands is II for vS+ and 8 for FeS+. The higher
absorption coefficient of the yH spectrum is consistent with the higher dopant concentration.
The present determination of the valence-band
splitting in SrTiO J by substituting an ion with one
more positive charge than Ti4+ in order to lower its
unoccupied levels out of the conduction band will
cause a slight distortion of the true band structure
due to the extra charge. A further distortion may be
present for FeS+, which has three additional d electrons which have bonding interactions with the 2p
states of the 0 2- ions. This latter contribution is
probably responsible for the slightly different energies
of the absorption bands due to Fes+ compared with
those due to VS+. Further distortion of these acceptor charge-transfer bands will also occur for
transition-metal ions that are strongly coupled to the
lattice. The charge-transfer bands of Fe4+ that occur
at 2.09 and 2.82 eV (Ref. 8) with a 0.73-eV splitting
are an example where these additional factors are expected to playa significant role.
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Electronic structure of strontium titanate
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We have employed the techniques of photoelectron spectroscopy (with tunable synchrotron radiation 30,,;hv,,; 100 eV) and inverse photoemission spectroscopy at hv=9.7 eV to study respectively
the occupied and unoccupied electronic states of n-type SrTiO J doped with 1 at. % Nb. Doped
samples have the advantage that charging effects are avoided and hence a rather accurate determination of peak positions is possible. The total (occupied and empty) experimental density of states
agrees with the calculated density of states of Pertosa and Michel-Calendini when their band-gap energy is readjusted. We have no evidence for intrinsic surface states either in the band gap or in the
conduction band, as was calculated by Wolfram et al. The admixture of Ti 3d states in the 0 2p
valence states is small, as can be concluded from the Ti 3p ->3d resonance behavior.

I. INTRODUCTION

Photoelectron spectroscopy (PES) and inverse photoemission spectroscopy (lPES) provide means for testing
theoretical calculations of the occupied and unoccupied
electronic structure of solid materials, respectively. Owing to the surface sensitivity of these techniques, modifications of the bulk electronic states at the surface (e.g.,
surface states) as well as their possible role in chemical reactions at the surface can be studied. The oxidation or
oxide formation is a process which starts at the surface,
and is of fundamental interest. Hence, oxides represent a
class of prototype materials for which theoretical calculations should provide good agreement with experiments.
The oxides of perovskite structure AB0 3 (A, group
I-II element; B, transition metal) are particularly interesting, since they exhibit a broad range of physical phenomena. For instance, the metallic sodium tungsten
bronzes (Nax W0 3 ) show similarities with mixed-valent
systems, while the conduction bands are filled with x in a
rigid-band manner. 1 In insulating SrTi0 3 and related
compounds, there is the structural phase transition and
the critical behavior connected to it, which have stimulated many investigations, as well as the fact that many of
these systems are ferroelectrics. 2 SrTi0 3 is also very interesting from the electronic-structure point of view.
State-of-the-art band-structure calculations 3 - 6 obtain the
correct value for the band-gap energy (EG =3.2 eV)7 by
adjusting parameters. Existing photoemission data in the
ultraviolet 8-11 and x-ray regime 12,13 agree on first sight
with calculated densities of the occupied states, however,
the correct relative intensities of the three major photoemission features (mostly
2p-derived with some admixture of Ti 3d's) agree with experiment only when an
unrealistic ratio of 2p to 3 d photoemission cross section is
assumed. 14
Another interesting question is the existence of surface
states (SS) in the band gap, and whether they are intrinsic
or extrinsic, i.e., created by certain surface preparations.

°

30

Such surface states have been predicted by Wolfram
et 01.,5 but measurements by Powell and Spicer l5 and
Henrich et 01.9 gave a much smaller density of intrinsic
SS on SrTi0 3 • SS could playa decisive role in the surface
chemistry and bonding properties of SrTi0 3•
Finally, so far, experimental work involving electron
spectroscopies has had to deal with the problem of sample
charging owing to the insulating character of intrinsic
SrTi0 3 • This may result in shifted peak positions in
photoemission, and absolute determination of binding energies is not possible. In cases where the conductance of
SrTi0 3 is increased by extensive heating which results in a
reduction, band-gap emission occurs owing to oxygen deficiencies. 9,11 This may mask emission from intrinsic surface states.
Here, we have employed photoelectron spectroscopy
with tunable synchrotron radiation 30::;hv::; 100 eV to
study the occupied electronic states. Variations of photoemission intensities with hv allow determination of their
orbital characters, as well as their possible hybridization
with other states. 16 In addition, we have applied the novel
technique of inverse photoemission spectroscopy 17 at
hv=9.7 eV to obtain information about the unoccupied
electronic states.
II. EXPERIMENTAL
In both experiments (PES and IPES), we used n-type
SrTi0 3 with I at. % Nb as dopant to avoid any charging
effects during the electron spectroscopic measurements.
All samples were cut from the same batch of singlecrystalline material. The starting material was 99.99%
pure, and the flame-fusion method was used to produce
high-quality single crystals with a shiny black color. 18
X-ray diffraction and microprobe analysis showed that
the batch was single phase according to the limits of these
methods.
PES spectra were recorded with the IBM twodimensional display spectrometer l9 now installed 20 at the
803
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Brookhaven National Laboratory. The synchrotron radiation from the 750-MeV storage ring was monochromatized with a 3-m toroidal grating monochromator. In the
angle-integrated mode used here, photoelectrons were accepted within an 86" cone of emission angles. The overall
resolution (electrons and photons) was 0.3 eVat hv=40
eV and was determined from the onset of photoemission
at the Fermi level EF of a metallic reference sample [i.e.,
UBell (Ref. 20)] in electric contact with the SrTiO J • The
samples were cleaved (or rather fractured perpendicular to
the (001) axis) in a vacuum of 2XlO- 1O Torr, and immediately transferred to the measurement position which
held a vacuum of 5 X 10- 11 Torr. The surfaces were usually curved rather than being flat, and were inert to contaminations by residual gases for at least 24 h, during
which the PES spectra did not change essentially.
For the inverse photoemission experiment, the samples
were bombarded with electrons of energies 5 SE S 24 eV
from a custom-made electron gunY Outcoming photons
were filtered at hv=9.7 eV and detected with a GeigerMiiller-type counter. 17 The resolution was determined to
be 0.7 eV (Ref. 21) from the onset at EF of a polycrystalline silver sample in contact with SrTi0 3. As samples, we
again used SrTi0 3 with I at. % Nb, which were measured
after (i) mechanical polishing in air and insertion into vacuum, (ii) sputter cleaning (1 k V Ar+, 2 /LA) and annealing, and (iii) fracturing in situ. The cleanliness as well as
the relative composition of strontium, titanium, and oxygen could be checked by Auger electron spectroscopy
(AES) with 3 kV primary electrons. 21 The data presented
below were obtained from samples which exhibited the
following AES signals normalized to the Ti(383 eV) signal: Sr(l05 eV)=0.5-0.7, 0(510 eV)=2.8-3.3, Nb(l78
eV) ~O.I, and C(270 eV) =0. 3-0.4. The variance in the
AES signal ratios is due to different surface preparations.
Our O/Ti ratios agree with the 2.9 value of Chung and
WeissbardlO for the well-ordered SrTi0 3(lOO) surface,
while our Sr/Ti ratios are somewhat larger than their 0.3
value. The clean and ordered SrTi0 3 (111) surface
prepared with 2 kV, 20 /LA Ar+ sputtering by Lo and
Somorjai 8 exhibited AES ratios 3.0 for Sr/Ti and 2.0 for
O/Ti.

Sr Ti 0 3 + 1 at. "/" Nb

-24

-20

-16

-12

-8

-4

EF - 0

12

ENERGy (eV)

FIG. I. (a) Experimental density of states as obtained by photoelectron spectroscopy at hv=50 eV from a cleaved
SrTiO,(100l surface,and inverse photoemission spectroscopy at
hv=9.7 eV from a sputter-cleaned (500 eV Ar+, 2/LA) and annealed SrTiO,(100) surface. (b) Calculated density of states of
Pertosa and Michel-Calendini (Ref. 4). The occupied part is
shifted by - O. 8 eV to have the 2s states coincide with peak
E, the unoccupied part is shifted by + 0.7 eV to have the maximum of the Ti 3d states coincide with F.

°

eV (Refs. 8 and II).
The Fermi levels as determined from metallic reference
samples in contact with the SrTiO J samples (see above
and Refs. 20 and 21) were used to match the two independently obtained spectra of Fig. 1(a) on a common energy
scale with EF =0. The relative intensities of the two spec-

90

III. RESULTS AND DISCUSSIONS

80

In Fig. 1(a), we present an experimental overview of the
occupied and unoccupied electronic structure of SrTi0 3 as
measured with PES and IPES, respectively. Although the
use of two different photon energies implies somewhat
different surface sensitivities, we show in Fig. 2 that the
occupied parts of the density of states (DOS) do not
change as a function of photon energies (and therewith
photoelectron escape depth) with respect to peak positions
and overall shape. (There are, however, variations in relative peak intensities, which will be discussed below.)
Therefore, in general, we believe that the PES spectrum at
hv=50 eV, and the IPES spectrum at an isochromat energy of hv=9. 7 eV, reflect equally well the bulk electronic structure, but are sufficiently surface sensitive to reveal
possible emission from intrinsic or extrinsic surface states.
Extrinsic surface states, but not intrinsic surface states,
were detected for hvs7.0 eV (Ref. 15) and at hv=21.2

70

60
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Sr Ti 0 3 + 1 at. % Nb

30
-12

-10

-8
-6
-4
ENERGY BELOW EF (eV)

-2

0

FIG. 2. The valence-band emission A, B, and C of Fig. l(a)
as a function of photon energy 30 $ h v $ 100 eV.
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tra were arbitrarily normalized so that the ratio of the
emission features A and F becomes 1.6, which is the average value in the density-of-states calculation of
Mattheiss, 3 Pertosa and Michel-Calendini 4 [see also Fig.
l(b)], and Selme and Pecheur. 6 The energy Ey of the top
of the valence band is determined from the intercept of a
linear fit to the right shoulder of feature A with the zero
line. In the IPES spectrum, the experimentally determined Fermi level coincides with the bottom of the conduction band, as expected for a heavily doped n-type
semiconductor. Hence, the band gap is given by
E G =EF -E y =3 .2(2) eV [see Fig. Hal), a value which
agrees quite well with optical data for heavily Nb-doped
bulk SrTi0 3 . 22 In view of our enhanced surface sensitivity (as compared with optical techniques) this agreement
implies that there does not seem to be any band bending
occurring near the surface nor a pinning of the Fermi level due to intrinsic or extrinsic surface states.9• 15
For the valence-band emission, in Fig. Ha) we use the
notation A, B, and C for the mainly 02p-derived emission features as in earlier ultraviolet II and x-ray4 photoemission work. The peak positions of A, B, and Care
essentially independent of photon energy for 30 ~ hv ~ 100
eV as demonstrated in Fig. 2. We find A at -4.75 eV, B
at -6.75 eV, and Cat -7.9 eV. These numbers deviate
from the findings of Courths ll (A, -4.6 eV; B, -6.9 eV;
and C, - 8.3 eVl for an Ar+ -sputtered and annealed
SrTi0 3{\(0) surface. In Fig. l(b), we compare the experimentally obtained DOS with the calculated DOS of Pertosa and Michel-Calendini. 4 In order to obtain best agreement between the photoemission peaks and the theoretical
features, we had to shift the theoretical DOS by 0.8 eV towards lower energies (away from E F ). The oxygen 2s
states around - 20 eV then coincide with feature E, so
does the 0 2p DOS at the top of the valence band with
feature A. Battye et al. 12 noted in their x-ray photoemission work that the 0 2s and Sr 4p emissions overlap. In
Fig. Ha), the Sr 4p level gives rise to the broad shoulder at
the right side of feature E.
Owing to the calculation of Pertosa and MichelCalendini,4 feature A arises from almost pure-oxygen
states, while Band C are mostly 0 2p derived with some
admixture of Ti 3d's. The relative intensities of A, B,
and C in the x-ray photoemission work could only be calculated, if unrealistic photoemission cross sections 0'3d
and O'zp were assumed. To check up on some 3d admixture in the mainly 0 2p valence band, we performed a
resonant photoemission studyl6 employing the Ti 3p core
level around - 38 eV, i.e., we measured PES spectra between hv=28 and 50 eV in 2-eV steps. No noticable
enhancement of any of the valence-band features could be
observed, although the effect should be quite pronounced.
Recently, Bertel et al. 23 have reported on the 2p -+ 3d resonance behavior in Ti and TiO z and found the onresonance energyl6 around hv=47 eV. From these findings (see, e.g., the 40- and 50-eV spectra in Fig. 2), we
have to conclude that the admixture of Ti 3d in the
valence-band states is rather small. On the other hand,
when we follow the spectral behavior of A, B, and C with
hv in Fig. 2 we note a relative increase of A, which could
indicate a higher I character of A than of Band C. Some
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admixture of s character in the lower valence band could
account for such effects, although final-state or joint DOS
effects could also be the reason for the intensity variations
observed in Fig. 2.
The photoemission peak D at -10.7 eV in Fig. Ha),
not accounted for in the theoretical DOS of Fig. 1(b), is
attributed to carbon 2s emission. 4 Carbon is present as a
bulk impurity and could also be detected by AES [typically C(270)!Ti(383)=0.3-0.4]. Heating SrTi0 3 in 10- 5_
Torr oxygen atmosphere reduced the carbon signal D due
to CO formation, but did not change the true SrTi0 3
emission features. Therefore, we show PES spectra in
Figs. I and 2, obtained from SrTi0 3 samples without heat
treatment in oxygen. Although not specifically mentioned, C 2s emission is also present in the PES spectra of
Refs. II-B.
The IPES spectrum [right panel of Fig. 1(a») reveals a
rather structureless unoccupied DOS. The onset of emission at the bottom of the conduction band is rather shallow, as expected for a semiconductor. The rise from 10%
to 90% of the F intensity occurs within a .iE 90.!O= 1.6
eV in Fig. Ha), while we get .iE9()'1O=0.7 eV (i.e., the energy resolution) for the intensity rise at EF of a meta1. 21
We associate the empty Ti 3d states with the broad Femission feature in Fig. l(a). To obtain better agreement,
we shifted the calculated empty DOS by 0.7 eV towards
higher energies in Fig. l(bl, so that the maximum of the
Ti 3d states coincides with the F tickmark. The broad experimental structure G then overlaps with the calculated
Sr 5s states. As pointed out by Cardona,? Ti 4s states
around 10 eV should also be present in the conduction
band DOS, but have not been included in the calculations
of Pertosa and Michel-Calendini.4 These 4s states are responsible for the structureless increase of the unoccupied
DOS with energy. Therefore, in order to achieve best
agreement between the experimental and theoretical
DOS's in Fig. I, we have increased the gap of the calculated DOS from EG=3.0 to 4.5 eV in Fig. 1. We feel
that this is quite justified, since EG was an input parameter of the calculation rather than a result of the selfconsistently computed charge neutrality.4 If the latter is
included in a new calculation, significantly better agreement between theory and experiment is to be expected.
The IPES spectrum of Fig. I(a) was measured on a
sputter-cleaned and annealed SrTi0 3{\(0) surface. We
also measured a mechanically polished sample, which had
been inserted into vacuum immediately after having been
rinsed in acetone. The IPES spectrum was essentially
identical to the one in Fig. l(a) for a sputter-annealed surface. We did not notice any changes of relative intensities, when different Ar-ion energies were used for sputtering. Exposure of a clean surface to several langmuirs of
oxygen (1 L= 1 X 10- 6 Torr sec) did not produce any
change in the experimental conduction-band DOS. Such
changes would have been indicative of intrinsic surface
states, as was calculated by Wolfram and co-workers. 5
Powell and Spicer l5 and Henrich et al. 9 have given an
upper experimental limit of _10 13 SS/cm2 as compared
to _1015 SS/cm2 in the first calculations of Wolfram
et al. New calculations 5 including the Coulomb repulsion
among the d electrons found the SS always above E F , so
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that in Nb-doped or heavily reduced samples with EF at
the conduction-band edge, the SS remain unoccupied and
fall within the bulk conduction band. They should be
detectable with inverse photoemission similar to SS as
found on GaAs(11O).24 According to our findings [cf.
Fig. I (a)], there is no evidence for unoccupied surface
states on SrTi0 3( 1(0).
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X. Experimental Evidence of Fermi Glasses and Itinerant Polarons

XA. Fermi Glasses
When a semiconductor, like silicon, is doped with donors or acceptors as AsH or B3+, an
electron or hole gets trapped at low temperatures near the donor or acceptor, respectively,
because of the charge misfit. Therefore electron spin resonance (ESR) from these centers
can be observed. Upon increasing the concentration, the ESR lines with their fine and
hyperfine splitting collapse to a single line with Lorentzian shape because the charged
particles become itinerant. For relatively low doping, the distribution of the dopants is
stochastic, as is also the electric potential in which these carriers move. Then the so-called
variable range hopping conductivity (VRH), with a T- 1/ 4 dependence, of Mott occurs.1°. 1
However, the paramagnetic susceptibility should still be temperature-independent, Paulilike as in a metal. Phil Anderson predicted such behavior in his Nobel Prize winning paper
of 1958, and emphasized it again in 1970. 10 .2 He called it a Fermi glass. KAM and a group of
colleagues at the IBM Thomas J. Watson Research Center proved first the existence of such
a Fermi glass by doping CaV 206 with protons in 1980 [XA1J. There, at very low doping
the EPR of paramagnetic V4+ was observed. At higher doping a motionally narrowed ESR
was seen. Integrating the latter to obtain the paramagnetic susceptibility, it was found that
it is temperature-independent, Pauli-like, in the range where the VRH regime occurred.
Very recently, VRH was observed in stoichiometric LaBaNi0 4 over a 300-K-wide interval. However, instead of ESR, magnetic susceptibility, specific heat and thermal conductivity experiments allowed the determination of the electronic properties, see [XA2J. Especially
the Fermi energy of the material could be estimated and the Pauli behavior inferred, from
which the conclusion to the existence of a Fermi glass was reached. The thorough study
was conducted using LaSr1_xBaxNi04 mixed powder samples with 0 :S x :S 1. From these
results it was inferred that for x ~ 0 an Anderson transition to a metal is realized.
XA 1. Pauli paramagnetism in a Fermi glass, K.A. Muller, T. Penney, M.W. Shafer and
W.J. Fitzpatrick, Phys. Rev. Lett. 47, 138-142 (1981). (p. 512)
XA2. LaBaNi04: A Fermi glass, A. Schilling, R. Dell'Amore, J. Karpinski, Z. Bukowski,
M. Medarde, E. Pomjakushina and K.A. Muller, J. Phys.: Condens. Matter 21,
015701-1-7 (2009). (p. 517)
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Pauli Paramagnetism in a Fermi Glass
K. A. Miiller?) T. Penney, M. W. Shafer, and W. J. Fitzpatrick
IBM T. J. Watson Research Center. Yorktown Heights. New York 10598
(Received 11 March 1981)
A broad Lorentzian ESR line in H-doped CaV 2 0 S crystals has been observed and assigned
to itinerant electrons in d x 2_.2 orbitals. The spin susceptibility and the ESR linewidth vary
weakly between 20 and 300 K, whereas the conductivity varies strongly, consistent with
Mott's exp- (TO/T) 1/4 variable-range hopping law for random systems. Our observations
demonstrate the existence of Fermi statistics in this system of protons and d electrons
which may be more clustered than purely random.
PACS numbers: 71.25.-s, 76.30.-v

