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We report an investigation of the local structure in homovalent-substituted
BaTi1�xZrxO3 relaxors by a combination of experimental and theoretical
methods, namely neutron total scattering, X-ray absorption spectroscopy, and
supercell ab-initio calculations. It is shown that unlike Zr atoms, Ti atoms are
largely displaced in their octahedra, and are thus associated with strong local
dipole moments. Besides, we give evidence that the difference in the size of Ti4þ

and Zr4þ cations leads to a significant size mismatch of the Ti–O6 and Zr–O6

octahedra. When they link to form the perovskite structure of BaTi1�xZrxO3, the
O6 octahedra undergo slight distortions in order to accommodate their different
sizes. It is shown that they are compressed in the direction of Zr neighbors, and
expanded in the direction of Ti neighbors. The polar Ti displacements, which are
sensitive to the octahedral distortions, then become constrained in their
orientation according to the local Zr/Ti distribution. Such constraints impede a
perfect alignment of all the Ti displacements as existing in the classic ferroelectric
BaTiO3. Our results shed light on the structural mechanisms that lead to
disordered Ti displacements in BaTi1�xZrxO3 relaxors, and probably in other
BaTiO3-based relaxors with homovalent substitution.

Keywords: ferroelectrics; relaxor ferroelectrics; local structure; pair distribution
function; X-ray absorption spectroscopy; supercell ab-initio calculations

1. Introduction

Relaxors form a fascinating class of materials which exhibit complex structural and

dynamical behaviors on multiple time and length scales [1], with important technological

applications such as capacitors and piezoelectric devices [2]. They are characterized by a

broad and frequency-dependent maximum of the dielectric permittivity as a function of
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temperature, in strong contrast to the sharp and frequency-independent anomalies

observed in classic ferroelectrics. With decreasing temperature, most relaxors do not

undergo structural phase transition but develop a nanoscale structure that consists in polar

atomic displacements with short-range correlations (the so-called polar nanoregions). The

directions of displacements are different in distinct polar nanoregions, which leads to a

canceled macroscopic polarization.

Chemical substitution was shown to be essential to obtain the relaxor properties, for it

introduces spatial fluctuations of bonds and charges [3]. The charge fluctuations, which

occur in the case of a heterovalent substitution (e.g. Mg2þ/Nb5þ in the canonical relaxor

PbMg1/3Nb2/3O3), were long considered as the main driving force at the origin of the

formation of polar nanoregions [4]. Nevertheless, the relaxor behavior is also observed in

several lead-free BaTiO3-based solid solutions with a homovalent substitution, as

exemplified by BaTi1�xZrxO3 (0.25� x� 0.50) [5]. Such systems are of fundamental

interest, as they offer the opportunity to isolate and study the role of lattice deformations

in the appearance of the relaxor behavior.

Accurate descriptions of the atomic structure are crucial for understanding the physical

properties of relaxors ferroelectrics. In the perovskite structure of BaTi1�xZrxO3, the local

dipole moments in the polar nanoregions are related to cation shifts inside their negatively-

charged cubo-octahedral or octahedral cages. Besides, distortions of the oxygen atoms’

network are expected due to the large difference in the size of the substituted Zr4þ and Ti4þ

cations (rTi4þ ¼ 0.605 Å, rZr4þ ¼ 0.72 Å) [6]. In ferroelectric compounds, such distortions

affect the amplitude and/or orientation of the local dipole moments. In the particular

case of BaTi1�xZrxO3 relaxors, it has been proposed that the finite correlation length of

the local dipole moment orientations is related to chemically-induced random local

strains [7–9].

The analysis of the Bragg peaks in BaTi1�xZrxO3 relaxors reveals a cubic crystallo-

graphic structure [10], in which the Ti and Zr atoms lie at the center of identical, regular

octahedra. Due to the assumption of periodicity underlying such an analysis, the cation

displacements and structural distortions expected in BaTi1�xZrxO3 relaxors are averaged

to zero. On the other hand, local structural probes have been proven to overcome such a

limitation in the study of relaxor ferroelectrics [11–23]. In this article, we review our

investigations of the local structure of BaTi1�xZrxO3 relaxors, which were conducted by

means of neutron total scattering, EXAFS at the Zr K-edge, and supercell ab-initio

calculations [24–26]. A previously unpublished interpretation of the EXAFS data at the Zr

K-edge is added, which allows us to properly establish the consistency between those and

our more recent ab-initio calculations. Our aim is to provide the reader with an accurate

and comprehensive description of the structural mechanisms which relate chemical

substitution and disordered polar displacements in the BaTi1�xZrxO3 system.

In the following, we first consider in Section 2 the pair distribution functions obtained

from neutron total scattering, which offer an overall description of the TiO6 and ZrO6

octahedra. We show that the local dipole moments in BaTi1�xZrxO3 relaxors are mainly

due to the Ti atom displacements, and give evidence for a large size difference between the

Ti–O6 and Zr–O6 oxygen cages. In Section 3, we consider how the Ti–O6 and Zr–O6 cages

accommodate their size mismatch to form the perovskite structure. Based on previously

unpublished fits of the EXAFS data at the Zr K-edge and supercell ab-initio calculations,

we show that the octahedral cages are distorted according to the local Ti/Zr repartition.

