Local structure of A-atom in ABOj perovskites studies by RMC-EXAFS
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Abstract

The ferroelectric distortions in perovskites were a subject of numerous investigations for a long time. However, some controversial
results still exist, coming from the analysis of diffraction (X-ray, neutron or electron) data and X-ray absorption spectra. In this
study, our goal was to revisit these classical materials using recently developed methods without imposing any predefined structural
model. Local environment around A-type atom in ABO; perovskites (SrTiO3, BaTiO3, EuTiO3) was studied by X-ray absorption
spectroscopy (XAS) in a wide range of temperatures (20-400 K). Using reverse Monte Carlo method enhanced by evolutionary
algorithm, the 3D structure was extracted from the extended X-ray absorption fine structure (EXAFS) and interpreted in terms of the
radial distribution functions (RDFs). Our findings show that both diffraction and XAS data are consistent, but reflect the structure
of the material from different points of view. In particular, when strong correlations in the motion of certain atoms are present, the
information obtained by XAS might lead to a different from expected shape of the RDF. At the same time, the average positions of
all atoms are in good agreement with those given by diffraction. This makes XAS an important technique for studying interatomic
correlations and lattice dynamics.

Keywords: Extended X-ray absorption fine structure (EXAFS), X-ray absorption near edge structure (XANES), Reverse Monte

Carlo, Correlation effects, Perovskites

1. Introduction

ABOs-type perovskite materials are used in numerous tech-
nological applications such as multi-layer ceramic capacitors,
transducers and actuators, catalysts, electro-optical devices,
waveguides, memory cells (Cohen, 1992).

In this study, we concentrate on BaTiO3, SrTiO3 and EuTiO3
titanates, which exhibit several low-temperature structural
phase transitions (Cohen, 1992; Ravel et al., 1998; Bussmann-
Holder et al., 2011; Koehler et al., 2012).

BaTiOs; (BTO) has the richest phase diagram, and its struc-
ture experiences the most pronounced structural distortions.
The phase transitions in BaTiO3; occur on heating from polar
rhombohedral to orthorhombic phase at 183 K, next to tetrago-
nal phase at 278 K, and, finally, to paraelectric cubic phase at
393 K (Tkacz-/a\miech et al., 2003).

SrTiO3 (STO) has much simpler phase diagram and very
small distortions of the lattice, transforming from tetragonal to
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cubic phase at 105 K. At the same time, at low temperatures
(<30 K), SrTiO3 becomes a quantum paraelectric, because of
the supression of ferroelectric ordering by quantum fluctuations
(Miiller and Burkard, 1979).

This makes BTO and STO a good model objects for further
studies and for interpreting the structural changes that occur in
ABOj;-type perovskite materials.

The third perovskite, EuTiO; (ETO), has less known phase
diagram and is isostructural to SrTiO3. It was considered for
a long time as cubic, but a tetragonal to cubic phase transi-
tion was discovered recently at 282 K (Schiemer et al., 2016).
ETO is even more complex compound, since it has also antifer-
romegnetic phase below Tx=5.5 K, and some anomalies were
discovered around 190 K (Stuhlhofer et al., 2016).

The ABOj; perovskites were intensively studied in the past by
many methods including X-ray absorption spectroscopy (XAS).
The main focus of XAS studies was on the TiOg octahedra re-
sponsible for ferroelectric properties of these materials. The
Ti K-edge X-ray absorption near edge structure (XANES) con-
tains several features, which are sensitive to the local symmetry
and structural distortions (Vedrinskii et al., 1998). The XANES
of A-atoms is less informative, therefore it is not surprising that
the most XANES studies were concentrated on the Ti K-edge
followed by the extended X-ray absorption fine structure (EX-
AFS) experiments (Ravel et al., 1998; Anspoks et al., 2014,
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2015, 2016; Cockayne et al., 2018). However, in many EX-
AFS studies the absorption edge of A-atom was used to vali-
date structure models, especially for solid solutions (Miyanaga
et al., 2002; Mastelaro et al., 2015; Levin et al., 2016).