The notion of a "Fermi glass" was introduced
by Anderson 1 a decade ago for quasilocalized
weakly correlated (U"" 0) s = i particles in disordered solids, i.e., where the local potential
varies randomly .. For such solids, Mott 2 deduced
a conductivity variation
(1)

at sufficiently low temperatures, which has since
become the hallmark for variable-range hopping
in random systems. The ~ law was deduced for
uncorrelated one-electron hopping, but more recently it was shown to follow even with electronelectron interactions. S In either case, Fermi
statistics should be obeyed ' and therefore even
for very low conductivities the susceptibility of
the particles is expected to follow Pauli's temperature-independent behavior in zero order as
138

long as the electron-electron correlation energy
U is negligible compared to kT.
In the present Letter, using electron-spin resonance (ESR), we report the spin susceptibility
and spin-relaxation time in a Fermi glass: the
CaV 2 0 6 -H system. This system was discovered
by Ioffe and co-workers. 4 When grown stoichiometrically, the crystals are transparent and the
vanadium atoms are in their five-valent state
with empty 3d' orbitals. Upon heating in NHs
vapor, H+ is incorporated in the crystals stochastically and a localized V4 +(3d ' ) ESR signal with
gll=1.930 and gl.=1.975 was reported showing a
main hyperfine interaction with one 5lV, I=},
nuclear spin as well as weak super-hyperfine
interactions with a nearby localized proton (I=~)
and two other V5 + ions. Upon doping with higher
H + concentrations, Ioffe and co-workers detected

© 1981 The A merican Physical Society
 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

513

VOLUME

47,

NUMBER

2

PHYSICAL REVIEW LETTERS

a finite conductivity obeying Mott's law [Eq. (1) 1
over four orders of magnitude with To';4 = 73
K1/4.4 This was the starting point of the present
effort.
Our crystals were grown by the Czochralski s
method from slightly VPs-rich solutions as suggested by the phase diagram of Morozov. 6 By
proper control of such parameters as the melt
composition, its temperature profile, and the
rotation and pull rate, we were able to obtain
clear inclusion-free crystals over 2 cm in length
and about 0.5 cm in diameter. The growth direction preferred is along the monoclinic axis with
pronounced cleavage along the (201) plane. The
crystals are monoclinic with a C2/m space group
and lattice parameters of a = 10.06 A, b =3.68 A,
c = 7.04 A, and!3 = 104.8°. These data are in good
agreement with those of Perez et al. 7
The crystals selected for hydrogen doping were
transparent and straw-colored; they were heated
in pure NH3 gas for various times and temperatures from 350 to 500°C. The samples obtained
in this way can be classified by their ESR spectra: Samples showing only the narrow V4 + lines
previously reported 4 are called type 1; samples
which show in addition a new broad Lorentzian
ESR line are type 2. Finally, samples which
show only the broad line are called type 3. We
do not know whether type-2 samples are macroscopic mixtures of types 1 and 3 or consist of
microscopic inhomogeneities due to randomness
of proton distributions.
Resistivity as a function of temperature was
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measured with use of the van der Pauw technique.
Contacts were made with In solder. Typical sample dimensions were 3 x2 x 0.1 mm. Data were
taken between 300 and 5 K. However, in some
cases the contact resistance became very high,
and the conductivity became non-Ohmic at low
temperatures, thus limiting the range in temperature. The data were plotted as the logarithm of
the conductivity versus
For most type-2 and
all type-3 samples, a very poor fit was found for
f= -1 and -~. However, reasonable fits were obtained for f= -i. A typical result for a type-3
sample is shown in Fig. 1; it obeys the -i law
over three orders in magnitude. These data are
thus consistent with Mott's variable-range hopping
(-t), but not with the Abeles's dielectric (-~)
regime."
The ESR of type-1 samples showed the hyperfine split V4 + spectrum with parameters identical
to those previously reported. 4 Upon cooling, the
signals grew a::1/T as expected for localized particles." The new broad ESR line observed in type2 and -3 samples is shown in Fig. 2 at three different temperatures. The recordings were taken
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FIG. 1. The inverse resistivity plotted logarithmically
as a function of T1/4 for a CaV 2 0 S sample heated for 20
h at 470°C. ao~3.95 11-1 cm- I and l'ol/4~29.7 KI/4 lsee
Eq. (1)].
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FIG. 2. Conduction-electron spin resonance lines at
(a) 220 K; (b) 89.8 K, and (c) 24.9 K of a sample heated
for seven days at 410°C. Note that the Lorentzian fits
are included.
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at X band, and the orientation of the magnetic
field was parallel to the crystalline a axis. The
room-temperature line has a peak-to-peak width
of 320 G. As seen, its width does not vary much
with temperature. The line was fitted to a
Lorentzian shape and was found to be so Lorentzian in shape over most of the temperature range
that the fitted Lorentzian is barely visible in Fig.
2. At lower temperatures, unidentified narrow
lines ex1/T appear. They are probably due to
strongly localized impurity centers.
In Fig. 3, the ESR linewidth tilipp and the intensity are plotted as a function of temperature
for the sample whose resistivity is shown in Fig.
1. Other samples had similar behavior. From
the logarithmic temperature scale, one sees
that the intensity, ex X. (T), is nearly temperature
independent between 300 and 20 K, i.e., in the
range where Mott's law (Fig. 1) holds. Thus,
this behavior can be better looked at by a Pauli
rather than a Curie law. Below 20 K, X. (T)
drops by a factor of about three before rising
again. Decreases of this sort in the region of 10
to 40 K were also observed in the half dozen other
samples investigated, although less pronounced.
The broad Lorentzian lines could not be saturated even at the lowest temperatures and with milliwatts of microwave power. Furthermore, their
width was the same at 9 and 19 GHz. Thus, we
can assume that they are homogeneous with T,
=T2=T=n/IlBtilipp. For aline 300 Gwide, this
yields T-4x10- 'O sec. At 36 GHz, the lines became 20% broader, indicating incomplete motional narrowing. Thus, we ascribe this broad line
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FIG. 3. Conduction-electron spin resonance line
susceptibility and width as a function of log loT for the
same sample as in Fig. 1. Because of macroscopic inhomogeneities, the scale of the spin susceptibility is
only approximate.
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to mobile charge carriers.
Typical g values measured for the broad lines
were gil = 1. 955; g J. = 1. 962. Their average value,
g= t( gil + 2g J = 1. 959, is very close to that of the
average g of the loc·alized V 4+ hyperfine-split line
with g= 1.962. The latter has 0.999dx"_,i' character. 4 Therefore, the broad line stems from mobile electrons in predominantly vanadium d:?--,il
orbitals. ESR of conduction electrons with d
character has been reported only recently in few
other cases like Pd (Ref. 10) and LiNb0 3 • II
The conductivity and linewidth data give further
insight into our system: The percolative derivation of Eq. (1) by Ambegaokar, Halperin, and
Langer (AHL)12 yields for the expression of the
temperature To,
(2)

where a-' is the extension of the quasilocalized
wave function >¥ exexp -2ay, and n(E F) is the density of electron states at the Fermi energy. For
the half-dozen samples we measured, To 1/4 varied
between 30 and 10 K'/4,
The following considerations are quite tentative
as no theory of ESR linewidth and susceptibility
applicable to variable-range hopping is known to
us. There are two microscopic models which we
shall consider. In one, the protons are distributed completely at random. The result is the MottAnderson behavior treated by AHL. The Lorentzian ESR line then comes from the weakly localized electrons in the AHL-connected "regions."
A possible objection to this model is that one
might expect the ESR line width to be temperature
dependent since the degree of localization is
strongly T dependent. Furthermore, in type-2
samples, one expects ESR spectra from two,
three, ... , etc. coupled V 4 + ions as reported for
coupled phosphorous donors in Si by Feher,
Fletcher, and Gere in their pioneering work. 13
The second model is that instead of a totally
random distribution there is a tendency for protons to cluster. This is likely to occur because
the mobility of the protons at the doping temperature is quite high, and the samples were not
quenched to ambient. In this case, Eq. (1) still
holds because the system is in the same universality class. The weak temperature dependence
of the ESR linewidth follows because the relaxation is internal to the cluster.
For conduction-electron spin resonance, the
well-known formula of Elliott for spin-lattice
relaxation holds '4 [even for d orbitals as in Pd
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(Ref. 10)],
t:.lJ =

1/T = c(v dl

)t:.g 2 ,

(3)

where t:.g= g - glree is proportional to the spinorbit coupling and c is a factor of the order of
unity. The spin-orbit coupling is large enough to
quench the Kawabata quantum-size regime in the
clusters. 15 Experimentally, the quenching is well
verified because the linewidth would have to vary
proportionally to the microwave frequency IS in
that regime which is not observed, and the spin
susceptibility would be Curie -like IS instead of the
Pauli behavior observed.
If the velocity of the carriers in the clusters is
VF, then the Fermi velocity for EF>kT is temperature independent. This is the case as long
as correlation and other effects do not playa role.
Thus, the spin-relaxation time, T, is temperature independent if the scattering length I inside
the cluster does not change. The small variation
of the ESR linewidth's DJi pp was uncorrelated to
that of the To 1/ ., s and can be further discussed by
use of Eq. (3): It requires a fairly constant ratio
of v Fi l within the conducting clusters. This can
be tentatively done by assuming the existence of
clustered protons with more or less homogeneous
density within these clusters. The carrier scattering leading to DJi pp occurs within the clusters
due to the stochastic potentials. This is in contrast to what occurs in highly perfect metallic
microparticles where the electrons are scattered
at the surface. In the latter case, l = d, the diameter of the particles. 14 With II a '" l = d, one
obtains from Eqs. (2) and (3) DJipp 0: t:.lJ 0: T OII3,
which is not borne out by our experiments. Thus,
we can exclude cluster-surface scattering.
The distribution of Fermi energies and velocities within the high-density regions is unknown
but could be quite broad. Assuming the maximum
Fermi energy to be lower than room temperature,
one then expects the high-density areas to yield
a susceptibility which rises weakly upon cooling
below 300 K, then gradually declines as more
and more spins become degenerate at low temperatures. The hopping electrons in the lowerdensity regions between the clusters, which actually determine the conductivity, are not degenerate, their temperature dependence being intermediate between Curie and Pauli behavior. Thus,
they provide only a weak undetectable resonance
at higher temperatures, but at the lowest temperatures their rising "Curie tail" should be
seen. This is qualitatively what Fig. 3 shows.
The best-studied random semiconductor is
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phosphorous-doped silicon. Low-doped insulating
crystals show a Curie-like susceptibility at low
temperatures, which has been analyzed in terms
of antiferromagnetic exchange. 17 In higher-doped
metallic samples a Pauli susceptibility is observed at high temperatures which shows a "Curie
tail" at low temperatures. However, no clear
Mott conductivity has been reported. IS Thus, the
CaV2 0 s :H is unique in showing both Mott and
Pauli behavior. The low-temperature tail may
have a similar explanation as Si:P. The reproducible drop in Xs below 20 K could also result
from negative effective electron-correlation energy of the order of 10 K, which tends to pair the
electrons.
We should like to thank K. Andres, B. 1. Halperin, J. Hubbard, H. Thomas, S. Kirkpatrick,
M. Rice, and P. Monod for interesting discussions, and Sir Neville Mott for correspondence.
We benefited from expert experimental help by
R. A. Figat, J. M. Rigotty, and W. Berlinger.

")Permanent address: IBM Zurich Research Laboratory, 8803 RuschHkon, Switzerland.
Ip. W. Anderson, Comments Solid State Phys . ~, 193
(1970) .
2N . F. Mott, J. Non-Cryst. Solids l, 1 (1968) .
3 L . Fleishman, D. C. Licciardello, and P. W. Anderson, Phys. Rev. Lett. 40, 1340 (1978).
4yu . N. Belyaninov, V. S. Orunin, Z. N. Zonn, Y. A.
roffe, 1. B. Patrina, and 1. S. Yanchevskaya, Phys.
Status Solidi (a) 27, 165 (1975).
5 M. W. Shafer,T . Penney, K. A. Muller, and R. A .
Figat , to be published.
GA . N. Morozov , Metallurgy 13, 24 (1938).
70. Perez, P. Fri t , J. C. Bo~ux, and J. Oaly, C.R.
Acad. Sci. 270, 952 (1970).
8B. Abele~ P . Sheng, M. D. Coutts, and Y. Arie,
Adv . Phys. 24, 407 (1975).
9This was--zhec ked by comparing the intensity of the
y4+, mJ=} hyperfine line with those of impurity MnH
ions present on Ca 2+ sites. Care was taken not to
s a turate either line.
1°F. Beneu and P. Monad, Phys. Rev. B 18, 2422
(1978) . Conduction-electron spin resonance in the weak
ferromagnet TiBe2 has been reported by D . Shaltiel,
P. Monod, and 1. FeIner, J. Phys. (PariS). LetLi!.
L567 (1980).
11 0 . F. Schirmer and D. von der Linde, Appl. Phys.
Lett. 33, 35 (1978).
12y. Ambegaokar, B.!. Halperin. and J. S. Langer ,
Phys. Rev. ±, 2612 (1971).
130 . Feher. R. C. Fletcher . and E . A. Oere. Phys .
Re v. 100. 1784 (1957).
14 R .J.ElIiott. Phy s. Rev . .l!2, 266 (1954).

141

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

516

VOLUME

47,

NUMBER

2

PHYSICAL REVIEW LETTERS

15W . D. Knight, J. Phys. (Paris), Colloq. 38, C2-109
(1977) .
1s R . Kubo, J. Phys. (Paris), Colloq. 38, C2-69 (1977).

142

13

JULY

1981

17 K . Andres, R. N. Bhatt, P. Goalwin, T. M. Rice,
and R. E. Wa1stead, to be published.
18W. Sasaki, Philos. Mag. B 42, 725 (1980).

© 1981 The A merican Physical Society
 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

517

lOP PUBLISHING

JOURNAL OF PHYSICS, CONDENSED MATTER

J. Phys.: Condens. Matter 21 (2009) 015701 (7pp)

doi: 10.1088/0953-898412 111/015701

LaBaNi04: a Fermi glass
A Schilling 1,5 ,R Dell' Amore!, J Karpinski\ Z Bukowski\
M Medarde 3 .4, E Pomjakushina 3.4 and K A Muller l
I Physics Institute of the Universittit of ZUrich, Winterthurerstrasse 190, CH-8057 ZOrich,
Switzerland
2 Laboratory for Solid-State Physics, ETH ZUrich HPF F-7, CH-8093 ZUrich, Switzerland
, Laboratory for Neutron Scatteting, ETHZ and PSI, CH-5232 Villigen PSI, Switzerland
4 Laboratory for Developments and Methods, ETHZ and PSI, CH-5232 Villigen PSI,
Switzerland

E-mail: schilling@physik.uzh.ch

Received 13 September 2008, in final form 3 November 2008
Published I December 2008
Online at stacks.iop.orgIJPhysCM/21 /0 1570 I

Abstract
Polycrystalline samples of LaSrl_ x Bar Ni0 4 show a crossover from a state with metallic
transport properties for x = 0 to an insulating state as x --* I. The end member LaBaNi04 with
a nominal nickel Ni 3d7 configuration might therefore be regarded as a candidate for an
anti ferromagnetic insulator. However, we do not observe any magnetic ordering in LaBaNi0 4
down to 1.5 K, and despite its insulating transport properties several other physical properties of
LaBaNi0 4 resemble those of metallic LaSrNi0 4. Based on an analysis of electrical and
thermal-conductivity data as well as magnetic-susceptibility and low-temperature specific-heat
measurements, we suggest that LaBaNi0 4 is a Fermi glass with a finite electron density of
states at the Fermi level but these states are localized.
(Some figures in this article are in colour only in the electronic version)

1. Introduction
Certain transition-metal oxides show unique physical properties that are not only of academic interest but also make them
technologically useful. The discoveries of high-temperature
superconductivity [I] and colossal magnetoresistance [2] in
such oxides have triggered tremendous activity in the research
into these compounds with the aim of understanding their
peculiar magnetic and transport properties.
The metallic state in the high-temperature superconductors, for example, is highly unusual because it evolves
from originally electrically insulating oxides. Stoichiometric
La2Cu04 is antiferromagnetic near room temperature, with
copper in a Cu 3d9 (spin S = 1/2) configuration, and it is
regarded as a Mott insulator. These features are generally
believed to be important ingredients for the occurrence of
superconductivity on subsequent doping ofthe compound with
hole-type charge carriers, e.g. by the partial substitution of
La by Ba or Sr [I]. In contrast, stoichiometric LaSrNi04,
which shares the same K2NiF4 structure with La2Cu04, is
metallic [3], although a 3d7 configuration of nickel in a lowspin S = 1/2 state might be expected that could also lead
5 Author to whom any correspondence should be addressed.

to an anti ferromagnetic and insulating state. This fact has
been explained with the partial occupation of the oxygen 0
2p energy band of LaSrNi04 by hole states that hybridize with
the nickel Ni 3d 8 states, in contrast to La2Cu04 which shows
a completely filled copper Cu 3d9 lower-Hubbard band [4].
The occupation of oxygen 2p hole states, leaving the nickel
in an Ni 3d8 configuration, is very common in nominally
trivalent-nickel oxides [5-7]. For this reason LaSrNi04 has
not been considered as a serious candidate for a 'parent
compound' of superconductors, and substitution experiments
in La2_ySryNi04 over a wide range of doping (i.e. 0 :( y :(
1.5) have not resulted in superconducting samples [3, 8].
In great contrast to the metallic character of LaSrNi04 ,
the isostructural compound LaBaNi0 4 has been reported to be
an insulator at zero temperature T, and to undergo a transition
from a high-spin to a low-spin S = 1/2 state of Ni around
T "" 120 K with decreasing temperature [9]. It is therefore
of particular interest to study the influence of a partial or a
complete substitution of Sr by Ba in LaSrNi0 4 on the physical
properties that are expected to be affected by a resulting
stretching of the crystal lattice [9, 10]. We have found that
there exists a solid solution of Ba in LaSrl_ x Bax Ni04 for 0 :(
x :( I, and we have measured the electrical and the thermal
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conductivities, the magnetic susceptibilities and the lowtemperature specific heats of polycrystalline LaSrl_xBaxNi04
samples. Since possible magnetic-ordering phenomena as
well as other physical properties may strongly depend on the
exact oxygen stoichiometry, we have combined a thorough
neutron-diffraction analysis of the end member LaBaNi04
with a chemical analysis and with additional heat-treatment
experiments at an elevated oxygen pressure.
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2. Experimental details
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5

Z

We have prepared polycrystalline samples of LaSrl_xBaxNi04
for x
0, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.75 and
1.0 by a standard wet chemical procedure. Mixtures of
corresponding metal nitrates were dissolved in nitric acid.
The liquid was then slowly evaporated, and the remaining
mixture of nitrate powders was pre-reacted at 900 DC for
several hours in air. The remaining mixture of oxides was
pressed into pellets and sintered at 1100 DC for 3 days in air.
Samples of LaSro.sBao.sNi04_o (x = 0.5) and LaBaNi04_ o
(x = 1.0) were post-annealed at temperatures between 400
and 600 DC and at an 02 pressure of 500-880 bar (5088 MPa). After testing the phase purity of all the samples
with a Guinier camera using Cu Kal radiation we have
performed a thermogravimetric analysis on 100 mg of each
as-prepared and high-pressure oxygen-annealed LaBaNi04_o,
followed by neutron-diffraction experiments on 5 g powdered
samples of the same batches at various temperatures between
1.5 and 550 K. These experiments were performed at the
neutron source SINQ in Villigen, Switzerland, on the high
resolution neutron powder diffractometer (HRPT) (A = O. I 5
and 0.18 nm) and the cold neutron powder diffractometer
(DMC) (A = 0.245 and 0.4 nm). The four-probe electrical
conductivities and the AC magnetic susceptibilities were
measured for all the samples in zero DC magnetic field.
Specific-heat data were taken on three samples (x = 0 and
high-pressure oxygen-annealed x = 0.5 and I), while the
thermal conductivities were measured only on the x = 0
and the high-pressure oxygen-annealed x = I samples. All
the physical properties were collected using standard factory
options in a commercial PPMS platform (Physical Property
Measurement System, Quantum Design Inc., San Diego,
USA).

