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Local disorder studied in SrTiO; at low temperature by EXAFS spectroscopy
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The temperature dependence of the local distortions in SrTiO; has been studied by EXAFS spectros-
copy at the titanium K edge (4982 eV). The oxygen-ion Debye-Waller factor o3 has been determined
from 4.5 to 240 K. The antiferrodistortive transition at 105 K is evidenced by a step in this Debye-
Waller factor. At about 31 K, a maximum of o3 is detected and the EXAFS oscillations due to the first
oxygen shell increase. This is the signature of a maximum disorder in the lattice vibrations in this tem-
perature range. A quasiharmonic model with a sinusoidal modulation of the Ti-O distance cannot ac-
count for these observations. The lattice and electronic excitations which could support our data are

qualitatively described.

I. INTRODUCTION

X-ray-absorption spectroscopy is currently used to
probe lattice distortions in crystalline solids. In ABO;
perovskites, these distortions may be of two kinds: either
a rotation of the oxygen octahedron or a displacement of
the central B ion against its oxygen cage. Both effects are
successfully investigated by extended x-ray-absorption
fine-structure (EXAFS) spectroscopy.! In KTaO;:Nb,
the ferroelectric phase transition is induced by the Nb>*
ions substituted for Ta’* at the center of the oxygen oc-
tahedron. A number of experiments have been focused
toward the precursor effects of this phase transition. Nu-
clear magnetic resonance (NMR)?> and Raman® results
were explained using a model of polar nanoclusters
around each Nb impurity in the cubic phase. However,
since the above techniques are sensitive to electric-field
gradients or the ionic polarizabilities, the exact origin of
the polar clusters was not clear. From EXAFS spectros-
copy, it was shown that these clusters may arise from the
Nb°* ions being off center in the paraelectric and in the
polar phase as well. *

The situation is less clear in pure compounds such as
barium titanate (BaTiO;), potassium niobate (KNbO;),
and potassium tantalate (KTaO,). Detailed EXAFS data
would be very helpful in order to get a microscopic in-
sight on the ionic positions in the cubic phase.

In strontium titanate (SrTiO,), the antiferrodistortive
transition at 105 K and atmospheric pressure, triggered
by a rotation of the oxygen octahedra, has been exten-
sively studied using numerous techniques. However, the
number of EXAFS spectroscopy results is very small.>®
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We showed at the strontium K edge that this phase tran-
sition results in a steplike Debye-Waller factor of the first
oxygen shell. From the available data so far, precursor
order-disorder effects are not detected in EXAFS experi-
ments. On the other hand, at room temperature a new
displacive phase of SrTiO; was induced above 6 GPa.’
We showed that this phase was very different from the
low-temperature antiferrodistortive phase described
above. In fact, the high-pressure phase may arise from a
static displacement of the central Ti ions and from a rota-
tion of the oxygen octahedra.® This statement was based
on EXAFS data taken at the strontium K edge. Since the
strontium sublattice is not directly involved in the anti-
ferrodistortive process, complementary investigations
were necessary. With this aim, we have performed x-
ray-absorption experiments at the titanium K edge at low
temperature and will focus on this compound in the fol-
lowing.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

Two kinds of samples were prepared: Small crystal-
lized samples of less than 100 um in thickness along the
[100] direction of the cubic phase, and homogeneous
powdered samples obtained by sieving and selecting par-
ticles smaller than 5 um in size. Powder is deposited as a
thin layer of constant thickness on self-adhesive tape, and
two such superposed preparations were used to process
samples with total absorption u less than 1 and Au of
0.3-0.5.
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B. EXAFS measurements

The experiments were carried out at DCI LURE (Or-
say) with a positron beam energy of 1.85 GeV and a max-
imum stored current of 320 mA. Data were collected by
using a classical two-crystal Si(111) spectrometer. Har-
monics were rejected by slightly detuning the monochro-
mator. We measured the absorption spectra of SrTiO; at
the titanium K edge (4982 eV) from 4.5 to 240 K. The
maximum error in the temperature measurement is about
1 K. The absorption data were recorded from 4850 to
5750 eV with 1 s accumulation time per point and with
2-eV steps. Data were collected in transmission mode by
measurements of the beam intensities I, and I, respec-
tively, before and after the sample. Two runs were per-
formed. During the first run, the powdered sample and
the crystal were mounted on the same holder. The best
results without distortion of spectra were obtained on the
powdered samples. Only three crystal spectra were us-
able (5, 21, and 32 K). The second run was performed
only on powdered samples of about 40 um thickness. At
the same time, in order to check that the observed effects
are intrinsic in SrTiO;, we recorded the absorption spec-
tra of TiO, powdered samples.