The A atom is well suited as a reference point since it forms
the sublattice, which determines the unit cell of these per-
ovskites. At the same time ab initio studies (Aschauer and
Spaldin, 2014) show that the displacements of non-lone-pair
A ion are comparable to those of Ti and play significant role
in structural and ferroelectric phase transitions of ABO;3; per-
ovskite. Therefore, we will focus on the local structure of the A
atom in ABO; perovskites. We used recently developed combi-
nation of reverse Monte Carlo and evolutionary algorithm (Tim-
oshenko et al., 2014) to reconstruct the structure of SrTiO;,
BaTiO3 and EuTiO; using the Sr K-edge, Ba K-edge and Eu
L3-edge EXAFS spectra, collected in a wide temperature range
covering the most interesting structural phases.

Most of the XAS studies of titanate perovskites lead to the
results confronting with the data obtained from diffraction ex-
periments and are best summarized in the classical work by Ed-
ward A Stern (Stern, 2004). Most of the discussions result in
a dispute between displacive model of phase transition versus
order-disorder type. Therefore, our goal was to revisit inter-
pretation of EXAFS in these classical materials using recently
developed methods of 3D structure reconstruction.

2. Experimental

The experimental EXAFS spectra at the Ba K-edge of BTO
were collected by Bruce Ravel and experimental details can be
found in (Ravel et al., 1998).

The experimental EXAFS spectra at the Sr K-edge of STO
were collected at the BL7C beamline of Photon Factory in
KEK. The fine powder SrTiO3 (99.99 %) was purchased from
Soekawa Co. Ltd. The spectra were collected in transmis-
sion mode using two ionization chambers and Si(111) double-
crystal monochromator.

Transmission EXAFS measurements at the Eu L;-edge were
performed in g-EXAFS mode at the CLAESS beamline (Si-
monelli et al., 2016) of ALBA Synchrotron (Barcelona, Spain).
The intensity of the monochromatic x-ray beam, produced by a
Si(111) double-crystal monochromator, was measured by two
ionization chambers filled with appropriate mixtures of N, and
Kr gases. For the temperature-dependent XAS measurements,
ETO powder was diluted in an inert matrix (BN) and pressed
into a pellet. The sample was inserted into a liquid-nitrogen
cryostat and the temperature was varied between 77 and 377 K,
controlled by a feedback loop electric heater.

The extraction of the EXAFS spectra was done using conven-
tional methodology and Athena software (Aksenov et al., 20006;
Ravel and Newville, 2005).

A pronounced temperature dependence was observed in all
EXAFS spectra (Fig. 1). The strongest effect is observed in
BTO, because the largest structural changes occur in this com-
pound upon a series of the phase transitions starting from rhom-
bohedral to orthorombic, next to tetragonal and finally to cubic
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Figure 1: Temperature dependent EXAFS and Modulus of the FT-EXAFS spec-
tra for BaTiO3 (Ba K-edge), SrTiO3 (Sr K-edge), EuTiO3 (Eu L3-edge).

phase. At the same time, the main origin of the EXAFS signal
damping in STO and ETO is due to thermal disorder.

3. Reverse Monte Carlo simulations

The EXAFS spectra were analysed by reverse Monte Carlo
(RMC) method based on evolutionary algorithm (EA) imple-
mented in the EVAX code (Timoshenko et al., 2014). In this
method, 3D model of material structure is obtained in a itera-
tive process, involving random displacements of atoms with the
aim to minimize the difference between the experimental and
calculated EXAFS spectra. The equilibrium perovskite struc-
ture was employed as initial configuration for RMC/EA simu-
lations with the lattice parameter and atomic positions known
from diffraction experiments. We used a supercell 4x4x4 con-
taining 640 atoms with periodic boundary conditions, and the
lattice parameter and shape of the supercell were fixed during
simulations.