3. Results
3.1. Chemical analysis and neulron-dijfraclion experimenls
A thermogravimetric analysis of the as-prepared x =
sample LaBaNi0 4 _ o yielded an oxygen content 3.85( I) (8 "='
0.15) assuming a nominal cation ratio La:Ba:Ni = I: 1: I.
Under the same assumption, a Rietveld refinement of the
room-temperature neutron-diffraction pattern using the space
group 14jmmm proposed in previous work [9, 10] (see
figure I) also gave an oxygen content 3.85(1), with oxygen
vacancies located both in the apical positions ("='33%) and in
the basal planes ("='66%). A refinement with the restriction
(La + Ba):Ni = 2:1 gave similar R-factors and suggested a
composition LaI.27(2)Bao.73(2)Ni03.97(2) which would imply a

.. i
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Figure 1. Neutron-powder-diffraction pattern of LaBaNi03.85 taken
at room temperature, together with a Rietveld-refinement fit using the
space group 14/mmm. The inset shows the displacement of the
(1/2, 0, 2) Bragg reflection to the incommensurate position (0.516, 0,
2) upon increasing the oxygen content to 4.025.

Table 1. Lattice parameters and refined atomic coordinates of
LaBaNi04 using the space group 14/mmm. (La, Ba): 4e (0 0 z,);
Ni: 2a (0 0 0); 01: 4e (00 z,); 02: 4c (0.5 00).
T

a (nm)
c (nm)

z,
z,

= 1.5 K

0.384970(11)
1.273670(56)
0.36086(62)
0.16497(57)

295 K

550 K

0.385519(11 )
1.278893(57)
0.36050(63)
0.16509(59)

0.386754(11)
1.286938(58)
0.36080(64)
0.16568(58)

considerable amount of unreacted BaO present as an impurity.
However, we could not find any detectable amount of BaO
andIor its carbonated subproducts, either in the diffraction
patterns or by chemical methods. To clarify this issue we
repeated the chemical analysis and the neutron-diffraction
measurements on samples that were annealed at 400 DC under
an oxygen pressure of 880 bar (88 MPa) for 50 h (annealing
at 600 DC at elevated oxygen pressure resulted in a partial
decomposition of the sample). According to the observed
weight change we estimated an oxygen uptake of "='0. 16jf.u.
during this procedure, which is consistent with the above value
8 "=' 0.15 for the as-prepared sample. The thermogravimetric
analysis of the high-pressure oxygen-annealed sample resulted
in an oxygen content 4.025(10), thereby confirming the nearly
stoichiometric composition LaBaNi0 4 after the high-oxygen
pressure treatment. The structural parameters of oxygenannealed LaBaNi0 4 as obtained from DMC data refinements
(A = 0.245 nm) using the tetragonal space group 14jmmm
are listed in table 1 for three different temperatures T = 1.5 K,
295 K and 550 K, respectively.
As expected and also reported in [9, J0], the lattice
parameters of LaBaNi0 4 are larger than those of LaSrNi0 4
(a = 0.3826 nm, C = 12.45 nm [II]), and vary smoothly
from x = 0 to I according to our Guinier Cu Kal diffraction
patterns. In agreement with a report by Alonso el al [10]
we detected a distinct extra reflection peak in the neutrondiffraction data of the as-prepared LaBaNi0 4 _ o sample that
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Figure 2. (a) Electrical conductivities a versus T - 1/ 4 of as-prepared samples (full circles) and (b) of high-pressure oxygen-annealed samples
(open circles). The dashed lines are fits according to a variable-range hopping-type conductivity, see text.

can be indexed as (l/2, 0, 2), indicating a doubling of the
unit cell in the a-direction and changing the crystal symmetry
from tetragonal to orthorhombic. Upon high-pressure oxygen
annealing, this peak slightly moved to an incommensurable
position (0.516, 0, 2), see figure J, and corresponding tiny
higher-order peaks could also be indexed with a propagation
vector k = (0.516,0,0). Since these peaks have not
been observed in the x-ray diffraction patterns they could, in
principle, be ascribed to the ordering of LalBa [10) or they
might even be of magnetic origin. This latter hypothesis
can be safely excluded, however, since we did not observe
any change in the respective peak intensities between 1.5
and 550 K. As the low-temperature oxygen treatment mainly
affects the oxygen stoichiometry, the extra peak could also be
ascribed to some kind of oxygen-vacancy and/or charge/stripeordering phenomenon, at least in the case of the oxygendefective sample [12-14]. For stoichiometric LaBaNi04 with
a nominally single-valent NiH, this explanation does not seem
to be very plausible, however. Another possibility that could
explain the very similar intensities of the extra peak in both
the as-prepared and the oxidized samples is the existence
of a charge-density wave of the type Ni 3H INi 3-&. Such a
charge disproportionatioll, although difficult to observe with
diffraction techniques, has been recently reported for other
stoichiometric Ni H compounds close to the boundary between
localized and itinerant behaviour, such as AgNi02 [15) and
YNi0 3 [16). In the present LaBaNi0 3.85 and LaBaNi04
samples, however, we have not yet been able to establish
a model for a charge and/or an oxygen-vacancy ordering
that could sufficiently reproduce the observed intensity of the
observed extra peak.
It is important to mention that apart from the displacements of the Bragg reflections due to thermal dilatation, the
diffraction patterns for fully oxygenated LaBaNi04 at different
temperatures look exactly the same. In particular there is no
evidence for the appearance of additional reflections at low
temperatures that would suggest any type of magnetic order
in LaBaNi04 ·
3.2. Electrical conductivity

In figure 2(a) we show the electrical conductivities of the
as-prepared samples, plotted as a versus T- 1/ 4 on a semilogarithmic scale. The measured data for LaSrNi04 , with a

slight decrease of u with decreasing temperature, are perfectly
in line with corresponding data from the literature [3, 8). As a
general trend, the low-temperature conductivity decreases with
increasing Ba content, but more importantly, its temperature
dependence changes from a relatively weak one for LaSrNi04
(x = 0) to a a (T) that varies over more than six decades
from room temperature down to T = 7 K for LaBaNi04 _ J
(x
1).
In figure 2(b) we show the corresponding
data of the samples that have been annealed at an elevated
oxygen pressure. Although there is a change in the data of
LaSr05Bao.sNi04_~ and LaBaNi04_J upon oxygen annealing,
namely a decrease in the room-temperature conductivity and
slight flattening of aCT), the strongly temperature dependent
character of the electrical conductivity remains, confirming
that stoichiometric LaBaNi04 is an insulator at T = O. As
was already noticed by Demazeau et al (9) the best physically
reasonable fit to the a(T) data of LaBaNi04 _& is according to a
strongly T -dependent 3D variable-range hopping-type (VRH)
conductivity, aCT) = aoexp[-(ToIT)1 /4] [17] (see dashed
lines in figure 2(b», which we will discuss later in section 4.
In the following we will restrict our discussion of the
other measured physical properties to the samples LaSrNi04 ,
the oxygen treated LaSro.sBao.sNi04 (as a prototype of
an intermediate composition) and LaBaNi04 to avoid
unnecessary complications coming from an off-stoichiometric
oxygen content.
3.3. Magnetic susceptibility
In figure 3 we present the magnetic-susceptibility xCT)
data of LaSrNi04 and oxygen treated LaSro.sBao.sNi04 and
LaBaNi04 • Despite the large differences in the respective
electrical conductivities, the three curves all look very similar,
with an almost constant XO at high temperatures and a small
Curie-like upturn in X (T) at low temperatures, which is in
agreement with the data for LaSrNi04 from the li terature [3].
A corresponding fit to the data above T = 40 K assuming
X(T) = CIT + XO gives an almost universal value XO ""
4 X 10-4 emu mol-I and a Curie term C of the order of 12 x 10-2 emu K mol-I (see table 2), which corresponds to
only about 5% of the value for free low-spin S = 1/2 NiH
ions. This indicates that the magnetic moments of Ni in
electrically insulating LaBaNi04 are in a large majority not
localized. A mathematically better fit to all the data, including
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Table 2. Fitting results of the X (T) data shown in figure 3. The first
row for each compound corresponds to a fit according to
X(T) = CIT +Xo, the second row to X(T) = C/(T + e) + Xo·
C (emu K mol-I) XO (emu mol-I)

1.10(2) x 10- 2
1.62(7) X 10-2
LaSro.sBao.sNiO, 1.60( 11) x 10-2
2.58(30) X 10- 2
LaBaNiO.
2.41 (10) x 10-2
5.40(60) X 10-2
LaSrNiO.
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Figure 3. Magnetic susceptibilities X(T) of LaSrNiO. (bottom),
oxygen treated LaSro.sB<l{j.5NiO. (middle) and LaBaNiO. (upper
curve). The dashed lines are fits to the data assuming
X(T)
C/(T + e) + XO (see text and table 2).

e (K)

4.12(2) X 10-'
3.90(5) x 10-4 18.4 ± 1.3
4.57(15) x 10-4 4.23(21) X 10-' 25.7 ± 3.2
4.49(13) x 10-4 3.41(31) X 10 - 4 43 ± 5

Table 3. Fitting results from the specific-heat data in figure 4
according to C (T)
f3TJ + yT.

=

=

f3 (ml mol- 1 K- 4 )

eo (K)

y (rnJ mol-I K- 2 )

LaSrNiO,

LaSro.sB<l{j.sNiO,

LaBaNiO,

0.204(1)
405
9.15(11)

0.273(1)
368
7.27(16)

0.388(1)
327
10.1(1)

6x10- 2

°o--- SO---f~----roo--- 250

r 2 (K2j
Figure 4. Reduced specific-heat C / T versus T2 data of LaSrNi04
(bottom), oxygen treated LaSro.sBao.sNiO, (middle) and LaBaNiO,
(upper curve). The dashed lines are fits to CeT) = fJTJ + yT (see
text and table 3).

for LaSro.5Bao.sNi04 and even for insulating LaBaNi04, which
is rather surprising. The measured Sommerfeld coefficients
y "" 7-10 m] mol-I K-2 are all of the same order of
magnitude as in metallic LaNi03 (y "" 13 m] mol-I K-2 [IS])
but they are large when compared to the free-electron value
y "" 2.0 m] mol-I K-2 assuming one charge carrier per
formula unit. In section 4 we will relate the measured
Sommerfeld coefficients with the corresponding values for the
Pauli-paramagnetic susceptibilities XO and the respective freeelectron values.

3.5. Thermal conductivity
those at temperatures below 40 K, is obtained by allowing
for a Neel-type expression X(T)
C/(T + e) + Xc, see
figure 3. However, the qualitative results, namely a XO of
the order of 3-5 x 10-4 emu mol - I and a fairly small Curie
term, remain the same. Note that the free-electron value
for the Pauli-paramagnetic susceptibility of a metal is Xo ""
4 x I 0- 5 emu mol-I assuming one charge carrier per formula
unit. The observed strong enhancement of the measured Xo
values over the free-electron value will be discussed below in
section 4.

=

3.4. Specific heat
In figure 4 we have plotted the specific-heat data of LaSrNi04,
LaSro.5Bao.sNi04 and LaBaNi04 as CIT versus T2 and for
temperatures T < 16 K. A standard analysis accounting
for a phonon contribution {3T 3 and a linear term yT that is
usually ascribed to a finite electron density of states at the
Fermi level, gives the parameters presented in table 3. As
expected from Debye theory, the Debye temperature D =
(233.SnRI{3)1 /3 (with n the number of atoms per unit cell
and the gas constant R = S.314 J mol-I K- I) decreases for
increasing molar mass, i.e. increasing Ba content. While the
presence of a linear term in the specific heat of LaSrNi04 is
not unexpected because of its metallic nature, corresponding
linear terms of the same order of magnitude are also obtained

e

In section 3.2. we have shown that the electrical transport
in LaBaNi04 is far from being metallic. However, from
the magnetic-susceptibility and the specific-heat data alone
one cannot distinguish between the physical properties of
LaSrNi04 and those of LaSro.5Bao.sNi04 and LaB aNi04 ,
all resembling those of a metal. We therefore carried out
additional thermal-conductivity measurements on LaSrNi04
and LaBaNi04 to probe a further transport property. As can
be seen in figure 5, the thermal conductivity of LaSrNi04 is
somewhat larger than that of LaBaNi04. To be able to make
a fair comparison we make use of the kinetic expression for
the lattice contribution to the thermal conductivity, Alatl =
C latt vll2, where Clan is the lattice specific heat per unit volume,
v is the phonon group velocity and I is the phonon mean free
path. Since v depends, to a first approximation, on the density
p of a material as p-I /2 , we have to compare the quantities
Clattp-I /2 t to obtain an estimate for the respective lattice
contributions. To calculate Clat! over the entire temperature
range we have used the standard expression for a Debye solid
using the above values for eo, and used the x-ray densities
p = 6360 kg m- 3 for LaSrNi04 and P = 6980 kg m- 3 for
LaBaNi04, respectively.
Such a comparison is expected to work best in the hightemperature limit where we may assume that for a given
temperature the phonon mean free path l is approximately the
same in both isostructural compounds, while I is expected
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Table 4. Characteristic parameters for the VRH type conductivity in
LaSrNi04

LaSro.5Bao.5Ni04 and LaBaNi04.
LaBaNi04

LaSrosBaosNi04

2K

300 K

1.4 x 104
To (K)
ao (Q- I em-I)
100
D(E F ) (J-I m- 3 ) 2.1 x 1047

Iso

250

200

(states eV- 1 /Ni)
~ (nm)

300

R(nm)

T{K)

Figure 5. Thermal conductivities A(T) of LaSrNi0 4 and oxygen
treated LaBaNi04 (left scale). The dashed lines correspond to
C"",p-I /'. which is related to the lattice contributions AI,n, see text.
The solid bar at T = 290 K represents the electronic contribution Ael
for LaSrNi0 4 as estimated from the Wiedemann-Franz Jaw near
room temperature.

to be limited by extrinsic, sample dependent parameters
at low temperatures. At the same time, the WiedemannFranz law that links the thermal conductivity to the electrical
conductivity is expected to be valid at high temperatures
as well. Therefore we focus on the quantity C latt p-I/2,
which should be proportional to Alatt at a fixed temperature,
e.g. at T = 290 K. In figure 5 we have plotted the thus
obtained Clattp- I/ 2 curves for both compounds in such a
way that Clattp - Ij2 for LaBaNi0 4 approximately matches the
measured thermal-conductivity data between 250 and 300 K.
If we regard the thermal conductivity of this electrically
insulating compound as a pure lattice thermal conductivity,
the corresponding calculated Clattp-I /2 curve for LaSrNi04
should then represent the lattice contribution of the latter
compound as well. This calculated phonon contribution
to the thermal conductivity is somewhat smaller than the
measured data, however (see figure 5). As LaSrNi0 4 shows
a metallic electrical conductivity, we may make use of the
Wiedemann-Franz law to obtain the electronic contribution to
its thermal conductivity, Ael = LaT with the Lorenz number
L = 2.44 X 10- 8 Wrl. K- 2 Using the room-temperature
electrical conductivity a "" 90 0.- 1 cm- I we obtain Ael ""
6.6 X 10- 2 W K- I m- I , which is of the correct order of
magnitude to explain the difference between the measured
thermal conductivity and the estimated lattice contribution of
LaSrNi04 near room temperature (see figure 5).