C. Data processing

The extended x-ray-absorption fine-structure signal
analysis was performed by a procedure which involves
complete software written by San Miguel.® The oscillato-
ry part of the absorption coefficient is given by

uoE)

where u(E) is the observed absorption and py(E) is the
atomic absorption. The atomic absorption coefficient
po(E) was approximated by a fifth-degree polynomial.
The threshold energy was measured at the inflection
point of the edge (Fig. 1).

The oscillatory part of the absorption coefficient above
the K edge in the plane-wave single-scattering approxi-
mation is given by
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FIG. 1. Normalized x-ray-absorption spectrum of SrTiO; at
124 K (reference temperature).
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where N; is the number of neighbor atoms at the distance
rj,from the absorbing atom, |f j(k,‘n')l is the backscatter-
ing amplitude, o; is the Debye-Waller factor of the jth
shell, and ¥;(k) is the total phase shift due to the back-
scattering and absorbing atoms. A is the electron mean
free path. k denotes the wave number of the photoelec-
tron,

k=#"'[2m(E —E]'?, 3)

where E is the energy of the incident photon and E is
the threshold energy.

To get information in real space, a Fourier transform
(FT) of the k™y(k)-weighted data must be made. With
n=3, the peak of the oxygen shell was well defined. A
Kaiser window (7=2.5) was applied to the k>y(k)-
weighted data before Fourier transforming. This window
was extended from 4.5 up to 13 A™!. The same Kaiser
window was used for each temperature. Fourier trans-
forms at different temperatures are shown in Fig. 2. The
first intense peak is due to the first oxygen shell. The two
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FIG. 2. Amplitudes of fast Fourier transforms of the EXAFS
oscillations from the paraelectric phase (124 K) down to 4.5 K.
The first peaks at distances shorter than 2 A are due to some
background oscillations in the experimental spectra. Note the
broadening of the oxygen peak at 30 K [curve (d)].
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following peaks, which are not completely resolved, are
essentially due to the first strontium and titanium shells.

In the following, we will focus our attention on the first
oxygen peak because in perovskites the plane-wave
single-scattering approach can be used essentially for the
first atomic shell." To give an interpretation of the
farthest peaks collinear double- and triple-scattering con-
tributions must be considered.

In order to determine the temperature dependence of
the Debye-Waller factor o, we performed a one-shell fit
of the Fourier transform of the oxygen shell (inverse
Fourier transform). Because of the very small changes of
the lattice parameters with temperature (5X 10~* in rela-
tive value between 200 and 100 K) , the interatomic dis-
tances were fixed at the values deduced from x-ray-
diffraction measurements. '°

In these calculations, the oxygen backscattering ampli-
tude | fo(k,7)| and the phase shift ¥y(k) must be known.
These quantities were obtained by using for the first and
the second run, respectively, the 124- and the 120-K
spectrum as a reference, and the crystallographic data
known at these temperatures: the number of oxygen
atoms is No=6 and the interatomic distance is
r1i.0=1.9492 A. At these temperatures, the o value was
determined theoretically by using a Debye quasiharmonic
model (see Sec. IIIB). Ny, A, |fo(k,7)|, and ¥y(k) were
assumed to be temperature independent.

III. RESULTS AND DISCUSSION

A. Fourier transforms

All the Fourier-transform moduli of the EXAFS spec-
tra exhibit one well-resolved first peak which can be attri-
buted to the six oxygen neighbors (Fig. 2). This peak has
the same profile and the same intensity at all the tempera-
tures in the cubic phase. Around 105 K, which is the
structural phase-transition temperature, the oxygen peak
broadens slightly and its intensity decreases [Fig. 2(b)].
In the tetragonal phase, when the temperature is lowered,
the oxygen peak recovers the intensity and profile ob-
served in the cubic phase. During the first run at about
30 K [Fig. 2(d)] this peak becomes broader with a small
decrease in intensity. It is interesting to notice that the
profiles of the two following peaks, which are mainly due
to the Sr and Ti shells, do not change.

The broadenings which are described above cannot be
due to a temperature gradient in the cryostat or a tem-
perature change during the data recording. Indeed, the
measurements on the crystal and on the powders which
were mounted on the same holder at about 5 cm from
each other have shown that the temperature gradient is
about 0.4 K/cm and the temperature change during the
5-min recording is smaller than 0.5 K. Such temperature
changes cannot explain the observed broadenings.