The configuration averaged EXAFS spectra were calcu-
lated using ab-initio real-space multiple-scattering (MS) self-
consistent FEFF8.5L code (Ankudinov et al., 1998). Scattering
paths with the half-length up to 7.0 A were determined for each
atomic configuration and used in the calculations. The MS ef-
fects with up to seven scatterers were taken into account. For
comparison of the experimental and theoretical EXAFS spec-
tra in k and R spaces simultaneously, we relied on the Morlet
wavelet transform (Timoshenko and Kuzmin, 2009). The ob-
tained 3D structural model was used to calculate all structural
parameters via statistical analysis of atomic coordinates. More
technical details are given in Timoshenko et al. (2014).
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Figure 2: Model radial distribution function (RDF) for Ba—O at 7=40 K com-
pared to RDF and single atom distribution function (SADF) obtained from
BaTiO3; Ba K-edge EXAFS spectra using our RMC/EA-EXAFS analysis.

4. Results and discussion

The low temperature rhombohedral phase of BaTiO3; was
used as a starting point of our analysis as it is one phase where
the most parties agree (Ravel et al., 1998; Stern, 2004) and
lattice distortions (compared to cubic phase) are big and well
analysed by x-ray and neutron diffraction methods. Accord-
ing to diffraction data (Kwei et al., 1993), it contains twelve
oxygen atoms around each Ba atom, and Ba—O distances can
be grouped into three groups: 3x2.786 A, 6x2.828 A and
3%2.886 A. This information was used to calculate the radial
distribution function (RDF) as a sum of three Gaussians (dashed
line in Fig. 2). The widths of Gaussian peaks were taken
as 0.044 A(best matching experimental data and representing
combination of O and Ba atomic mean squared displacements).
This naive approach corresponds to the model of non-correlated
atoms and harmonic interatomic potentials. Note that thus ob-
tained RDF has rather symmetric shape with a weak shoulder
towards long distances.

The atomic coordinates obtained from RMC-EXAFS simu-
lations (Timoshenko et al., 2014; Anspoks et al., 2015; Tim-
oshenko et al., 2016) were used to calculate two distribution
functions: (i) the RDF(Ba-O) for the Ba—O distances (dotted
line in Fig. 2), and (ii) the single atom distribution function
(SADF) for oxygen atoms relative to the average position of
the Ba atom (solid line in Fig. 2). Note that the SADF(O) does
not include any correlation effects. Comparing the model RDF
with the SADF(O), one can see that the two functions have quite
close shapes but the SADF(O) maximum is shifted to larger
distances by ~0.3 A. At the same time, the RDF(Ba-O) has
two well resolved peaks located at ~2.8 A and ~2.9 A and,
thus, it differs significantly from both the model RDF and the
SADF(O).

The difference between interatomic distances obtained by
diffraction (R) and EXAFS (r) is due to the atom displacements
in the direction orthogonal to the interatomic bond (Fornasini

etal., 2017)
r=R+{(Au,>)/2R, (D

where (Au,?) is the perpendicular mean-square relative dis-
placement (MSRD). Therefore, one can expect to have slightly
longer Ba—O distances from EXAFS analysis than from diffrac-
tion data, and the difference between the two gives valuable
information on the perpendicular MSRD (Au 12). The differ-
ences in the amplitude of perpendicular motion for different
atom groups may result in the change of the RDF shape.

Another factor affecting the width of the RDF is a correla-
tion of atom motion along the interatomic direction (Rehr and
Albers, 2000)

OBa—0” = (ug,) + (ud) — 2Aupalo), 2)

where the first two terms are the mean-square displacement
(MSD) factors for Ba and O atoms, and the last term is a dis-
placement correlation function for the pair of Ba and O atoms.
Note that both of these effects (1) and (2) can change the shape
of the RDF, resulting in bi-modal shape of RDF for Ba-0O, as
shown in Fig. 2. Similar splitting of RDF peaks is observed also
in for Ba-Ti pair (Fig. 3).