4. Discussion
As a main result of the experimental sections we summarize
that LaSrNi04 and LaBaNi0 4 represent two end members of
the solid solution LaSrl_ x Bax Ni04, in which the transport
properties gradually change from metallic-like for x = 0 to
insulating for x = I. By contrast, the magnetic-susceptibility
and the specific-heat data clearly resemble those of a metal,
with no apparent difference between LaSrNi04 and LaBaNi0 4 .
We will first discuss the electrical conductivity alone and show
that the variable-range hopping (VRH) scenario is certainly
valid to explain the corresponding data for LaSro.sBao.sNi04
and LaBaNi0 4 . We then focus on the magnetic susceptibilities

W (meV)
v (Hz)
VD

(Hz)

3.1
0.76
2.6
0.75
0040
17
2 .7 x 10" 304 X 10 12
7.7 x 10 12

2K
5.4 X
210
2.8 X
4.3
0.21
1.8
1.0
9.6 X
6.8 X

300 K
105
1047

0.5
42
10" 1.2
10 12

X

lOll

and the low-temperature specific heats and show that these
two quantities are closely related to one another as they are
in an ordinary correlated metallic system. We finally briefly
discuss a plausible scenario that could explain these seemingly
contradictory results.
As we have seen in figure 2(b) the electrical conductivities
of LaSro.sBao.sNi04 and in particular that of LaBaNi0 4
are very well described by a 3D VRH-type temperature
dependence a(T) = aoexp[-(To/T)a] with ex = 1/4 [17].
Other possible exponents such as ex = 1/3 (2D VRH [17]),
ex = 1/2 (Coulomb-gap T -dependence [19]) or ex = I
(activated finite-gap behaviour) result in a considerably worse
agreement with the measured data. At first sight, a (T)
of the series LaSrl _x Bax Ni0 4 shown in figure 2(a) strongly
resembles the corresponding data measured on heavily doped
semiconductors where the slope 1T /41 in a In a versus
T - I / 4 representation progressively decreases as the system
approaches the metal-insulator transition with increasing
donor concentration (see, e.g. [20]). However, the physics of
LaSrl _x Ba.,Ni0 4 is expected to be somewhat different from
that of such systems where a number of localized states is
supposed to be created within a sizeable band gap of an
originally insulating or semiconducting system. Preliminary
UV excited photoemission experiments that we have done on
LaBaNi0 4 clearly exclude the presence of such a band gap
that would also manifest itself in an activated (i.e. In a ~
-1 / T) temperature dependence of a(T) at high temperatures,
which we do not observe. We can use the same argument to
exclude a Mott transition upon stretching the crystal lattice
by the substitution of Sr by the larger Ba that would also
lead to a band gap. As the VRH conduction mechanism,
in its original formulation [17], is not restricted to doped
semiconductors but more generally assumes the hopping of
electrons in a random potential with localized states, it
may nevertheless be a valid description for the conduction
mechanism in LaSrl _x Bax Ni0 4 . In the present context we may
mention the examples of Li-substituted and oxygen reduced
(La, SrhCu04, respectively [21,22]. While in the former case
To "" 2 x 106 K is almost insensitive to the Li-concentration,
this quantity increases from ""2000 to ""2 x lOs K as metallic
(La, SrhCu04 is progressively reduced. These values are
comparable to what we obtain for LaSro.sBao.sNi04 and
LaBaNi0 4 (see table 4).
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To check consistency, we can relate the parameters ao
and To from the YRH expression for a (T) to the electron
density of states at the Fermi level D(E F ) as measured by
the low-temperature specific heat, to the spatial extension ~
of the quasilocalized wavefunction (localization length), to
a mean hopping distance R, to the average hopping energy
Wand to a hopping frequency v. The quantity D(EF) can
be obtained from the measured Sommerfeld constant using
y = rr2k~D(EF)/3, while ~ = [18/ksToD(EF)]i/3. The Tdependent R becomes R = [9;j8rrksTDCEF)]1/4 and W =
3/4rr R3 D(E F ). The hopping frequency v = ao/e 2 R2 D(EF)
should be, in principle, of the order of a typical phonon
frequency, i.e. ""'vo = kB 8 0 / h (with e the electron charge
and h the Planck constant) where we can use our specific-heat
results for the Debye temperatures 8 0 . In table 4 we present
the corresponding values that we obtain for LaSro.sBao.sNi04
and LaBaNi0 4.
The values for v compare reasonably well with our rough
estimate for the hopping frequencies, thereby confirming the
validity of our approach. As the above relations are valid
for an isotropic 3D system, we have to take the values for ~
and R with the reservation that LaSrl_ x Ba,Ni0 4 is certainly
anisotropic. The related system (La, SrhCu04 shows an
anisotropy of the order of 10-20 of the electronically and
magnetically relevant length scales in the metallic regime [23],
depending on the crystal direction in which they are measured.
The 'isotropic' values for ~ may therefore be interpreted in the
sense that the true localization lengths along the Ni-O planes
are somewhat larger than our calculated ~, i.e. of the order of
a few times the lattice constant a, while the corresponding
smaller localization length in the perpendicular direction is
most likely only of the size of the extension of the hybridized
Ni-O orbitals in the c-direction. The corresponding mean
hopping distance is, according to the above estimate, of the
same order of magnitude as ~. The average hopping energies
are consistent with the requirement W ~ ks T to make a
hopping to distant sites possible.
From the measured Sommerfeld constants y given in
table 3 we can calculate the density of states at the Fermi
level D(E F ) and compare them with the free-electron gas
values Dfe.CE F) = (3n/rr)I/3melrrn 2 (with the chargecarrier density n, electron mass me and n = h/2rr) to
obtain the electron effective-mass enhancement m * / me =
D(EF)/Df.e.(E F). Since we have a nominal 3d 7 electronic
configuration of Ni we may assume here one mobile charge
carrier per formula unit to calculate Il = 2/a 2 c. From
D(E F ) and the susceptibility data measured above T = 40 K
(see table 2) we can also estimate the Stoner enhancement
1/( 1- S) of the Pauli-paramagnetic susceptibilities using XO =
2f.L~D(EF)/(l - S). In table 5 we show the corresponding
values for LaSrNi0 4, LaSro.sBao.sNi04 and LaBaNi04.
These numbers are all comparable to those that have been
measured for metallic LaNi0 3 (y "'" 13 ml mol- i K- 2, S "'"
0.58 [18]) and are usually interpreted as properties of a metal
with rather strong electron correlations [4, 18]. Our value
for D(E F ) "'" 4 states ey- 1 and the Ni atom for LaSrNi0 4
is also in fair agreement with the results from corresponding
band-structure calculations for this compound with D(E F) "'"
6 states ey- 1 [4].

e/

a/

Table S. Electron density of states, effective-mass and Stoner
enhancement from specific-heat and magnetic-susceptibility data.

LaSrNi04
D(E F )
(1- r m-.1)

2.66(3) x

(states ey-I /Ni) 3.9
Dfe(E F )
5.8

X ]046

LaSro.5Bao.5Ni04 LaBaNi0 4
1047

2.07(5)
3.1
5.7

X

X ]046

10"

2.81 (3) x 1047
4.3
5.7 x 1046

0- 1 m- 3 )
111*

Ime

1/(1 - S)
S

4.62(6)
3.3(1)
0.70(2)

3.62(8)
4.6(3)
0.78(5)

4.96(5)
3.2(2)
0.69(4)

The striking similarity of the low-temperature specificheat and the magnetic-susceptibility data of LaSrNi0 4,
LaSro.sBao.sNi04 and LaBaNi04 as shown in the figures 3
and 4, with almost identical associated material parameters
as summarized in table 5, suggests that the underlying
physics that determines these parameters does not significantly
change in LaSrl_ x Ba,Ni0 4 with varying x. This implies
that LaBaNi0 4 has a finite density of states at the Fermi
level, but these states obviously do not contribute to the
transport properties, i.e. they must be localized.
This
situation, together with the observed YRH-type electrical
conductivity [17], is very reminiscent of that in a Fermi
glass [24-26]. In such a system, the Fermi energy EF lies
below a mobility edge Eo that separates localized electronic
states from extended states. The free-electron density of
states is then replaced by a quasiparticle density of states, but
the expressions for the Sommerfeld constant and the Pauliparamagnetic susceptibility of the system remain formally the
same [25]. Very often EF can be tuned by changing the chargecarrier concentration to transform an insulating Fermi glass
(EF < Ee) to a metal (E F > Ee). At this metal-insulator
transition (Anderson transition at EF = Ee), the conductivity
at T = 0 is expected to be a constant a(O) =Ce2 /na
with C "'" 0.025-0.1 [27], which corresponds to a (0) "'"
160···640 r2- i cm- 1 in our case. By comparing this estimate
with our results shown in figure 2 we conclude that LaSrNi0 4
with a(O) "'" 90 r2- 1 cm- 1 is indeed at the borderline of an
Anderson-like metal-to-insulator transition. This interpretation
is supported by measurements of the electrical conductivity
on La2_ySryNi04 with varying Sr content y, where a finite
a (0) "'" 100 r2- 1 cm- 1 is measured for polycrystalline samples
with y = 1 [3] and on thin films at the corresponding metalinsulator transition around y = 0.95 [8]. With Y decreasing
from y "'" 1, the resistivity peT) = a(T)-i diverges
more and more rapidly as T --> 0 according to a YRHtype temperature dependence [8], while increasing y above
y "'" I results in a pronounced metallic behaviour in these
measurements [3, 8]. In LaSrl_ x Bax Ni0 4 we do not expect to
significantly change the charge-carrier concentration, however,
because we maintain a formal NiH oxidation state, and, as a
consequence, our experimental values for D(E F ) virtually do
not depend on x. We therefore conclude that the progressive
substitution of Sr by Ba increases E e , rather than changing the
charge-carrier concentration or even creating a Mott insulator
with a band gap.
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In the conventional Anderson metal-to-insulator-transition
scenario the magnitude of the mobility edge Ec is determined
by the amount of atomic disorder. At first sight it may not
be obvious why the isoelectronic substitution of Sr by Ba
in LaSrl_ x Bax Ni04 that is associated with an expansion of
the crystal lattice should lead to a growth of such a disorder,
with the stoichiometric LaBaNi04 as the composition with
the largest Ec. In a plausible scenario we can relate the
atomic disorder to the very large difference between the
ionic radii of La and Ba, whereas the respective difference
Therefore, atomic
for La and Sr is comparably small.
disorder is expected to grow with increasing Ba content.
However, we want to mention the possibility that chargelocalization phenomena that are known to occur in certain other
stoichiometric Ni-oxides [15 , 16] may also playa certain role
in LaSrl_ x Bar Ni0 4 . In this spirit we can tentatively relate
the observed superstructure peaks in our oxygen stoichiometric
LaBaNi0 4 to such a charge-ordering phenomenon. Whether
charge localization alone can lead to a Fermi-glass-type
behaviour or not is not known to us. However, such a scenario
could well explain that the charge-ordered La2_ySr"Ni04
samples for y :;;; 0.7 (see, e.g. [28] and the cited references
therein) show a VRH-type electrical conductivity [8, 29], but
also a linear term in their low-temperature specific heats (y "'"
10 mJ mol - I K- 2 ) and Pauli-like paramagnetic susceptibilities
at high temperatures that are of the order of Xo "'" 6 x
I 0- 4 emu mol-I [29]. These observations, that are very
similar to ours, may suggest that an Anderson-like transition is
realized in La2 _y SryNi04 around y "'" I, mainly (but perhaps
not exclusively) by tuning the Fermi energy with varying y,
while in LaSrl _ x Ba,Ni04 it is most likely predominantly the
mobility edge that is being tuned.
We conclude that we observe an Anderson-type metal-toinsulator transition in LaSrl_ x Bar Ni04 around x "'"
that
leads to a Fermi-glass behaviour of LaBaNi0 4 , with insulating
transport properties at T =
but at the same time with a
finite density of states at the Fermi level. We suggest that
this transition is caused by an increase of the mobility edge
in conjunction with the progressive substitution of Sr by Ba
and the increasing atomic disorder associated with it. The
insulating state in LaBaNi0 4 neither shows antiferromagnetic
order nor a finite band gap. We expect that a doping with
charge carriers on the moderate level that is sufficient to induce
metallic behaviour in the copper oxides (i.e. ""0.15 holes per
transition-metal atom [I]) will not lift the localization of the
electronic states in the Fermi-glass state and will therefore not
lead to metallic transport properties.

°

°

Acknowledgments
We would like to t\;tank to S Siegrist, B Bischof, L Keller,
K Conder and V Pomjakushin for their technical assistance
and to T Brugger for providing the photoemission data on
LaBaNi0 4 . This work was supported in part by the Swiss

National Foundation through the NCCR MaNEP and grant
no . 20-1 11653.

References
[I] Bednorz J G and MiilIer K A 1986 Z. Phys. B 64 189
[2] Jin S, Tiefel T H, McCormack M, Fastnacht R A,
Ramesh R and Chen L H 1994 Science 264 413
[3] Cava R J, Batlogg B, Palstra T T, Krajewski J J, Peck W F Jr,
Ramirez A P and Rupp L W 1991 Phys. Rev. B 43 1229
[4] Anisimov V I, Bukhvalov D and Rice T M 1999 Phys. Rev. B
597901
[5] Kuiper P, Kruizinga G, Ghijsen J, Sawatzky G A and
Verweij H 1989 Phys. Rev. Leu. 62221
[6] van Elp J, Eskes H, Kuiper P and Sawatzky G A 1992 Phys.
Rev. B 451612
[7] Eisaki H, Uchida S, Mizokawa T, Namatame H, Fujimori A,
van Elp J, Kuiper P, Sawatzky G A, Hosoya Sand
Katayama-Yoshida H 1992 Phys. Rev. B 45 12513
[8] Shinomori S, Okimoto Y, Kawasaki M and Tokura Y 2002
1. Phys. Soc. Japan 71 705
[9] Demazeau G, Marty J L, Buffat B. Dance J M. Pouchard M,
Dordor P and Chevalier B 1982 Mate!: Res. Bull. 1737
[10] Alonso J A, Amador J, Gutierrez-Puebla E. Monge M A,
Rasines I, Ruiz-Valero C and Campa J A 1990 Solid State
Commun. 12 1327
[II] Demazeau G, Pouchard M and Hagenmiiller P 19761. Solid
State Chem. 18 159
[12] Tranquada J M, Axe J D, Ichikawa N, Nakamura Y,
Uchida Sand Nachumi B 1996 Pilys. Rev. B 54 7489
[13] Chen C H, Cheong S Wand Cooper AS 1993 Phys. Rev. Lett.
712461
[14] Medarde M and Rodriguez-Carvajal J 1997 Z. Pilys. B 102307
[15] Wawrzynska E, Coldea R, Wheeler E M, Mazin I I,
Johannes M D, Sorgel T, Jansen M, Ibberson R M and
Radaelli P G 2007 Phys. Rev. Leu. 99 157204
[16] Alonso J A, Garcia-Muiioz J L, Femandez-D faz M T,
Aranda MAG, Martinez-Lope M J and Casais M T 1999
Pilys. Rev. Lett. 82 3871
[17J Mott N F 1968 J. Non-Cryst. Solids 1 I
Mott NFl 969 Phil. Mag. 19 835
[18] Sreedhar K, Honig J M, Darwin M, McElfresh M, Shand P M,
Xu J, Crooker B C and Spalek J 1992 Phys. Rev. B 46 6382
[19] Shklovskii B I and Efros A L 1984 Electronic Properties of
Doped Semiconductors (Berlin: Springer)
[20] Shafarman W N and Castner T G 1986 Pilys. Rev. B 33 3570
[21] Kastner M A, Birgeneau R J, Chen C Y, Chiang Y M,
Gabbe D R, Jenssen H P, Junk T, Peters C J, Picone P J,
Tineke T, Thurston T R and Tuller H L 1988 Ph),s. Rev. B
37 tIl
[22] Osquiguil E J, Civale L, Decca R and de la Cruz F 1988 Phys.
Rev. B 38 2840
[23] Kohout S, Schneider T, Roos J, Keller H, Sasagawa T and
Takagi H 2007 Phys. Rev. B 76064513
[24] Anderson P W 1970 Commellls Solid State Phys. 2 193
[25] Freedman R and Hertz J A 1977 Phys. Rev. B 15 2384
[26] Miiller K A, Penney T, Shafer M Wand Fitzpatrick W J 1981
Phys. Rev. Leu. 47 138
[27] Mott N F 1972 Phil. Mag. 26 1015
[28] Ishizaka K, Arima T, Murakami Y, Kajimoto R, Yoshizawa H,
Nagaosa Nand Tokura Y 2004 Phys. Rev. Leu. 92 196404
[29] Kato M, Maeno Y and Fujita T 1991 1. Phys. Soc. Japan
60 1994

7  ﻣﺮﺟﻊ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ

www.iran-mavad.com

524

XB. Polarons
Another interesting ESR study of localized to itinerant carrier crossover is the joint effort of the former RCA and the IBM Laboratory in Zurich of the BFi doped poly-(3methylthiophene) [XBl]' In it the ESR line was followed from small to large doping and
temperature. The observed spin-concentration, line-width, line shape, and spin-lattice relaxation times demonstrated the existence of a small concentration of localized centers and
a high concentration of mobile polarons, up to a concentration of ~ 1 mol%. Above this
concentration and up to ~ 10 mol%, bipolaron formation was suggested, in conjunction with
optical data. Bipolarons are present in the doped superconducting cuprates as is known
now.
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Abstract
We have studied poly(3·methylthiophene) doped electrochemically
with BF 4- by electron spin resonance. The spin concentration increases
linearly by about one spin per injected charge up to quite high doping
levels ("'" 10 mol% at room temperature). The magnetic susceptibility Xm(T)
gradually changes from a Curie- to a Pauli.type behaviour with increasing
doping concentration. Simultanously, an increasing degree of delocalization
of the corresponding spin centres is inferred from linewidths, line shape
analysis and spin-lattice relaxation rates. The metallic behaviour observed
by e.s.r. at high doping levels is attributed to a microscopic electrical
conductivity, which is higher than the macroscopic one observed by trans·
port measurements by a factor of about 50. The" present results demonstrate
that polarons are the dominant charge states in poly(3-methylthiophene)
doped with BF 4-'

1. Introduction
Conjugated organic polymers have attracted much attention recently
due to the fact that the electrical conductivity of these materials can be
controlled by doping over a wide range extending from the insulating
through semiconducting to the metallic regime.
The most intensively studied materials so far are cis· and trans.polyacetylene (c.PA, t·PA), polypyrrole (PP), poly thiophene (PT) and polypara·
phenylene (PPP). With the exception of t-PA, all of these materials have the
common feature of a non~egenerate ground state, i.e., when the positions of
the double and single bonds are reversed, an inequivalent structure with a
different energy results. The doping-induced charge storage configurations in
conjugated polymers are usually discussed using the concepts of poiarons
and bipolarons [1,2]. Within a single-particle theory, both types of defects
are associated with two localized levels positioned symmetrically about the
© Elsevier Sequoia
 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