As shown in Section 4, these distortions influence the polar Ti displacements, which then

become constrained in their orientation according to the local Zr/Ti distribution. Our

results are finally summarized and discussed in Section 5.
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2. Description of the ZrO6 and TiO6 octahedral units

In order to give an overall view on the local structure in BaTi1�xZrxO3 relaxors, we first

consider their pair distribution functions (PDFs). A PDF is obtained as the Fourier

transform (FT) of the normalized X-ray or neutron total scattered intensity. It consists in a

histogram of all the interatomic distances present in a sample, each pair of atoms giving

rise to a peak weighted by the product of their scattering powers [27]. In the case of

BaTi1�xZrxO3, neutron scattering is particularly suited to study the differences between

local structures around Ti- and Zr-atoms; indeed, the opposite signs of Ti and Zr neutron

coherent scattering lengths (bTi ¼�3.30 fm and bZr ¼ 7.16 fm) result in opposite sign

contributions of the Ti–O/Ti–Ba and Zr–O/Zr–Ba pairs to the PDFs.

Figure 1 represents the PDFs of BaTiO3, BaTi0.65Zr0.35O3 (vertical shift þ4), and

BaZrO3 (vertical shift þ8) as determined from neutron total scattering measurements

performed on the D4 diffractometer at the Institute Laue-Langevin (ILL). Details about

sample preparation and data treatment can be found in [28] and [25], respectively. The

weighted sum of the PDFs of BaTiO3 (65%) and BaZrO3 (35%), represented as a line, is

superimposed to the PDF of BaTi0.65Zr0.35O3. A remarkable agreement is found in the

r-range [1.65–3.25 Å] that corresponds to the Ti–O, Zr–O, and O–O interatomic distances

inside TiO6 and/or ZrO6 octahedra, and the Ba–O and O–O interatomic distances inside

the BaO12 cubo-octahedra. This observation implies that the distributions of distances

between the closest neighbors remain unchanged in BaTi1�xZrxO3 relaxors with respect to

the end-members BaTiO3 and BaZrO3. On the contrary, the weighted sum of the PDFs of

BaTiO3 and BaZrO3 poorly reproduces the PDF of BaTi0.65Zr0.35O3 beyond 3.25 Å,

showing the influence of the chemical substitution on the longer pair arrangements.

Similar observations could be made for the BaTi0.68Zr0.32O3 and BaTi0.75Zr0.25O3 relaxors

as well [25].

Figure 1. Experimental PDFs of BaTiO3, BaTi0.65Zr0.35O3 (vertical shift þ4), and BaZrO3 (vertical
shift þ8) at 300K (circles). For BaTi0.65Zr0.35O3, the experimental PDF is compared with the
weighted sum of the experimental PDFs of BaTiO3 (65%) and BaZrO3 (35%). A remarkable
agreement is found in the r-range [1.65–3.25 Å] delimited by the two vertical dashed lines.
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The Ti–O (resp. Zr–O) and O–O distance distributions are related to the structure of

the TiO6 (resp. ZrO6) octahedra. Even if the information on interatomic distances does not

allow a complete description of the structure in three dimensions, the similarity of the

Ti–O and Zr–O distance distributions BaTi1�xZrxO3 and in BaTiO3/BaZrO3 suggests that

the TiO6 and ZrO6 octahedra are similar in BaTi1�xZrxO3 relaxors and in the end-member

compounds. As a result, it is possible to discuss both the Ti/Zr displacements and the

deformation of the O6 cages in BaTi1�xZrxO3 relaxors from the known structures of

BaTiO3 and BaZrO3.

TiO6 octahedra: The classic ferroelectric BaTiO3 undergoes three structural phase

transitions as the temperature decreases: cubic to tetragonal at 393K, tetragonal to

orthorhombic at 278K, and orthorhombic to rhombohedral at 183K. It was shown that

despite these changes in macroscopic symmetry, at 300K the TiO6 octahedra present a

similar structure as in the low-temperature rhombohedral phase [29]. In the structure

reported for BaTiO3 at 15K, the Ti atoms are shifted by 0.18 Å in the [111]p direction of

the pseudo-cubic perovskite unit cell, i.e. toward a face of their octahedron [30]. The

average Ti–O distance is found equal to 2.03 Å. In view of transposing this structure to the

case of BaTi1�xZrxO3 relaxors, it is nevertheless important to note that the PDF gives a

Ti–O distance distribution that is averaged on all the Ti sites. In relaxor compounds, the

existence of disordered Ti displacements is probable and in this case, the aforementioned

Ti displacement characteristics apply to a mean Ti displacement vector. Moreover, the

limited r-resolution of our PDFs and the superposition of the Ti–O and Zr–O pair

contributions prevent from clearly distinguishing (average) Ti displacements in the [111]

direction or in other directions. In any case, the very broad Ti–O distance distribution

[1.65–2.45 Å] is a signature of large Ti polar displacements.