Comparing RDF for all phases of BTO, we see that it is
widening with the increase of temperature as amplitude of
atomic vibrations increase, but the two groups of Ba-Ti dis-
tances are maintained in all phases. At the same time, the distri-
bution of the nearest neighbors Ba—O distances for all temper-
atures is noticeably wider than that for Ba—Ti as second near-
est neighbor, despite that a spread of the Ba—Ti distances for
equilibrium positions (1x3.370 A, 3x3.430 A, 3x3.501 A and
1x3.583 A at 40 K) is comparable to that for Ba—O (3x2.786 A,
6x2.828 A and 3x2.886 A at 40 K). Usually it is expected that
RDF becomes wider for further coordination shells as a corre-
lation diminishes with increasing of the distance Jonane et al.
(2018). So, it is a very clear indicator that we have observed a
pronounced Ba-Ti correlation in the second coordination shell
of Ba. Also, recent theoretical studies about precursor effects
and coexistence of order-disorder and displacive dynamics in
perovskite ferroelectrics Bussmann-Holder et al. (2009) show
that the correlation between nearest unit cells is maintained
even at high temperatures including cubic paraelectric phase.

As TiOg octahedra is formed by a strong Ti—O covalent bond-
ing (Abramov et al., 1995; Ikeda et al., 1998), so oxygen ions
are more linked to Ti and it is no surprise that Ba—O movements
are less correlated especially taking into account ionic bonding
and twelve-fold coordination of Ba—O.

SrTiOs is another classical example. STO has cubic structure
which becomes tetragonal below Tg = 105 K. Corresponding
lattice distortions are small compared with BTO, so, it is a good
test for small scale distortions to evaluate the sensitivity of the
method.

Looking on radial distribution function for STO covering
tetragonal and cubic phases, we see very similar to BTO trends.
For Sr—O RDF we do not see any specific behavior as the dis-
tortions relative to cubic phase are small. Whereas Sr-Ti RDF
shows two groups of atoms at 3.35 A and 3.45 A similar to the
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Figure 3: Radial distribution functions (RDF) for Ba-O, Ba-Ti, Sr-O, Sr-Ti,
Eu-0, Eu-Ti at different temperatures obtained from BaTiO3, SrTiO3, EuTiO3
EXAFS spectra using our RMC/EA-EXAFS analysis.

BTO, but closer to each other than in BTO. Also the shape of
RDF is less changing with the temperature.

Taking into account data for STO, we now can have a fresh
look on EuTiO3 which is isostructural to STO, so, we expect
the same RDF shape. But in reality we obtain two well sepa-
rated and sustainable groups for Eu—O, and one group for Eu-Ti
for the whole temperature range. The very important difference
between ETO and STO is magnetic interaction which has an
effect also in high temperatures far above Ty=5.5 K, for ex-
ample, temperature for cubic-tatragonal phase transition can be
changed by magnetic field (Guguchia et al., 2012).

5. Conclusions

By RMC/EA-EXATFS analysis we obtained original informa-
tion about the local atomic structure of A ion in perovskites
BaTiOs3, SrTiO3, EuTiO3 showing dynamic correlation effects
of A ion with ions in the first and second coordination shell (A—

O and A-Ti). These correlation effects lead to different shapes
of RDF relative to the instant position of the A ion (absorber)
compared to ones expected in uncorrelated model.

BTO, STO and ETO have strong Ba-Ti, Sr—Ti and Eu-Ti
correlations showing that A ion plays active role in formation
of ferroelectric and other ferroic phases in ATiO3 perovskites.

ETO (isostructural to STO) has pronounced Eu—O correla-
tion effects, and different Eu—Ti correlation compared to STO,
caused by presence of magnetic effects.

Our observation support assumptions (Bussmann-Holder
et al., 2009) that the correlations between nearest unitcells are
maintained at all temperatures in all phases including cubic
phase. We must note that these are dynamic correlations not
static distortions. At the same time, with our analysis we con-
firm that the average atomic positions correspond to the data
obtained from diffraction.
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