526

318

mid-gap. The polaron state is characterized by a charge ± lei and a spin 1/2,
which gives rise to an e.s.r. signal. In the optical absorption three transitions
(Wl, W2, W3) should be observable within the band gap, where for hole
polarons W I denotes transitions between the valence band and the lower
localized level, W3 the transition between the valence band and the higher
localized level, while W2 is associated with the transitions between the two
polaron levels.
Within the electron-phonon coupled model the W2 transition should
give rise to a narrow feature in the absorption spectrum, whereas the WI and
W3 bands derive a finite width due to the distribution of initial states in the
valence band, W3 often showing a far smaller oscillator strength than WI and
W2' If the theoretical results are convoluted with a Gaussian in order to
simulate line broadening, it may very well happen that the W3 transition is
hidden and experimentally nearly undetectable [1). Thus, the distinction
between polarons and bipolarons is difficult to assess on the basis of optical
measurements. In addition, correlation effects may shift the position of the
absorption bands as well as the absorption strength of the transitions.
Two polarons may combine to form a bipolaron, which has a charge
±21el and zero spin. Now both levels in the gap are either empty (hole bipolaron) or occupied (electron bipolaron) and only the two transitions at
Wl and W3, respectively, are possible. Convolution with a Gausssian and/or
taking correlation into account can strongly modify the absorption features
both in terms of position [3) and relative oscillator strength [4]. To be
specific, Sum et at. [4] have shown that Coulomb interactions lead to a
strong enhancement of the W3 intensity compared to the uncorrelated case.
Thus, if both the interactions leading to line broadening as well as the importance of correlation effects in a material are unknown, optical absorption
spectra are not necessarily suited to identify polarons or bipolarons. Magnetic measurements should, in contrast, allow the presence of polarons to
be determined and thus be a complementary and also more quantitative tool
for the interpretation of optical spectra. Thus, in the following, emphasis
will be laid on the discussion of e.s.r. results.
Several e.s.r. and optical studies have been performed on doped PT and
PP in order to clarify the nature of the elementary electronic excitation.
However, these investigations have yielded quite contradictory results and up
to now no coherent understanding of the doping-induced carrier generation
has been established. There is qualitative agreement that polarons are formed
predominantly at low dopant concentration, while at higher doping levels
polarons combine to form bipolarons. However, the experimental e.s.r. results differ drastically concerning the dopant concentration at which the
polaron concentration reaches its maximum, as well as the absolute value of
the induced spin concentration. Assuming equal oscillator strength for
optical polaron and bipolaron transitions, Harbeke et al. [3] concluded a
crossover concentration of the order of 1 mol% for PMT doped with BF 4and CI04-, respectively. Chen et at. [5] found only a very small spin signal
in PT doped with CI0 4 -, with a very weak concentration dependence up to
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y ~ 14 mol%. They derived an upper limit for the ratio of the number of
spins (Ns) to the number of injected charges (Ncb)' Ns/Nch ~ 3 X 10- 3 • On

the other hand, Kaneto et al. [6] reported e.s.r. data from PT doped with
BF 4-, where a maximum of the spin density of about 2/3 spins per injected
charge was found at a dopant concentration of y ::::: 3 mol%. The same group
(Hayashi et al. [7]) has also studied the dependences of electrical conductivity and e.s.r. of iodine-doped PT in the dilute regime. In this case the
dopant concentration at which the spin density reaches its maximum as well
as the maximum spin density itself are at least one order of magnitude
smaller than in BF 4- -doped PT. This indicates that the nature of the dopant
ions affects the mechanism of charge carrier generation, in contradiction to
what has been generally assumed up to now.
Even more striking discrepancies have been reported for doped PP.
Kaufman et al. [8] found that in electrochemically-doped PP films polaronic
features may be observed even at high dopant concentration, but only as
metastable states. They observed a decrease of the intensity of the e.s.r.
signal as well as of the transition W2 in the optical absorption on a time scale
of several hours, which was attributed to the formation of bipolarons from
metastable polarons, the time of formation being determined by the diffusion of the counterions. These results are in contradiction to the work of
Genoud et al. [9], who observed a maximum of one spin per 10 pyrrole
units at a dopant concentration of ::::: 17 mol% in CI0 4- -doped PP. The
response time of these experiments performed in situ was very fast, of the
order of seconds, and no time dependence on the scale of 1 h could be
observed. Genoud et al. claimed that bipolaron formation is not favourable
compared to the formation of two polarons up to doping levels equal to
::::: 50% of the maximum charge. This statement has been substantiated by
Nechtschein et al. [10] and Devreux [11] using simple statistical models,
which take into account the effect of finite conjugation length as well as
interactions between the dopant ions.
The above-mentioned contradictory results on doped PT and PP are
generally attributed to a different degree of crystallization or to morphological differences between the corresponding samples. Experiments have
shown, indeed, that starting materials and preparation conditions can influence the electrical as well as the optical properties [12, 13]. We report
here the results obtained from more than 80 samples of poly(3-methylthiophene) films doped electrochemically with BF 4-. The magnetic properties of these samples were studied by electron spin resonance as a function of
the doping concentration, temperature, supporting electrolyte and of different growth parameters.

2. Experimental
Poly-(3-methylthiophene) films doped with BF 4- have been synthesized
by electrochemical polymerization. The polymer films, as grown, are in their

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

528

320

oxidized, i.e., conducting state. Elemental analysis has shown that under the
growth conditions chosen here, the corresponding dopant concentration is
always y ::::: 25 mol%, i.e., the maximum value that can be reached for this
system. Two different electrochemical approaches have been used to prepare
the polymer films.
Samples, denoted hereafter by PMT 1, were synthesized under ambient
atmosphere using a two-electrode-type electrochemical cell. Films were deposited either on a quartz substrate covered with 100 A Pt for thin films
(d::::: 1 - 4 11m) or on a clean and polished Pt electrode for thick films (d :::::
10 - 40 11m). In the latter case the films were removed from the substrate and
dried in vacuo (at room temperature) prior to use. Pt was used as a counter
electrode. The electrolyte consisted of 0.02 M (n-Bu)4NBF 4 dissolved in
propylene carbonate (PC). The films were deposited at a constant cell
voltage of 10 V and reduced by applying a voltage of -2.5 V for an appropriate time. The dopant concentration was determined from the charge
released during this voltage step.
Samples of the type PMT II were prepared under controlled atmosphere.
A three-electrode-type electrochemical cell, equipped with a transfer module, was constructed in order to perform the complete handling of the
samples including their transfer to the e.s.r. and optical spectrometers under
vacuum or under argon atmosphere. The cell, which has been described in
detail elsewhere [14], uses metallic lithium for the reference and counter
electrode. Polymer films, 3.2 X 8 mm\ were grown on quartz substrates
(3.2 X 25 X 1 mm 3 ) covered on one side with a thin layer (100 - 200 A) of
Pt by r.f. sputtering to make them conducting. The distances from the working electrode to the reference and to the counterelectrodes were typically
2 mm and 6 mm, respectively. Commercial 3-methylthiophene (Fluka) was
vacuum-distilled under nitrogen prior to use. As electrolyte we used propylene carbonate (Fluka) of 99.98% purity and LiBF 4 of 98% purity in
concentrations between 0.01 mol% and 0.13 mol%. The cell was pumped
by a two-stage rotary pump equipped with a cold trap cooled with liquid
nitrogen. Prior to use, the solution had been vacuum-degassed within the
electrochemical cell. Then the cell was filled with argon gas of high purity
up to atmospheric pressure and the reference and the counter electrodes,
made of metallic lithium, were freshly cut with a knife mounted inside the
cell.
Films ::::: 0.8 - 2 11m thick were polymerized galvanostatically using
current densities of 100 - 500 IlA/cm2 and total charges of 0.09 - 0.15 C.
After the synthesis the films were washed in pure propylene carbonate.
The doping of the samples up to a desired level was performed potentiostatically using a PAR Potentiostat equipped with a Coulometer 179. The
application of the appropriate potential between the film and the reference
electrode gave the desired dopant concentration (see Fig. 1).
The current flowing due to a voltage step decreased within minutes
from the initial value of ,;;;; 1 rnA to values 'smaller by about three orders of
magnitude. This decay was followed by a slower decrease by a further
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Fig. 1. Charge if released upon reduction from the fully oxidized state (y : 25 mol%) as
a function of the applied potential U. The concentrations of BF 4- are given in mol% for
the most frequently used potentials.

factor of about 5 - 10, depending on the doping level. Reduction or oxidation was stopped when the current fell below about 200 nA. The sample
was then moved into the transfer module. The wet film of electrolyte on
the sample was removed by evacuating the transfer module and blowing Ar
onto the sample. Subsequently, the transfer module was filled with Ar at a
slight overpressure and the sample was transferred to the spectrometer.
E.s.r. spectra were obtained using an e.s.r. Bruker 200 D spectrometer
equipped with an Oxford Instruments ESR-900 continuous He-flow cryostat,
which allowed measurements to be made at temperatures between 4 and
300 K regulated with a stability of ~ 0.5 K. The studies were performed at
X-band (~9.4 GHz) using a rectangular cavity. Usually, the sample was held
under argon gas or under vacuum during the e.s.r. measurements. A flat
reference sample of Mn-doped ZnS powder was installed inside the cavity
(for details see ref. 12) such that the sample and the reference were located
directly adjacent and spaced by less than 1 mm in the centre of the cavity.
The reference sample was not only used for the absolute determination
of the number of spins in our films, but also for an absolute determination
of the strength of the microwave field Hi at the sample. H I Z is generally
assumed to be proportional to the incident microwave power, i.e., H l z =
KPw [15]. In the present case K ~ 3, as evaluated from the experimentallydetermined saturation curve of the reference signal and from the well
known spin-lattice relaxation time T 1 of Mn 2+ -doped ZnS (16].
Care was taken to avoid contaminating the samples of type PMT II by
metallic lithium. This may be brought onto the substrate either by direct
mechanical contact between the reference electrode and the substrate prior
to synthesis or by the inclusion of small grains of metallic lithium that have
been detached from the surface of the reference electrode and transported
to the substrate by the electrolyte during synthesis. Minute amounts of
lithium are sufficient to give rise to a very sharp (tll/ ~ 0.8 G ·0.2 G, de-
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pending on the purity of the lithium) e.s.r. signal at g = 2.0023. This signal is
very sensitive to oxidation and disappears almost instantanously upon
admission of air or O'lCygen. Thus, the use of metallic lithium electrodes in an
in situ e.s.r. experiment needs very careful checks with respect to this contamination. On the other hand, this contamination can also be exploited.
In the present case some of our substrates, which had been contaminated
mechanically with metallic lithium, were used in order to check the quality
of the controlled atmosphere during synthesis and transfer (see ref. 14) as
well as to determine the g-factor of the e.s.r. signal from PMT with high
accuracy.
The use of the apparatus described above has some advantages as compared to an in situ technique: perturbation of the cavity due to the presence
of electrolyte and electrodes leading to large frequency shifts and loss of Q
is minimized, the standard sample can be placed very close to the sample and
saturation or temperature-dependent studies can easily be performed on the
same sample.

3. Results and discussion

3.1. g-Factors, spin concentrations and linewidths
In the following, results for samples of the type PMT 1 and PMT II will
be reported. If not otherwise stated, these samples have been synthesized
by using the corresponding set of growth parameters shown in Table 1. The
growth parameters for PMT II films are identical to those used by Harbeke
et al. [17] in their optical absorption studies.
At low dopant concentrations, the e.s.r. signal has been found to be a
superposition of two components, namely of a Gaussian line at gG ~ 2.0035
with width tlll G ~ 6 - 8 G and of a Lorentzian line at gL ~ 2.0029 with
width AHL ~ 1.5 G, respectively. This result follows directly from the measurements of the e.s.r. signal as a function of the incident microwave power
TABLE 1
Growth parameters for poly(3-methylthiophene)

Supporting electrolyte
Concentration

(n-Bu)4NBF4 in PC
D.D2 molll

LiBF4 in PC
0.13 molll

Monomer conc.

D.1 molll

D.1 molll

Current density

~25DD

~25D IlA/cm 2

Cell voltage

IlA/cm2

1D V

4.8 - 5 V

Thickness d

1 - 211m

Growth temperature

5°C

0.8 - 111m
20°C
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Pw . Typical spectra are shown in Fig. 2 for a sample doped with y ~ 0.7
mol% and measured at room temperature. At low microwave power a broad
and distorted e.s.r. line is observed. As Pw increases, the shoulders (denoted
by arrows in Fig. 2) rapidly decrease due to saturation of the broad Gaussian
component and the e.s.r. line becomes considerably narrower. At high
microwave power a symmetric and purely Lorentzian line is observed. The
decomposition of the experimental e.s.r. curve into a Gaussian and a
Lorentzian has been done numerically by a least-squares fit using a finite
difference Levenberg-Marquardt algorithm. A typical spectrum and its decomposition are shown in Fig. 3. As input was used three free parameters for
each component, namely the resonance field Ho (i.e., the g-factor), the width
t:.H and the amplitude A of the derivative of the corresponding curve. For
any reasonable choice of the starting values, the algorithm converged very
rapidly and yielded very consistent data.
This Gaussian e.s.r. signal is attributed to the presence of localized
spins, which probably stem from neutral radicals. Measurements of the
proton relaxation rates by n.m.r. indicate that the intensity of the Gaussian
component remains constant as a function of the dopant concentration
dP/dH

a

b

c

d

1-10 G-I

H (0)

Fig. 2. E.s.r. spectra of a
function of the incident
1.58 mW, gain = 4 X 10 5 ;
104. The arrows denote
component.

sample doped at y "" 0.7 mol% and measured at T = 300 K as a
microwave power (a) P w = 0.126 mW, gain = 1 X 10 6 ; (b) P w =
(c) P w = 12.6 mW, gain'" 2 X lOS; (d) P w '" 200 mW, gain'" 8 X
the positions of the maximum and minimum of the broad
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Fig. 3. Typical e.s.r. spectrum of PMT at low doping levels (y .;; 1 mo\%). For explanations of the parameters see text.

[18]. The presence of a broad Gaussian line due to localized spins in the undoped· material is quite common for this class of conducting polymers and
has also been observed in PT [5,6] and PP [19]. In the present case N sG
amounts to about 3 X 10 19 spins/cm 3 , i.e., to about one spin per 300 thiophene rings. This value compares well with the density of localized spins
observed in PP (1 spin per 200 rings [19]), while for electrochemicallyreduced PT films that have been additionally treated with aqueous ammonia
and dried in vacuo at 100 °C for two to three days, values as low as 1 spin
per 10 000 thiophene rings have been achieved [6].
At intermediate and high doping levels only one symmetric line of
a Lorentzian shape at gL"", 2.0029 is observed. Figure 4 shows the spin concentration Ns L(y) of the Lorentzian component for PMT 1 and PMT II films
as a function of dopant concentration y. In both cases NsL increases approximately linearly by about one spin per injected charge up to y "'" 10 mol%
BF 4- and saturates above y "'" 15 mol% BF 4-. This result in a strong indication that polarons are formed predominantly in poly(3-methylthiophene)
as a function of BF 4- concentration. At the highest doping levels, where
NsL(y) saturates or even decreases, the situation is less clear. It is tempting
to infer that here the polarons start to combine into bipolarons. On the
other hand, the spins behave more and more like those in a metal as a function of the dopant concentration, as will be shown below. In a metal, however, only those electrons within a range kBT at the Fermi level contribute
to the magnetic susceptibility. Thus, only the fraction T/TF' where TF is the
Fermi temperature, of the total number of electrons contributes to the
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Fig. 4. Spin concentration N sL of the Lorentzian component as a function of the dopant
concentration y at room temperature.

number of spins observed by e.s.r. We believe that the saturation or reduction of the spin concentration N.L(y) at high doping levels as shown by Fig.
4 is in fact due to the increasing metallic character of the polarons and not
to the formation of spinless bipolarons. This interpretation is consistent
with the results obtained for the e.s.r. linewidths and relaxation rates, which
will be discussed below, as well as with the quasi-metallic behaviour reported
for S03CF3- -doped polythiophenes by Tourillon et al. [20]. The Fermi temperature TF associated with this free-electron-type contribution to the magnetic susceptibility can be estimated from Fig. 4, at least for the highest
doping levels, by using the relation Ns = NChargcT/TF' We assume that no bipolarons are formed even at the highest doping levels and that the number of
Curie-type spins can be neglected. While the former assumption is a hypothesis, the latter is justified for y = 25 mol~i" as will be shown later. For y =
25 mol% the number of experimentally observed spins amounts to 5 - 7 X
1020 /cm 3, i.e., is reduced with respect to the number of injected charges
(~2 X 10 21 ) by a factor of three to four. Thus, the corresponding Fermi temperature is of the order of 900 - 1200 K.
The results presented above are in contrast to the data reported for
CI0 4--doped poly(bithiophene) by Chen et at [5], while they are qualitatively comparable with the study on BF 4- -doped polythiophene by Kaneto et ai.
[6] and with the results recently reported for PP by Genoud et ai. [9]. We
would like to mention that we have also performed some measurements on
CI0 4- -doped poly(bithiophene). These samples have been synthesized under
controlled atmosphere and using the growth parameters given by Chen et al.
[ 5]. In contrast to the results reported by these authors, we found spin concentrations that are in good agreement with the values given in Fig. 4, namely N.(y ~ 1%) ~ 4 X 10 19/cm 3 and Ns(Y ~ 25%) ~ 9 X 102o /cm 3 • The linewidths are considerably smaller than in BF 4- -doped PMT, namely tJI(y ~
1%) = 0.6 - 0.7 G and tJI(y ~ 25%) = 3.2 G.
Figure 5 shows the corresponding linewidths tJIL as a function of the
dopant concentration. Again, the curves for PMT 1 and PMT II look very
similar. However, the relatively large linewidth at high doping levels seems
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Fig. 5, Linewidth t:.l/ L of the Lorentzian component as a function of the dopant concentration y at room temperature.

to be surprising at first sight, since in the context of conducting polymers it
is usually stressed that the existence of highly mobile spins, i,e., of polarons,
should show a narrow e.s.r. signal due to motional narrowing. As a consequence, it has also been argued that the linewidth is a direct measure of
the quality of the polymer films, i.e., the smaller the linewidth, the more
perfect and longer are the polymer chains. These arguments are only valid,
however, if the line broadening is due to unresolved hyperfine splitting or to
dipolar broadening. However, those metals, which show conduction electron
spin resonance, usually have very large linewidths due to the rapid relaxation
of the conduction electrons. In fact, it will be shown that in the present case
the linewidth is also strongly influenced by the very short spin-lattice relaxation time Tl (see Section 3.2).
The temperature dependence of the double integrated e.s.r. intensity,
i,e., of the magnetic susceptibility and of the linewidth, yields additional
valuable information on the characteristics of the observed spins. The intensity of the Gaussian component, as determined from the calculated fit
parameters, follows a liT behaviour over the whole temperature range, as
is expected for localized spins. The linewidth AH G and the difference
AH 0 = HoG - H 0 L of the corresponding resonance fields remain constant as
a function of temperature. The fact that only small variations are observed
for these parameters also demonstrates the high reliability of the data
derived from the decomposition procedure.
Figure 6 shows the susceptibility of the Lorentzian component normalized to its value at room temperature for some typical dopant concentrations. Qualitatively, the susceptibility gradually changes from a Curie-type
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Fig. 6. Temperature dependence of the magnetic susceptibility XsL of samples having
different dopant concentrations. The susceptibility has been normalized to XsL = 1 at
300 K.

behaviour at the lowest doping levels towards a Pauli-type behaviour extending down to ~ 80 - 100 K at the highest doping levels. Again we can try to
extract from these data an estimate of the corresponding Fermi temperature.
We assume that the measured susceptibility can be described by
Xtot = Xexp

= Xc + Xp = Co [~c

+

~~: 1

(1)

where Co = J.1B2 J.1o/k.
The temperature dependence of TF has been neglected. If we form the
ratio Xtot(T)/Xtot(300 K) = R, which is the quantity shown by Fig. 6, we get
after some rearrangements
Np 120T( 1 - R) N p
(2)
T F = Nc (TR -300) = Nc x
The factor x can be directly calculated from Fig. 6. For y = 25 mol% and
T = 50 -100 K we obtain x ~ 20. The ratio Np/Nc is estimated in the following way. At low temperature the Curie-type contribution Xc should dominate and from Xexp(4 K) we may estimate an upper limit for N c . The con-
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tribution of the Curie-type susceptibility to the experimentally observed
susceptibility is only a fraction of the latter. At room temperature
Xc(300 K)