At lower temperatures [Fig. 2(e)], the oxygen peak re-
covers its sharp profile with a slight increase of its inten-
sity and an important shift of its position. During the
second run, the low-temperature anomaly was found
close to 32 K. In this run after every measurement on
SrTiO,, the EXAFS spectrum of a TiO, powdered sample
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was recorded. The oxygen peak of the TiO, (FT) is not
broader in this temperature range.

B. Debye-Waller factor

To fit the experimental spectra we have used a reduced
form of Eq. (2),
N —202k2 —2rp, o /A
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EXAPFS data allow the determination of the temperature
dependence of the Debye-Waller factor o, of oxygen ions
(Fig. 3). They do not give information on the absolute
values. The Debye-Waller factor determined by EXAFS
experiments is composed of two contributions: a thermal
contribution o and a static disorder contribution o5P.
Following a procedure which has already been used to
explain EXAFS results under pressure,!! the thermal
contribution ag‘ (mean-square relative displacement) was

calculated. Using a Debye quasiharmonic approxima-

tion, (o)? is given by the following relation, "1
2
67 1 T 3%
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Here, M is the average mass of Ti and O ions, wp, is the
Debye cutoff frequency, 6, is the Debye temperature,
and T is the absolute temperature. @, and 1 are integrals
given by the two following relations,
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FIG. 3. Oxygen Debye-Waller factor versus temperature in
SrTiO;. The full line was computed from a purely Debye model
using Eq. (5). The steplike anomaly at 105 K results from the
antiferrodistortive transition.
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FIG. 4. Temperature dependence of oxygen Debye-Waller
factor from 5 to 45 K. The sharp maximum at 31 K is the sig-
nature of a strongly non-Debye behavior. The error bars for the
Debye-Waller factors are the standard errors. The full line is
only a guide for the eyes.

where g, is the Debye wave number.

From the measurements of the elastic constants by
Rehwald,!® a Debye temperature 6, was calculated at
various temperatures by using the Voigt-Reuss-Hill-
Gilvarny approximation. '* The temperature dependence
of (afh)? is shown in Fig. 3 and compared with the experi-
mental results o3. Since only the variation of o3 and not
its absolute value is determined, the calculated value at
124 (or 120 K) was taken as a reference for 3. Conse-
quently, the experimental pomts of o3(T) are shlfted by a
constant value of 3.8X 1073 A% A decrease of o} with
temperature was observed with two anomalies, one small
at about 105 K and another one stronger around 31 K.

C. Discussion

The comparison between o3(T) and (o} h)2 curves gives
information on the static local disorder. From 240 down
to 40 K, the differences between the expenmental and the
calculated values are smaller than 107> A2, Partlcularly
at 105 K the small difference between o} and (o)
(0.5X107? A?) shows that the static disorder of oxygen
ions due to the TiO¢-octahedra rotation is smaller than
2X 1072 A and the transition is essentially driven by the
thermal fluctuations. It should be noted that the shapes
of o3(T) and (of")? curves down to 40 K are compatible
with the results of molecular-dynamics calculations ob-
tained by Mair to describe the temperature dependence of
the mean-square displacement for antiferrodistortive
phase transitions. '°

At about 31 K, a sharp maxxmum of o(T) is found
(Fig. 4). Thls peak is about 3.5X 10~ 3 A? above the mean
value of o2 in this temperature range. This is wel] out-
side the maximum scatter of the points (1.5X10™ 3AY).
This means that a large disorder increases in this temper-
ature range and then disappears for lower temperatures.
The high value of 03(31 K)=7X 1073 A? is the signature
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FIG. 5. Oxygen Debye-Waller factor of TiO, versug tempera-
ture. The standard errors are smaller than 2X 1075 A",

of a large static disorder or a strong anharmonicity in the
Ti-O bonds. In the same temperature range, there is no
anomaly in the behavior of the Debye-Waller factor of
TiO, powders (Fig. 5).

Moreover, even with this high value of o3, xo(k) is not
well fitted (Fig. 6). For the 30-K temperature range, it is
necessary to renormalize the oscillation amplitudes to
reproduce the experimental spectrum. There are three
ways to do so in Eq. (4):

to perturb the terms containing an r; o contribution;

to increase the electron mean free path A,

or to increase the oxygen backscattering amplitude f;.