=

Xexp(300 K) - Xp ~ [R( 4K) - 1]Xexp(300 K)4 K/300 K

(3)

If we again assume that no bipolarons are formed, N p must be equal
to the number of injected charges minus the number of Curie spins, i.e., N p =
NCb - N c . Within this approximation we obtain for y = 25 mol% a ratio
Np/Nc ~ 50 - 70. Thus, the corresponding Fermi temperature is of the order
of 1000 to 1400 K. For y ~ 9.8% such an analysis no longer seems justified,
since the resulting Fenni temperature would be ~ 350 K and the Pauli·type
paramagnetism would no longer be temperature independent.
Figure 7 shows the temperature dependence of the linewidth for the
same dopant concentrations as in Fig. 6. At low doping levels the linewidth
increases nearly linearly with decreasing temperature for All ~ 1.5 G to AH
~ 3 - 4 G. At intennediate doping levels the linewidth is nearly temperature
independent, while at the highest dopant concentrations it decreases by a
factor of 30 - 50 as a function of temperature from 8 - 9 G at 300 K to
about 0.18 - 0.25 G at 4 K. This latter strong and approximately linear decrease of All (y = 25 mol%) with decreasing temperature again supports the
statement that the spins in highly-doped PMT behave as those in a metal. A
temperature dependence similar to that observed here is found in ordinary
metals, where the linewidth is detennined by the spin-orbit interaction and
the resistivity relaxation time. According to Elliott [21]; the e.s.r. linewidth
in a metal should become proportional to the electrical resistivity. In fact, in
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Fig. 7. Temperature dependence of the linewidth All L of samples having the same dopant
concentrations as in Fig. 6.
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the present case All (y = 25 mol%) increases nearly linearly with increasing
temperature, as is expected for an ordinary metal. Thus, from the point of
view of e.s.r., highly~oped PMT behaves as a metal. This result is in contradiction to the transport measurements of the electrical conductivity a,
which are interpreted in terms of an activated process up to the highest
dopant concentrations. This discr~pancy may be related to the different
scales of length probed by these two techniques. We suggest that the macroscopic electrical conductivity determined by transport measurements is
limited by some kind of hopping processes between segments that have a
much higher microscopic electrical conductivity. The order of magnitude
of this microscopic electrical conductivity, which is probed by e.s.r., can be
estimated from the spin-lattice relaxation time. The latter would then be the
quantity probed by e.s.r. and a qualitative estimate of its order of magnitude
is given in Section 3.2.
The temperature dependencies of tlH(y) (see Fig. 7) indicate that the
linewidth is determined by the balance of two competing effects, namely
motional narrowing and broadening by fast relaxation. Qualitatively, both
mechanisms become more effective as the mobility of the polarons is increased as a function of increasing temperature orland dopant concentration. The temperature and concentration dependences of these two mechanisms may be rather different and result in large variations of AH(T, y), as
can be seen from Fig. 7. Motional narrowing can only be observed at the
lowest doping levels (temperature dependence of tJl) and at low temperatures (concentration dependence of All), while at high temperatures and
high doping levels, broadening of the e.s.r. line due to spin-lattice relaxation dominates completely.
In addition to the samples presented above, we have also studied
samples of the type PMT 1 having much larger thicknesses d between 10 and
40 p.m. N .m.r. and e.S.r. studies have been performed in parallel on freshly
prepared samples. Large samples (area 30 mm X 30 mm) were prepared for
n.m.r. investigations in order to obtain sufficient material. From these
samples a small part (3 mm X 3 mm) was used for the e.s.r. studies. The
electrical d.c. conductivity and the thickness of the samples were determined
just prior to these investigations in order to check the uniformity of the
thickness and of the electrical conductivity. The same results as for the
samples discussed before were obtained, with the exception that a Dysonian
lineshape was obtained for sufficiently thick (d ~ 30 - 40 p.m) highly conducting samples. Figure 8 shows the e.S.r. spectrum for a sample having a
room temperature d.c. conductivity a'" 3.3 X 104 Slm and a thickness d ::::: 40
p.m. The asymmetry ratio AlB amounts to about 1.9 at room temperature.
The skin depth of this sample at a frequency IJ = 9.4 GHz amounts to 8 8 :::::
28p.m, satisfying the requirement for observing a Dysonian lineshape,
namely that the sample thickness d is larger than the skin depth 58' The
experimentally observed ratio AlB compares very well with the AlB values
calculated by Kodera [23] as a function of dl8 s (Fig. 8 of ref. 21). Observation of line distortion itself is not necessarily evidence of the motion of the
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Fig. 8. Spectrum of a thick (d "" 40 J,lm) and highly conducting (a = 3.3 x 104 S/m)
sample (PMT) showing the Dysonian Iineshape. No asymmetry is observed for the two
spectra (R) stemming from the reference sample. T = 300 K.

paramagnetic centre, since the Dyson effect has also been observed in e.s.r.
from stationary paramagnetic centres located in a metal, such as Mn in eu
[24]. However, in the present case strong evidence for the high mobility of
the spin centers giving rise to the e.s.r. signal comes from the temperature
independence of N SL (Pauli-type paramagnetism), from the fast spin-relaxation rate, and additionally from n.m.r. Measurements of the nuclear proton
relaxation rates of PMT films as a function of the doping concentration and
of the temperature show that only the static spins, giving rise to the concentration-independent Gaussian component of the e.s.r. spectra, contribute
to the proton relaxation rate [18J. The dominant and concentrationdependent spin density, giving rise to the Lorentzian component in the e.s.r.
spectra, moves too fast to be detected by n.m.r. [18]. This interpretation is
supported by the fact that the spin concentration estimated from the proton
relaxation rates amounts to ~ 6 X 10 19/cm 3 and agrees fairly well with the
concentration N s G '" 3 X 10 19/cm 3 as determined by e.s.r.
The general expression for the Dysonian lineshape depends in a quite
complicated manner on d/fJ s and on a parameterR ==(ToIT2)1/2, where To
is the diffusion time through the skin depth and T2 the spin-spin relaxation
time. For dlfJ s only slightly larger than unity, as is the case here, the lineshape is insensitive to this parameter R. It would certainly be of interest
to study the lineshape for even thicker PMT films in order to allow the
diffusion time To to be determined. The asymmetry ratio AlB decreases
slightly with decreasing temperature to about 1.4 - 1.5 at 100 K and remains
approximately constant below this temperature down to 4 K. This result is
at least qualitatively in agreement with the decrease of the electrical conductivity with decreasing temperature.
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The linewidth of the Lorentzian component and its temperature dependence LlHL(T) for nearly reduced samples can also be determined experimentally from saturation studies, since the spin-lattice relaxation time of
the Gaussian component (T I G) has been found to be considerably longer
than that of the Lorentzian component (TIL). Thus, the linewidth of the
Lorentzian component can be determined directly from the e.s.r. spectra
by measuring at high power levels, where the Gaussian component is almost
completely saturated. The temperature dependence LlH(T) has also been
determined by this method. It turns out to be identical to the temperature
dependence LlHL(T) determined for the Lorentzian component from the
decomposition procedure.

3.2. Relaxation times
To our knowledge, electronic relaxation times TI have not yet been
reported for poly thiophene. The spin-lattice relaxation time TI has been
determined using a conventional saturation technique [15]. The spin-spin
relaxation time T2 is proportional to the reciprocal linewidth LlH of the
e.s.r. signal in the regime where saturation is negligible (15]. We have
determined TI at room temperature for various samples having different
dopant concentrations.
The Gaussian component observed in samples having low dopant
concentrations is very easily saturated, as has been mentioned before. The
corresponding spin-lattice relaxation time TIc is of the o~der of 5 X 10- 6 s
and about three orders of magnitude longer than the spin-spin relaxation
time T 2 G. The relatively long spin-lattice relaxation time T I G is consistent
with the interpretation given before, namely that the Gaussian component
is attributed to localized spins.
Figure 9 shows the spin-lattice and the spin-spin relaxation times TIL
and T2L, respectively, of the Lorentzian component as a function of the
dopant concentration. At the lowest dopant concentrations (y ,;;;; 1%) TIL
is considerably longer than T2L. With increasing dopant concentration TI
shortens rapidly and becomes comparable to T 2 • For y ;;;. 3 mol% TI is always
about equal to T 2 , as for a metal. The sharp decrease of TIL near y ~ 1 mol%
BF 4- can qualitatively be related to the transport properties of this material.
It is a common feature of this class of conducting polymers that the electrical conductivity increases over a narrow range of dopant concentration by
several orders of magnitude (6, 7]. For BF 4- -doped PMT this transition
occurs near y ~ 1 mol% [22], i. e., at about the same concentration where
the step of TIL is observed. TIL varies only by a factor of about 20 in the
concentration range from y ~ 0 - 2 mol% as compared to five to six orders
of magnitude of the d.c. conductivity. Qualitatively, the concentration dependence of the relaxation times TIL and Tl is consistent with the interpretation given in Section 3.1, in that the character of the polarons changes
from a semiconducting to a metallic behaviour with increasing dopant concentration. At the highest dopant concentrations, where the e.s.r. linewidth
is dominated by spin-orbit interaction, the microscopic metallic conduct-
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Fig. 9. Concentration dependence of the spin-lattice relaxation time TIL at room temperature. The dotted line indicates the concentration dependence of T2L.

ivity, as probed by e.s.r., may be estimated in the following way. According
to Elliott [21], the spin-lattice relaxation time due to spin-orbit coupling
is given (for T ~ eD ) by
Tso = TR/ex.(flg)2

(4)

where TR is the relaxation time for the electrical resistivity and ex. is a numerical factor of the order of 10. Insertion of the experimental values for y ;;: 25
mol% into eqn. (4), namely Tso;;: TIL ~ 8 X 10- 9 s and Dog ~0.0005, respectively, yields a value of TR ~ 2 X 10- 14 s. Using this value and an electron
concentration n = 2 X 10 21 cm- 3 , we estimate from the Drude formula a
microscopic electrical conductivity a ~ 1.3 X 10 6 S/m. This value is larger
than the value of the macroscopic electrical conductivity determined from
transport measurements by a factor of the order of 40 - 50. This result
supports the interpretation given in Section 3.1. Furthermore, it suggests
that the macroscopic electrical conductivity of BF 4- -doped PT could probably be enhanced significantly if these limiting processes could be eliminated.
The temperature dependences of the spin-lattice relaxation rate l/TIL
of the Lorentzian component of a reduced (y ..;; 1 mol%) and of a highly conducting sample (y ~ 25 mol%) are shown in Fig. 10. For the reduced sample
(10(a», l/TIL varies approximately proportional to Tt.75 between 4 K and
100 K and to T 3 . 6 between 200 K and 300 K. For comparison, the spin-spin
relaxation rate 1/T2L of the same sample is also shown (10(b». For the
highly-conducting sample (10(c», a very weak temperature dependence of
the spin-lattice relaxation rate has been observed at low temperatures,

 ﻣﺮﺟﻊ ﻣﻬﻨﺪﺳﻰ ﻣﻮﺍﺩ ﻭ ﻣﺘﺎﻟﻮﺭژﻯ- ﺍﻳﺮﺍﻥ ﻣﻮﺍﺩ
www.iran-mavad.com

541

333

1/T

1

(. -1)

w'-

-.-.- ./ .
b

o----------o--o~

." -0-0

/

c

1· 10

4

5

20

50

100

SOO

T (K)

Fig. 10. Temperature dependence of the relaxation rates in PMT. (a) l/T\L for y'" 1
mol% ; (b) 1/T2L for y "" 1 mol%; (c) l/T\L = 1/T2L for y = 25 mol% .

namely 1/TIL 0: TO. 2S . Above::::: 50 K the spin-lattice relaxation rate 1/T!L
increases almost linearly with temperature up to 300 K. At this high doping
level TIL and T2L are equal within the experimental uncertainty over the
whole temperature range. The interpretation of the temperature dependence of 1/T JL at high doping levels in straightforward. The weak temperature dependence at low temperature indicates that the spin-lattice relaxation is dominated in this temperature range by impurity scattering, which is
expected to give a temperature-independent contribution. The linear relationship at higher temperatures is exactly what has been predicted and
observed experimentally in ordinary metals [21,22]. For y ~ 1 mol% the
temperature dependence of the spin-lattice relaxation rate l/T! is increased
as compared to the highly-conducting sample, which is consistent with the
semiconducting nature of the weakly-conducting sample. For simple semiconductors Yafet [25] has calculated, for instance, l/T! to be o:T 7/2 or
o:T S12 , depending on whether the band edge is located at the centre (edge)
of the Brillouin zone or somewhere in between, respectively. The weaker
temperature dependence at lower temperature is again attributed to an increased contribution of scattering by impurities to the spin-lattice relaxation
rate.

3.3. Influence of growth conditions and time dependences
Samples prepared under quite different conditions have been investigated. It has been found that most of the parameters discussed before do
not depend significantly on these growth conditions. The fact that samples
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synthesized under ambient and under controlled atmosphere show essentially the same results is in accordance with the generally accepted relatively
high stability of polythiophene against ambient atmosphere. However, in the
dilute concentration regime, considerable variations of the ratio between the
Lorentzian and the Gaussian component as a function of growth conditions
and time have been found. At low doping levels, the line shape has been
found to depend on the current density, on the concentration of the supporting electrolyte and/or of the applied voltage during synthesis. For a
given current density, the contribution of the Gaussian component is higher
the smaller the concentration of the supporting electrolyte, i.e., the higher
the cell voltage is. This result may be qualitatively attributed to the enhanced formation of defects and traps at higher cell voltages due to electrochemical side-reactions.
Samples that have been stored under vacuum or argon gas showed
only little variation on a time scale of a week with respect to the linewidth
and intensity, with the exception of samples having dopant concentrations
y ~ 1 mol%. In this low concentration range a surprising time dependence
of the ratio between Gaussian and Lorentzian components have been observed in samples of the type PMTII. The e.s.r. line taken immediately after
the transfer of the sample to the spectrometer is dominated by the Gaussian
component. However, on a time scale of 10 3 - 104S, the Gaussian component
decreases in intensity while the Lorentzian component increases more and
more. The intensity ratio of the Lorentzian to the Gaussian components,
/L/JG, changes by a factor of three to six, depending on the growth parameters. This result suggests that a part of the originally localized spins becomes
mobile as a function of time. Such an effect may result from the release with
time of stress-induced traps created during synthesis. It may be mentioned
that similar changes with time were observed in n.m.r. experiments [18].
However, at present we have no clear idea about the origin of this effect.
Samples having low dopant concentrations that have been stored under
ambient atmosphere show quite distinct variations of the line width and of
the intensity on a time scale of days. The variations suggest that these
samples behave as if their dopant concentration would tend towards a
medium doping level. This interpretation is consistent with the observed
increase of the electrical conductivity and with the changes of the features
below the band gap of the optical spectra. However, no satisfactory explanation of this effect can be given at present.
Besides these variations, there also exists a variation of the linewidth,
which should be mentioned briefly. Samples of the type PMT II show a
remarkable increase of linewidth upon admission of air or oxygen. This
variation of MIL is reversible and does not affect the number of observed
spins. Upon admission of air or oxygen (or evacuating the cavity), the e.s.r.
signal broadens (narrows) within seconds. Such an effect was observed a
long time ago by MUller et al. [26] on silicon surfaces exposed to oxygen,
and the reversible broadening has to be attributed to the hyperfine interaction between the spin centres and the paramagnetic moment of the oxygen
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molecules. The line is always homogeneously broadened. This fact indicates
that polymer films either have a sponge-like structure where the oxygen
molecules can penetrate very quickly, or that the diffusion of oxygen
molecules within these films is very fast. This broadening effect is more
distinct the higher the current density during synthesis and the higher the
concentration of the supporting electrolyte.
Conclusions
A consistent picture of the magnetic and dynamic properties of the
doping-induced charge carriers in BF 4" -doped poly( 3-methylthiophene) has
been derived from electron spin resonance. Measurements of the absolute
spin concentration Nso of the linewidth tlJf, of the line shape, of the spinlattice relaxation time T 1 and of the temperature dependencies of these
parameters demonstrate the coexistence of localized spin centres and highly
mobile polarons. The number of localized spins is relatively small and concentration independent, while the number of mobile spins increases
linearly with the dopant concentration, indicating that highly-mobile
polarons are the dominant charge states. The character of the polarons
gradually changes from a semiconducting towards a metallic behaviour as
a function of the dopant concentration. Evidence is given that the microscopic electrical conductivity probed by e.s.r. is higher than the macroscopic
one determined from transport measurements by a factor of about 50. A
qualitative correlation has been found too between relaxation rates and
transport properties, and the results presented here are also consistent with
n.m.r. data. Concerning the correlation between e.s.r. and optical absorption
in poly thiophene, it should again be stressed that magnetic measurements
represent a more quantitative tool to check the spin-charge relation of
charge storage configurations in conjugated polymers. In the present study
we find about one spin per charge up to a dopant concentration y R::: 10
mol%, whereas the optical data measured as a function of y suggest spinless
bipolaron formation and saturation of the polaron concentration above y "'"
1 mol%. The origin of this discrepancy is not yet clear and a reconsideration
of the optical data is warranted. In addition, the discrepancy is qualitatively
similar in polypyrrole and it also pinpoints the need to consider in more
detail the influence of electron-electron interactions on the position and
also on the oscillator strengths of doping-induced transitions in conjugated
polymers.
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XI. Superconductivity

Superconductivity was first observed in Leiden, Holland, in Kamerlingh Onnes' laboratory
in 1911. At 4.2 K, they observed a sudden drop in the resistivity of mercury. In the '60s, the
highest-Tc superconductors were alloys, often combinations of niobium and another metal,
exhibiting a maximum Tc of about 23 K. A consistent quantum theory of superconductivity was developed by Bardeen , Cooper and Schrieffer (BCS) in 1957. In this theory, the
ground-state one-particle electron orbitals are occupied in pairs with spin-up and spin-down
(bosons), the so-called Cooper pairs. The electron-lattice interactions, which are attractive,
play an important role. This can be understood as one electron interacting with the lattice
and deforming it, whereas the second electron sees the deformed lattice (phonon field).
As mentioned in the general introduction, the first work in superconductivity initiated
by KAM was the investigation of the microwave properties of granular aluminum (g-Al) in
1980. The absorption and dispersion properties of g-Al showed the percolative character
of the transition [Xl1]' Because g-Al exhibits a Tc that is considerably higher than that of
pure AI , it convinced Muller to look in oxides for higher Tc's. Furthermore, the search was
narrowed down to oxide perovskites containing NiH and Cu 2+, as discussed in Chap. IV
on the Jahn- Teller (JT) effect. The breakthrough in increasing Tc was realized by Georg
Bednorz and KAM in 1986. They realized that strong electron- phonon interaction in oxides
can occur owing to polaron formation in mixed-valence systems. One mechanism for polaron
formation is the JT effect. 11.1 This concept led to the Nobel Prize winning papers reproduced
in [XI 2] and [XI3]. The Ba-La-Cu- O system, which has mixed-valence copper states, i.e.,
non-JT Cu H and JT Cu 2+, yields considerable local electron-phonon coupling, pushing
the Tc into the 30 K range. The concept there was the JT polaron. However, this particle
carries a spin S = 1/ 2, and later investigations showed that the true quasiparticle is the JT
intersite bipolaron with S = 0, which is mobile in an antiferromagnetic lattice. All further
research is intended to be exposed in a second book.
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Granular Al films have been measured in a microwave cavity at 9.4 GHz together with
their dc resistance, R (T). The change in resonant frequency is proportional to the number of superconducting electron pairs which is finite above the temperature T c P, where
R (T) Col O. Microwave loss has been identified which appears to be specific to granular
materials and vanishes only well below T c p. This is shown to be due to normal conduction between grains, which upon cooling becomes progressively more Josephson-like.
PACS numbers: 74.30.Gn, 74.40.+k, 74.50.+r, 74.70.Nr

The interest in granular superconductors has
increased considerably over the past years. l
More recently, Al samples at the high-resistivity
end, containing 30- to 50-A Al grains and more
than. 30%A~03' have come under focus. For example, the 100-A films needed to observe the
Kosterlitz-Thouless transition were granular in
nature. 2 Earlier studies of the resistive transition used thicker films.3 These, and the more
recent specific heat measurements 4 on similar
films, were aimed at understanding how longrange superconductivity in these materials arises.
A model with an inhomogeneous distribution of
grain coupling, referred to as percolative, accounts for the smeared and shifted specific-heat
peak. 5 On the other hand, renormalization-group
theory for weak and uncorrelated distributions
yields a homogeneous transition. 6 If this is not
the case, the experimentally observable transition can be spatially inhomogeneous. The criteria where one or the other situation prevails
are not well establiShed."
In the present work we have employed microwave measurements to examine the superconducting transition in a variety of granular AI
films. The films were suffiCiently thin that the
electric fields penetrated the whole sample. Thus
the technique is still useful even if a supercon.ducting path is established and dc measurements
832

cease to give information. Our measurements
show that there is a temperature range in which
all the AI metal is super conducting but there does
not exist a uniform phase relation between the
grains.
The experiments were conducted USing a Varian
Model-4500 electron-spin-resonance spectrometer. The samples were mounted along the axis
of cylindrical TEol microwave cavity operating
near 9.4 GHz. To minimize losses the films
were positioned with their surfaces parallel to
the microwave magnetic vectors. The microwave
data were taken by locking the klystron frequency
to the cavity. Then the shift in frequency, A v,
due to the superconductivity of the sample was
measured by recording the output of an attached
Hewlett-Packard spectrum analyzer, as a function of the applied external magnetic field of the
spectrometer. Simultaneously, the change in Q
of the cavity, due to the microwave loss, was
monitored by the change of power reflected from
the cavity. For the range of temperatures reported here the available magnetic field of 6500
Oe was sufficient to induce the normal state.
Therefore the changes due to the superconducting state would be obtained. The microwave power was kept low enough so that the data were
power independent.
The dc conductivity was probed by preSSing
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FIG . 1. The microwave loss. cavity frequency shift.
and dc resistance. as functions of temperature. The
resistance and loss are normalized to their values in the
normal state and are equated to zero at their lowest
measured values in the superconducting state. The frequency shift from the normal state is normalized to its
largest positive value. The sample parameters are
thickness = 10 000 A. p = 3000 IJofi'l cm (Ro =30 fi'I/ O).

two contacts on to the film in the cavity and
recording the resistance with a Keithley Model616 electrometer. The reliability of the twoprobe dc measurements and the current used
were checked by comparing such measurements
with a four -probe arrangement in separate runs
outside the cavity. The cavity and sample were
immersed in pumped liquid He. Apertures were
provided so that the superfluid He could flow
freely in and out of the cavity to improve thermal
uniformity. The temperature itself was monitored by a calibrated carbon resistor inside the
cavity sited near the sample, but shielded from
the microwave field. The films of 10000 A thickness were prepared by evaporation of aluminum
in an oxygen atmosphere as described in detail
previously.3 The 10o-A -thin films resulted from
flash evaporation. 7 The grain size was on the
average 30-40 A in the thick3 films and somewhat larger in the thinS films.
Over a half-dozen different samples were measured. Typical and reproducible data obtained
for the 10000- and 100-A sheets are shown in
Figs. 1 and 2, respectively. Further characterization is given in their figure captions. Their
dc resistive transitions are typical of granular
material of the kind used here and have been reported for several thousand angstroms thick3 as

well as for very thin films. 2 ,7 In our samples
the microwave absorption drops by no more than
15% over ' a range where 80% of the change in dc
resistance occurs. Thus, over this range the
microwave penetration depth is about the same
as in the normal state, 30 J.IID.; it is much larger
than the thicknesses of all samples. Therefore,
in this temperature interval, the microwave
electric fields penetrate the films entirely.
We first discuss the observed inductive frequency shift of the microwave cavity. The extra inductance manifests itself by a frequency
drop when, at fixed temperature, the film becomes super conducting upon switching off the
magnetic field. It results from the inductive
loading of the cavity by the inertia of the superconducting Cooper pairs against the accelerating
electric field. According to the first London
equation 9 there is a kinetic inductance Ls given
by L s -1 =n s e2/m, where ns is the density of super conducting pairs. Thus the cavity shift is
directly proportional to the total number of superconducting electrons in the sample:
6.t-(T)rr J,amplens(T)dv.
(1)
The shift data of Fig. 1 show a near-linear
region in 6.1J(T); this has important implications.
By Eq. (1) this is what is expected in the highfrequency limitlo from a system which follows
BCS or mean-field behavior,
(2)

where the superconducting order parameter is
given by IJi = (ns)1/2 exp(i<p). The linear dependence
implies that all the metal has the same super conducting transition temperature, Teo. A distribution in Teo's over the sample would yield, by Eqs.
(1) and (2), a concave upward curve of 6.1J(T).
833
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Thus all the aluminum particles have a nonzero
Cooper-pair density below T ca, However, at this
temperature and somewhat below, the sample is
still quite resistive. This means that no macroscopic, phase-locked, superconducting paths are
yet formed across the sample. Our n.(T) results
confirm directly the assumption of a well-defined
particle transition temperature T c a made in a recent theorr used to explain specific-heat data by
Worthington, Lindenfeld, and Deutscher" Presumably T c a can be associated with clusters containing appreciable numbers of tightly coupled
small grains. At lower temperatures, an inverse
shift is superposed onto the inductive one causing
the latter to level off (Fig. 1). In a forthcoming
paper this will be related to the increasing diamagnetic response of the sample to microwave
magnetic fields and can be ascribed to progressive phase locking of the clusters below Tea'
The evidence of a nonuniform transition is supported by our microwave absorption measurements. In the 10000-A.-thick sample the decrease
of the absorption occurs over a temperature range
~ 0.3 K below Tea, ten times larger than the main
resistive change. The microwave loss can arise
from either electrons in the Al metal grains or
electrons in the oxide barriers between the grains.
From the cavity shift L>1I(T) we have just shown
that below T c a all the aluminum metal is superconducting. The applied microwave quantum is
hll =0.2kT ca, For this value, comparing with
microwave absorption datal! on bulk clean or
dirty Al superconductors, as well as using the
Mattis-Bardeen BCS electrodynamic theory /2
one finds that the microwave loss due to the aluminum should drop in a temperature range of about
0.01 K if it were a uniform superconductor.
Therefore, we conclude that the losses are not in
the metal grains but are due to the poorly conducting barriers between them. Because the loss is
present in the normal state also, this conclusion
applies to the normal films as well. This microwave loss mechanism in granular metals seems
not to have been discussed before.' Electron
transmission coefficients computed earlier from
H c2 measurements led to the conclusion that the
dc conductivity is barrier limited. This agrees
with the present direct microwave evidence. 13
The reduction in microwave loss upon cooling
cannot result from hopping processes becoming
slower, because the loss was entirely restored
upon switching the films to their normal state.
The gradual reduction in loss upon cooling is
therefore assigned to lossy junctions which be-
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come more Josephson-like, i.e., a phase relation
between superconducting patches of grains is established. The 100-A.-thick samples show an even
more gradual reduction than the 10000-A.-thick
ones. In the former, the microwave field penetrates the sample in the super conducting state entirely. Thus the reduction in loss cannot result
from a reduced skin depth. Although the change
in microwave loss cannot be taken to be proportional to the number of super conducting junctions
(it depends nonlinearly on barrier width), the
mere fact that about 80% of the loss is still present when the film's resistance has vanished suggests that non-phase-locked clusters exist well
below Tea' Losses arise also from quasiparticle
tunnelingl 4 but these progressively decrease as
T decreases. The uniform-state model does not
seem capable of explaining the shifted peaks in
the specific heat data/ whereas the inhomogeneous "percolation" of phase-locked bonds can. 5
Moreover, as required by the inhomogeneousstate model,5 the loss becomes small at T., 1. 7 oK
where the peak in the specific heat occurs (in
samples with p., 3000 Iln cm).
The 100-A. thin samples (Fig. 2) showed qualitatively similar behavior, but the dc transition is
broader and the loss, as already mentioned, more
gradual. The frequency shift curve of the particular sample shown is more rounded than that of
Fig. 1. However, other thin specimens displayed
a more extended linear region. The measurement
reproduced here is of interest as there is a distinct tail in L>1I(T) extending nearly 0.1 K above
the extrapolated Tea' Because the thickness of
the sample is less than the coherence length one
is tempted to ascribe this tail to low-dimensional
fluctuations in n s' Indeed, the extent of the tail
correlates with the gradual change in R dc, which
has been explained3 • 15 by two-dimensional (2D)
fluctuations. As L>1I(T) ex: (llJiI 2 ) and Ij; =(lJi) +Olj;(t),
above Tea where (lJi) =0 the average (11j;12) =( IOlJiI 2),
i.e., fluctuations inn. are observable. This is
analogous to the birefringence measurements of
Courtens near the structural phase transition of
SrTi03 , where such a fluctuation-induced tail has
been reported.'6 Of course, due to scaling, the
fluctuations exist below Tea as well and contribute
to the rounded ns curve. The rounding could also
be due to there being a range of Tea's. But the
grain size distribution in the 100-A. samples was
similar to that in the 10000-A. one where not
much rounding near T c was seen. Thus this explanation is less likely, but it is possible.
Voss, Knoedler, and Horn detected white noise
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at and above the resistive transition of 100-A thin
films.7 In our lOOOO-A sample such noise, but
with considerably smaller amplitude, was found l7
at temperatures where n. ex Teo - T. In this meanfield regime, amplitude fluctuations should not be
important. Thus the noise is attributed to phase
fluctuations.
For finite 2D films one expects 'S a KosterlitzThouless transition to occur at T 20 =Tc 0/(1 + Ro/
23.8 till). For the films we investigated the resistances Ro were <>300 O,IIJ. Thus, for a homogeneous sample, T 20 would be less than 0.1 K
from Teo. Below T 20 the lossy free-vortex plasma tends to disappear, but since the microwave
losses persist to temperatures well below T 20
they cannot be caused by the vortex plasma. On
the other hand, in the experiment of Hebard and
Fiory,z Teo - T 20 = 0.5 K. For such large temperature differences the inhomogeneities governing
the resistive transition should cause minor effects
at T 2D •
In summary, we have shown that microwave
measurements of granular aluminum sheets in a
cavity yield directly the number and temperature
dependence of super conducting Cooper pairs. The
method should be generally applicable to thin
films of granular materials or potential molecular superconductors. In all our granular AI films
we observed large excess microwave loss which
we attribute to lossy oxide barriers between
grains in the normal and superconducting state.
We conclude from our data that there are important influences of inhomogeneity on resistive super conducting transitions. They proceed by the
formation of super conducting regions below a temperature Teo where all the AI metal becomes super conducting. The locking of phases between
grains produces a continuous super conducting path
but only after a somewhat lower temperature is
reached. At still lower temperatures all resistive paths become super conducting and the microwave loss greatly decreases. In the two-dimensional samples the fluctuations in the density of
Cooper pairs may have been observed.
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Metallic, oxygen-deficient compounds in the Ba - La - Cu - 0 system, with the composition BaxLas-xCuSOS(3-y) have been prepared in polycrystalline form. Samples with
x = 1 and 0.75, y> 0, annealed below 900°C under reducing conditions, consist of three
phases, one of them a perovskite-like mixed-valent copper compound. Upon cooling,
the samples show a linear decrease in resistivity, then an approximately logarithmic
increase, interpreted as a beginning of localization. Finally an abrupt decrease by up
to three orders of magnitude occurs, reminiscent of the onset of percolative superconductivity. The highest onset temperature is observed in the 30 K range. It is markedly
reduced by high current densities. Thus, it results partially from the percolative nature,
bute possibly also from 2D superconducting fluctuations of double perovskite layers
of one of the phases present.

I. Introduction
"At the extreme forefront .of research in superconductivity is the empirical search for new materials"
[1]. Transition-metal alloy compounds of A 15
(Nb 3Sn) and B 1 (NbN) structure have so far shown
the highest superconducting transition temperatures.
Among many A 15 compounds, careful optimization
of Nb - Ge thin films near the stoichiometric composition of Nb 3Ge by Gavalev et ai. and Testardi et ai.
a decade ago allowed them to reach the highest Tc =
23.3 K reported until now [2, 3]. The heavy Fermion
systems with low Fermi energy, newly discovered, are
not expected to reach very high Tc's [4].
Only a small number of oxides is known to exhibit
superconductivity. High-temperature superconductivity in the Li - Ti - 0 system with onsets as high
as 13.7 K was reported by Johnston et ai. [5]. Their
x-ray analysis revealed the presence of three different
crystallographic phases, one of them, with a spinel
structure, showing the high Tc [5]. Other oxides like
perovskites exhibit superconductivity despite their
small carrier concentrations, n. In Nb-doped SrTi0 3,
with n = 2 x 10 20 cm - 3, the plasma edge is below the
highest optical phonon, which is therefore unshielded

[6]. This large electron-phonon coupling allows a Tc
of 0.7 K [7] with Cooper pairing. The occurrence of
high electron-phonon coupling in another metallic
oxide, also a perovskite, became evident with the discovery of superconductivity in the mixed-valent compound BaPb 1 - xBi x 0 3 by Sleight et aI., also a decade
ago [8]. The highest Tc in homogeneous oxygen-deficient mixed crystals is 13 K with a comparatively low
concentration of carries n = 2-4 x 10 21 cm - 3 [9]. Flat
electronic bands and a strong breathing mode with
a phonon feature near 100 cm- 1 , whose intensity is
proportional to T" exist [10]. This last example indicates that within the BCS mechanism, one may find
still higher Tc's in perovskite-type or related metallic
oxides, if the electron-phonon interactions and the
carrier densities at the Fermi level can be enhanced
further.
Strong electron-phonon interactions in oxides
can occur owing to polaron formation as well as in
mixed-valent systems. A superconductivity (metallic)
to bipolaronic (insulator) transition phase diagram
was proposed theoretically by Chakraverty [11]. A
mechanism for polaron formation is the Jahn-Teller
effect, as studied by Hock et al. [12]. Isolated Fe 4 +,
Ni3+ and Cu 2 + in octahedral oxygen environment
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show strong lahn-Teller (J.T.) effects [13]. While
SrFe(VI)03 is distorted perovskite insulator,
LaNi(III)03 is a I.T. undistorted metal in which the
transfer energy bn of the I.T. eg electrons is sufficiently
large [14] to quench the J.T. distortion. In analogy
to Chakraverty's phase diagram, a J.T.-type polaron
formation may therefore be expected at the borderline of the metal-insulator transition in mixed perovskites, a subject on which we have recently carried
out a series of investigations [15]. Here, we report
on the synthesis and electrical measurements of compounds within the Ba - La - Cu - 0 system. This system exhibits a number of oxygen-deficient phases
with mixed-valent copper constituents [16], i.e., with
itinerant electronic states between the non-I.T. Cu 3+
and the J.T. Cu2+ ions, and thus was expected to
have considerable electron-phonon coupling and metallic conductivity.
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Fig. 1. Temperature dependence of resistivity in Ba.Las _.CusO, (3 _ y)
for samples with x(Ba) = 1 (upper curves, left scale) and x(Ba)=
0.75 (lower curve, right scale). The first two cases also show the
influence of current density

1. Sample Preparation and Characterization
Samples were prepared by a coprecipitation method
from aqueous solutions [17] of Ba-, La- and Cu-nitrate (SPECPURE JMC) in their appropriate ratios.
When added to an aqueous solution of oxalic acid
as the precipitant, an intimate mixture of the corresponding oxalates was formed.' The decomposition
of the precipitate and the solid-state reaction were
performed by heating at 900°C for 5 h. The product
was pressed into pellets at 4 kbar, and reheated to
900°C for sintering.

2. X-Ray Analysis
X-ray powder diffractograms (System D 500 SIEMENS) revealed three individual crystallographic
phases. Within a range of 10° to 80° (28), 17 lines
could be identified to correspond to a layer-type perovskite-like phase, related to the K2NiF 4 structure
(a=3.79A and c=13.21 A) [16]. The second phase
is most probably a cubic one, whose presence depends
on the Ba concentration, as the line intensity decreases for smaller x(Ba). The amount of the third
phase (volume fraction> 30% from the x-ray intensities) seems to be independent of the starting composition, and shows thermal stability up to 1,000 °C. For
higher temperatures, this phase disappears progressively, giving rise to the formation of an oxygen-deficient perovskite (La3Ba3Cu6014) as described by Michel and Raveau [16].

3. Conductivity Measurements
The dc conductivity was measured by the four-point
method. Rectangular-shaped samples, cut from the
sintered pellets, were provided with gold electrodes
and contacted by In wires. Our measurements between 300 and 4.2 K were performed in a continuousflow cryostat (Leybold-Hereaus) incorporated in a
computer-controlled (IBM-PC) fully-automatic system for temperature variation, data acquisition and
processing.
For samples with x (Ba) ::<=;; 1.0, the conductivity
measurements, involving typical current densities of
0.5 A/cm 2 , generally exhibit a high-temperature metallic behaviour with an increase in resistivity at low
temperatures (Fig. 1). At still lower temperatures, a
sharp drop in resistivity (> 90%) occurs, which for
higher currents becomes partially suppressed (Fig. 1 :
upper curves, left scale). This characteristic drop has
been studied as a function of annealing conditions,
i.e., temperature and O 2 partial pressure (Fig. 2). For
samples annealed in air, the transition from itinerant
to localized behaviour, as indicated by the minimum
in resistivity in the 80 K range, is not very pronounced. Annealing in a slightly reducing atmosphere, however, leads to an increase in resistivity
and a more pronounced localization effect. At the
same time, the onset of the resistivity drop is shifted
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Fig. 3. Low-temperature resistivity of a sample with x(Ba)=0.75,
recorded for different current densities

towards the 30 K region. Curves @ and 0), recorded
for samples treated at 900 ec, show the occurrence
of a shoulder at still lower temperature, more pronounced in curve <0. At annealing temperatures of
1,040 ec, the highly conducting phase has almost
vanished. As mentioned in the Introduction, the
mixed-valent state of copper is of importance for electron-phonon coupling. Therefore, the concentration
of eJectrons was varied by the BalLa ratio. A typical
curve for a sample with a lower Ba concentration
of 0.75 is shown in Fig. 1 (right scale). Its resistivity
decreases by at least three orders of magnitude, giving
evidence for the bulk being superconducting below
13 K with an onset around 35 K, as shown in Fig. 3,
on an expanded temperature scale. The latter figure
also shows the influence of the current density, typical
for granular compounds.