Extended calculations are needed in order to get a full
understanding of these effects. In the following, we will
describe qualitative models which can fulfill one of the
above conditions. Moreover, these models are all compa-
tible with a strong disorder which is evidenced by the
large Debye-Waller factor.

In a first step, the amplitude misfit may arise from ion-
ic distortions. Within a perfect SrTiO, lattice, we intro-
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FIG. 6. Experimental (full line) and calculated (open squares)
EXAFS oscillations at 30 K of the first oxygen shell in SrTiO;.
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duce a sinusoidal modulation of the Ti-O distances,

2mna
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rro(n)=ro+ A,sin , (8)
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where N, is the number of cells within one modulation
period. The modulation wavelength has been neglected
in regard to the electron mean free path. Thus, the
relevant parameters to fit Eq. (9) to the experimental data
are A,, and 4,,. .

Setting A,, =10, 100, 1000 A and 4,=1073, 1072 A,
the fit is not improved. The oscillation amplitudes are
only changed if 4,=10"! A. But it is unrealistic to
choose such a large A4, value. So, we conclude that an
ionic sinusoidal modulation cannot by itself account for
both the Debye-Waller factor maximum and the ampli-
tude misfit.

Thus, we have to introduce an electronic contribution.
This can be done in Eq. (4) either with the electron mean
free path or within the backscattering amplitude factor
fo.

An increase ‘of the electron mean free path should
affect all the atomic contributions. But, this is incompa-
tible with the observation that there is no change of the
Sr- and Ti-ion contributions.

One could think about a distortion of oxygen orbitals
toward titanium, an effect which is known in ferroelectric
perovskites (hybridization between orbitals Ti 3d and O
2p), ¢ creating an increase of the backscattering ampli-
tude factor. However, there is actually no reason why
this orbital hybridization has to be extremum at a tem-
perature close to 30 K.

So, we conclude that the observed anomalies of the os-
cillation amplitudes cannot be explained by a small
change in Eq. (4) based on a quasiharmonic approxima-
tion. Moreover, our observations must be connected
with the other anomalies recently observed in the TA-
phonon branches,!” in internal friction, and in elastic
compliance'® in this temperature range.

Another unresolved point is the origin of the maximum
disordered state in this temperature range (Fig. 4). If this
disorder arises only from ionic motions within the tetrag-

— 3 sin [2kr0+2kA,,sin—-;:La+¢o(k)’ [1——risinM
0
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where r,) is the spatially averaged Ti-O distance, A,, is the
wavelength of the modulation, n is the unit-cell index,
and a is the lattice parameter. With this hypothesis, the
EXAPFS intensity reads

’ , 9)
I

onal SrTiO; lattice, one has to go beyond a quasiharmon-
ic model. This can be achieved using an order-disorder
picture for the linear displacements of titanium versus its
oxygen cage. In such a case, there are several equilibri-
um positions for the Ti ions and thus several Ti-O dis-
tances. This would increase the Debye-Waller factor at
the temperature where the disorder is maximum.

However, we cannot exclude an extrinsic effect due to
unwanted impurities. An extrinsic disorder, often ob-
served in perovskites, may arise from randomly distribut-
ed centers such as oxygen vacancies!® or Ti3". In potas-
sium tantalate (KTaO;) a dielectric loss anomaly was re-
duced in a fully oxidized sample.?’ We also note that an
anomalous maximum of the oxygen Debye-Waller factor
has been evidenced in other nonstoichiometric com-
pounds such as YBa,Cu,;0,_;.%!

A

m m

IV. CONCLUSION

We have measured EXAFS spectra of SrTiO; at the ti-
tanium K edge. The antiferrodistortive transition at 105
K is clearly seen.

The most salient feature is a strong maximum of the
oxygen Debye-Waller factor at about 31 K. This max-
imum has been evidenced during two separate runs, and
no such effect was found in TiO, powders. An anoma-
lous variation of the amplitude of the EXAFS oscillations
is also found in the same temperature range. A quasihar-
monic model with a sinusoidal modulation of the Ti-O
distances cannot by itself fit the EXAFS data. It is neces-
sary to introduce electronic contributions. These could
arise either from unwanted impurities or from oxygen
electronic-shell motion. In this respect, ab initio calcula-
tions would help understand the possible oxygen-orbital
distortions. To settle the impurity contribution, further
EXAFS experiments are planned, on compounds contain-
ing several heterovalent impurities.
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