BaPb 1 - x Bi x0 3 polycrystalline thin films [5, 18].
Upon cooling from room temperature, the latter exhibit a nearly linear metallic decrease of peT), then
a logarithmic type of increase, before undergoing the
transition to superconductivity. One could, of course,
speculate that in our samples a metal-to-metal structural phase transition occurs in one of the phases.
The shift in the drop in peT) with increasing current
density (Fig. 3), however, would be hard to explain
with such an assumption, while it supports our interpretation that we observe the onset of superconductivity of percolative nature, as discussed below. In
BaPb 1 - x Bi x 0 3 , the onset of superconductivity has
been taken at the resistivity peak [18]. This assumption appears to be valid in percolative systems, i.e.,
in the thin films [18] consisting of polycrystals with
grain boundaries, or when different crystalline phases
with interpenetrating grains are present, as found in
the Li- Ti-O [5] or in our Ba-La-Cu-O system.
The onset can also be due to fluctuations in the superconducting wave functions. We assume one of the
Ba-La-Cu-O phases exhibits this behaviour.
Therefore, under the above premises, the peak in peT)
at 35 K, observed for an x(Ba)=0.75 (Fig. 1), has

III. Discussion

The resistivity behaviour of our samples, Fig. 1,
is qualitatively very similar to the one reported in
the Li - Ti - 0 system, and in superconducting
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to be identified as the start to superconductive cooperative phenomena in the isolated grains. It should
be noted that in granular AI, Cooper pairs in coupled
grains have been shown to exist already at a point
where peT) upon cooling has decreased by only 20%
of its highest value. This has been proven qualitatively [19] and more recently also quantitatively [20] by
the negative freguency shift occurring in a microwave
cavity. In 100 A films, a shoulder in the frequency
shift owing to 2D fluctuations was observed above
the Tc of the grains. In our Ba - La - Cu - 0 system,
a series of layer-like phases with considerable variety
in compositions are known to exist [16, 21], and
therefore 2D correlations can be present.
The granularity of our system can be justified
from the structural information, and more quantitatively from the normal conductivity behaviour. From
the former, we know that more than one phase is
present and the question arises how large are the
grains. This can be inferred from the logarithmic
fingerprint in resistivity. Such logarithmic increases
are usually associated with beginning of localization.
A most recent example is the Anderson transition
in granular Sn films [22]. Common for the granular
Sn and our samples is also the resistivity at 300 K,
lying in the range of 0.06 to 0.02 ncm, which is near
the microscopic critical resistivity of Pc= 10 Lon/e 2
for localization. From the latter formula, an interatomic distance Lo in the range of 100 A is computed,
thus a size of superconducting grains of this order
of magnitude must be present. Upon cooling below
Tn Josephson junctions between the grains phaselock progressively [23] and the bulk resistivity gradually drops to zero by three orders of magnitude, for
sample 2 (Fig. 1). At larger current densities, the
weaker Josephson junctions switch to normal resistivity, resulting in a temperature shift of the drop, as
shown in Fig. 3. The plateau in resistivity occurring
below the 80% drop (Fig. 1) for the higher current
density of 0.5 A/cm 2 , and Fig. 2 curve ®) may be
ascribed to switching of junctions to the normal state.
The way the samples have been prepared seems
to be of crucial importance: Michel et al. [21] obtained a single-phase perovskite by mixing the oxides
of La and Cu and BaC0 3 in an appropriate ratio
and subsequent annealing at 1,000 °C in air. We also
applied this annealing condition to one of our samples, obtained by the decomposition of the corresponding oxalates, and found no superconductivity.
Thus, the preparation from the oxalates and annealing below 950°C are necessary to obtain a non-perovskite-type phase with a limited temperature range
of stability exhibiting this new behaviour. The formation of this phase at comparatively low temperatures
is favoured by the intimate mixture of the compo-

nents and the high reactivity of the oxalates owing
to the evolution of large amounts of H 2 0 and CO 2
during decomposition.

IV. Conclusion
In the concentration range investigated, compounds
of the Ba - La - Cu - 0 system are metallic at high
temperatures, and exhibit a tendency towards localization upon cooling. Samples annealed near 900°C
under reducing conditions show features associated
with an onset of granular superconductivity near
30 K. The system consists of three phases, one of
them having a metallic perovskite-type layer-like
structure. The characterization of the new, apparently
superconducting, phase is in progress. An identification of that phase may allow growing of single crystals for studying the Meissner effect, and collecting
specific-heat data to prove the presence of high Tc
bulk superconductivity.
The authors would like to thank H.E. Weibel for his help in getting
familiar with the conductivity measurement system, E. Courtens
and H. Thomas for discussions and a critical reading of the manuscript.
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Note Added in Proof

Chemical analysis of the bulk composition of our samples revealed
a deviation from the ideal La/Ba ratios of 4 and 5.66. The actual
ratios are 16 and 18, respectively. This is in agreement with an
identification of the third phase as CuO.
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J. G. BEDNORZ, M. TAKASHIGE(*) and K. A. MOLLER

IBM Research Division, Zurich Research Laboratory
CH-8803 Rllschlikon, Switzerland
(received 22 October 1986; accepted 12 November 1986)
PACS. 74.70. - Superconducting materials.
PACS. 74.10. - Occurrence, critical temperature.
PACS. 74.70N - Dirty superconductors.

Abstract. - The magnetic susceptibility of ceramic samples in the metallic BaLaCuO system has
been measured as a function of temperature. This system had earlier shown characteristic sharp
drops in resistivity at low temperatures. It is found that, for small magnetic fields of less than
0.1 T, the samples become diamagnetic at somewhat lower temperatures than the resistivity
drop. The highest-temperature diamagnetic shift occurs at (33 ± 2) K, and may be related to
shielding currents at the onset of percolative superconductivity. The diamagnetic susceptibility
can be suppressed with external fields of 1 to 5 T.

In a recent search for high-Tc superconductivity, BEDNORZ and MULLER [1] reported
resistivity measurements in the BaLaCuO system. This system was chosen because it
exhibits a number of phases with mixed-valent copper constituents which exhibit itinerant
electronic states between non-Jahn-Teller (JT) Cu3 + and JT Cu2+ ions. The existence of
Jahn-Teller polarons in conducting crystals was postulated theoretically by HOECK et al. [2].
In general, polarons have large electron-phonon interactions, and therefore are favourable
to the occurrence of high-Tc superconductivity [3].
Upon cooling BaLaCuO samples, first a linear metallike decrease in resistivity is
measured, followed by an approximately logarithmic increase which was interpreted as the
beginning of localization [1]. On further cooling samples of certain compositions and heat
treatments, an abrupt decrease by up to three orders of magnitude is observed, reminiscent
of the onset of percolative superconductivity. Possible 2D superconductivity fluctuations
might also be present [1], because one of the three phases in the system is of the layerlike
K2NiF 4 type, i.e. it has the Laz_",Ba.,CU04_Y composition with 1» x, y ~ O. The other two
phases present are the nonconducting CuO and a nearly-cubic perovskite compound. To

(*) Permanent address: Institute for Solid State Physics, The University of Tokyo, Roppongi,
Minatoku, Tokyo 106, Japan.
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corroborate the existence of superconductivity, the susceptibility of BaLaCuO samples with
various compositions and preparation histories was measured. It was expected that below
T e , grains coupled by Josephson junctions or the proximity effect might yield diamagnetic
shielding currents and thus cause a change from Pauli paramagnetic to diamagnetic
susceptibility [4]. The experiments described below have indeed borne out this property. A
change of sign in susceptibility occurs slightly below the onset of the resistivity drop for all
samples showing a drop.
The preparation of our oxygen-deficient compounds was detailed earlier [1]. In that case,
the (La, Ba) : Cu ratio in the starting composition was adjusted to be 1: 1. Recently, our
preparations have been extended to a series with (La, Ba): Cu ratios of 2: 1, which is the
composition of one of the three phases occurring in the original 1: 1 series, namely,
La2Cu04: Ba. Samples with varying BaO contents x were measured in the two series.
Figures 1 and 2 display the resistivity of three typical representatives. The first with
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Fig. 1. - Temperature dependence of resistivity (x) and mass susceptibility (e) of sample 1.

nominal x = 0.06 and 1: 1 clearly shows the onset to a localization transition. The second with
x = 0.6 at 2: 1 has a resistivity drop starting at 26 K, and in the third, x = 0.15 and 1: 1, the
drop occurs at the very high temperature of T = 35 K (fig. 2). Table I summarizes the details
of the composition and firing temperatures of the three samples. A higher annealing
temperature is allowed in the 2: 1 series because in the absence of excess CuO, the melting
point of these mixtures is increased.
The susceptibility of the samples was measured with a newly-installed BTl (Biomagnetic
Technology Inc.) variable-temperature susceptometer VTS 905. Sample weights ranged
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Fig. 2. - Low-temperature resistivity of samples 2 (e) and 3 (0). The onset of the resistivity drop is
marked by vertical arrows. Temperature determined with a calibrated silicon diode sensor (DT-500,
Lake Shore Cryotronics, Inc.).
TABLE 1. - Chemical composition, firing conditions, and sample weight for susceptibility meas-

urements.
Sample

1
2
3

(La, Ba):Cu

1:1
2:1
1:1

Nominal
composition
BalLa

Chemical
analysis
concentration
Ba

Firing
temperature
(OC)

Sample weight
X-measurements
(g)

0.06/0.94
0.6/1.4
0.15/0.85

0.01
0.12
0.05

900
1300
900

0.355
0.164
0.330

between 0.16 and 0.36 gram, see table I. Figure 1 displays the susceptibility of sample 1, and
fig. 3 those of samples 2 and 3, all measured at 0.03 T. Each of them shows Pauli
paramagnetic susceptibility at higher temperatures. In sample 1, with no drop in resistivity,
this metallic susceptibility persists towards 20 K with Curie-Weiss enhancement starting
there. However, samples 2 and 3 exhibit changes of X to diamagnetism on cooling. This
occurs several degrees below the onset of the resistivity drop as indicated by arrows in fig. 2
and 3. When the measuring magnetic field is increased, the diamagnetism is progressively
reduced. Figure 4 reproduces such an experiment for sample 2. The inset gives the
diamagnetic quenching at T = 10 K.
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Fig. 3. - Low-temperature susceptibility of samples 2 (e) and 3 (0). Arrows indicate the temperature
of the paramagnetic-to-diamagnetic transition. Temperature determined with a RhiFe thermometer
calibrated in situ against Pt and Ge standard thermometers.

The behaviour of sample 1 is very remarkable in itself. The resistivity increases over an
order of magnitude from 100 K down to 4.2 K, i.e. localization sets in, possibly owing to
J ahn-Teller polarons [3]. The susceptibility is nearly constant and Pauli-like positive in the
range 100 to 20 K. This is what ANDERSON predicted to occur for quasi-localized, weakly
correlated (U == 0) s = 112 particles in disordered solids, and termed a Fermi glass (5). First
evidence of a Fermi glass resulted from electron spin resonance in the H-doped Ca V206
whose conductivity followed Mott's law of variable range hopping for random systems [6]. In
the present case, the temperature-independent susceptibility is followed in the same range
as in Ca V206: H. The Curie-Weiss behaviour at low temperature can originate from
localized spins as in the Li1+xTi2-x04 spinel system [7]. Of course, it is important to well
characterize the ceramic samples under study. This has been done recently with X-ray
powder diffractometry by BEDNORZ et al. [8]. The three phases in the 1: 1 series are the
nonconducting CuO, the L~CU04: Ba, and LaCuOs_y: Ba. The latter two, the only ones to
occur in the 2: 1 series, are metallic conductors at high temperatures in the absence of Ba.
LaCuOa_y is a metal like LaNiOs [9], and so is L~CU04-Y [10]. The presence of the latter
phases has also been confirmed by X-ray single-crystal precession measurements [8).
Obviously, random doping with Ba2 + causes localization in at least one metallic phase.
The onset of diamagnetism or its absence is systematic with respect to the resistivity
behaviour, as fig. 1, 2 and 3 demonstrate. This is what one will expect if superconductivity
with shielding currents exists. The statistical distribution of grain sizes is not known, nor is
a possible variation in Tc's. The diamagnetic shift starts below what presumably is the
highest superconducting Tc in a sample. Theories [4] on percolative superconductors yield
such a behaviour. The diamagnetism in the superconducting layer compounds of TaSea and
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The inset shows the field dependence of the magnetic moment at 10 K (sample weight at 0.164 g).

NbSea is qualitatively similar to our observations, but occurs quantitatively at quite
different temperatures and fields [11]. It results from superconducting loops in the
percolating network, and has been the subject of calculations where the diamagnetic X is
predicted to diverge at Pc as - X = A[Pe - P/Perb with the most recent results of b = 1.29 in
two, and b = 0.34 in three dimensions [4]. Therefore, - X in principle allows determining the
dimensionality of a system. In our measurements, - X(T) is rounded at the onset. In the
limit P == 0, - X = a4p4 + asp6 [4] theoretically, but a probable reason can also be a
distribution in Tc's of the various grains, owing to an inhomogeneous Ba content. This
requires a folding of the known analytic form of - X(T) for a given Te with the probability of
different Te's. More homogeneous samples may be obtained in the future. Although neither
of these efforts has been carried out, the very fact of diamagnetism considerably supports
the existence of superconductivity. This diamagnetism can be suppressed by application of
high external magnetic fields. The Josephson or proximity junctions then become normal,
and therefore interrupt the supercurrents. The result of fig. 4 gives evidence for this. From
the inset, one sees that there is no peak in the susceptibility as it is found at Hel in a single
crystal, which is not expected to occur here, either.
The other two known oxide superconductors, the Lil+xTi2-x04 spinel [7,12] and the
BaPbl_xBixOa_y perovskite [13], have Te's near 11 and 13 K, respectively, quite lower than
those probably found in the BaLaCuO. In the Li-Ti spinel, quite a clear Meissner effect, as
in single crystals, has been reported for very small fields. A weak Meissner effect has also
been measured on ceramic samples of BaPbl-xBixOa-y [14]. In our case, the diamagnetic
shift is present, and reflects, as discussed above, the percolative character in our samples.
From the onset in sample 3, this compound would become superconducting at (33 ± 2) K.
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The correlation between the onset of diamagnetic shifts and drop in resistivity in all
BaLaCuO samples measured considerably increases the likelihood for the occurrence of
superconductivity. If true, it is the system with the highest Tc's reported in any solid. The
phase in which the probable superconductivity occurs is now identified as La2CU04_y : Ba [8]
and an effort to grow single crystals is underway. Specific-heat measurements presently
planned on our ceramic samples may further confirm what the present work indicates.

***

The authors would like to thank Profs. W. BUCKEL and E. SIMANEK for correspondence
and interest in this work, and E. COURTENS for a critical reading of the manuscript and
providing access to the susceptometer.
Additional remark.
After submission of the present manuscript, we became aware of the work in the Nb-Ge-Al-O
system by T. OGusm and Y. OSONO, which shows features of high-To superconductivity [Appl. Phys.
Lett., 48 (1986) 1167].
Concerning the BaLaCuO system, an article appeared in Asahi Shinbun, International Satellite
Edition, November 28, 1986, reporting efforts of Prof. S. TANAKA'S group in the Department of
Applied Physics, at the Faculty of Engineering, University of Tokyo, which in November confirmed a
diamagnetic susceptibility in the 30 K range.
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Note added after acceptance
A detailed powder x-ray analysis combined with susceptibility measurements as in Fig. 3
shows that the phase becoming super conducting is the La2Cu04 layer-like oxide mentioned in
the text. This phase has K2NiF4 structure [8], agreeing with a recent study by H. TAKAGI et
al. [15). This group also confirmed later, but independently, the diamagnetism with susceptibility measurements in their samples prepared by reacting the oxides. The onsets observed
were in the same temperature range as in our case [16]. Our x-ray study was also conducted as
a function of Ba content at 300 K, the La2Cu04 undergoing an orthorhombic-to-tetragonal
structural phase transition (SPT) for higher Ba concentrations. It appears that this
orthorhombic-to-tetragonal SPT is related to the high Tc superconductivity because it occurs
near the Ba concentration where the highest onsets are observed. This view is supported by
doping our La2Cu04 also with Sr2+ and Ca2+ where the same relationship between Tc and
SPT on concentration of alkaline-earth ions was found [8].
In our investigations, the Sr2+ -containing samples showed the sharpest onsets of superconductivity and largest diamagnetism [17]. Our results on alkaline-earth doping prove the
electronic origin of the superconductive enhancement, because the ionic radius of Sr2+ is
nearly the same as that of La3+, r = 1.14 A, for which it presumably substitutes. The radius
of Ba2 + is 0.22 A larger, and the one of Ca2+ 0.15 A smaller than that of La3+. Thus, these
two ions produce local stresses. The alkaline-earth doping creates Cu 3+ ions with no eg lahnTeller orbitals. Therefore, the absence of these 1.-T. orbitals, i.e., 1.-T. holes, near the Fermi
energy probably plays an important role for the Tc enhancement as investigated theoretically [18].
The diamagnetism in our Sr2+ -doped La2Cu04 ceramics although being enhanced compared to BaH and Ca2+, is lower than that found by other groups [16, 19]. This results partially from different, applied probing magnetic fields, which in our case was 300 Oe, whereas
it was presumably lower in other laboratories. For lower probing fields, the susceptibility X is
considerably enhanced as shown in the inset of Fig. 4. This is expected theoretically [20] in a
superconductive glass. MOLLER et al. [211 most recently proved the existence of such a superconductive glass state in La2Cu04.Y : Ba from measurements of X(T) and m(T) in zero-field
and nonzero-field cooled states with the presence of metastability. Such a superconductive
glass behavior is less manifest in the Sr samples with sharper onsets.
In the two-phase ceramics, the superconductivity is first enhanced by reduction because of
the conversion of the perovskite LaCu03 to the La2Cu04 phase. However, for single-phase
preparation, longer reduction times destroy the superconductivity, and a behavior like sample
1 of Fig. 1 is found. CHU's group at Houston University hopes to obtain onsets above 50 K
under hydrostatic pressure [22]. If this is realized, then still higher Tc's may become possible
in the future.
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