ZrO6 octahedra: BaZrO3 crystallizes in the ideal, cubic Pm�3m perovskite structure,

with a cell parameter equal to 4.194 Å [31,32]. In this compound, the local structure is

considered to be identical to the cubic crystallographic structure [33]. The Zr atoms thus lie

at the center of regular oxygen octahedra, the mean Zr–O distance being equal to 2.10 Å.

By transposing this description of the TiO6 and ZrO6 octahedra to the case of

BaTi1�xZrxO3 relaxors, we can conclude that the Ti atoms, unlike the Zr atoms, are largely

displaced in their octahedra and hence play a significant role in the local polarization.

Moreover, the ZrO6 and TiO6 octahedra, which coexist in BaTi1�xZrxO3 relaxors, exhibit

very different sizes (mean Ti–O distance: 2.03 Å, mean Zr–O distance: 2.10 Å).

3. Accommodation of TiO6 and ZrO6 size mismatch in BaTi1�xZrxO3 relaxors

3.1. EXAFS study at the Zr K-edge

Despite their large size difference, the Ti–O6 and Zr–O6 oxygen cages link together to form

the perovskite structure. This implies that they undergo small and fluctuating distortions

with respect to the average structures described above. A first step toward the description

of these distortions is to determine the Ti–Ti, Ti–Zr, and Zr–Zr distances that characterize

the link between octahedra in BaTi1�xZrxO3 relaxors. In PDFs, however, all those pairs

contribute in the same r-range [3.70–4.40 Å], together with the Ba–Ba and O–O pairs

(Figure 1). To overcome this difficulty, we considered the partial distribution functions

as given by Extended X-ray Absorption Fine Structure (EXAFS). In the case of

BaTi1�xZrxO3, the Zr–Zr and Zr–Ti distances are accessible from the analysis of EXAFS

at the Zr K-edge. Unfortunately, the Ti–Ti distance cannot be obtained from EXAFS data

at the Ti K-edge, since the presence of the Ba LIII edge prevents measuring the EXAFS
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oscillations at the Ti K-edge in a sufficiently large energy range. In the following, we will

consider solely X-ray absorption experiments at the Zr K-edge which were carried out on

the FAME-BM30B beamline at the European Synchrotron Radiation Facility (ESRF) on

several BaTi1�xZrxO3 relaxors (x¼ 0.25, 0.30, and 0.35), and on BaZrO3 for reference

purposes. The EXAFS data were collected at room temperature for all samples, as well as

at 10K for BaZrO3 and at 10K, 90K, and 150K for BaTi0.65Zr0.35O3. Details on sample

preparation and extraction of the experimental EXAFS signals can be found in [28] and

[24], respectively.

An EXAFS experiment consists in measuring the energy dependence of the X-ray

absorption coefficient near an absorption edge of a given atom in the sample. The

scattering of the photoelectron by the neighbors of the central absorbing atom introduces

oscillations of the absorption coefficient after the energy edge. The EXAFS signal �(k) is

defined as the oscillatory part of the absorption coefficient, k being the photoelectron

wavenumber. It depends on the local structure around the absorbing atom and is

expressed as a sum of contributions from different paths, each path i corresponding to a

given scattering process of the photoelectron [34]:

�ðkÞ ¼ �S2
0

X

i

NiAiðkÞ
kRi

2
e�2k2�2

i e�2Ri=�ðkÞ sin 2kRi þ 2�cðkÞ þ �iðkÞð Þ,

where Ni is the degeneracy of path i, Ri its half-length and Ai(k) its effective scattering

amplitude. The Debye–Waller (DW) factor �2
i is the standard deviation of the Ri

distance distribution, assumed to be Gaussian. It takes into account both the thermal

disorder and a possible small structural disorder. �c(k) and �i(k) are phase shifts

associated with the electron propagating into and out the potentials of the absorbing

site and scattering sites, respectively. The other parameters are the photoelectron

mean-free path �(k) and an overall amplitude factor S2
0, close to 1, which accounts

for many-electron effects in the excited central atom. Values of the structural

parameters Ni, Ri, and �2
i can be obtained by fitting �(k) to the experimental EXAFS

signal.

The amplitudes and phases of all possible scattering paths were calculated by using the

FEFF8.00 code [35], for an atomic cluster of 145 atoms representative of the Pm�3m

perovskite structure of BaZrO3. In order to take into account the Ti atoms present in

BaTi1�xZrO3, paths were also determined for a hypothetical cluster of BaTiO3 in the

Pm�3m perovskite structure with a single Zr impurity as the absorbing atom. In our fitting

procedure we kept only the paths with a relative amplitude higher than 2.5%, since they

are the only ones that significantly contribute to the calculated �(k). They are represented

in Figure 2.

The FTs of selected k2-weighted experimental EXAFS signals calculated in the R-range

[0–5 Å], as described in [24], are given in Figure 3.1 The first contribution to the FTs,

at R-values lower than 2.5 Å, includes only a back-scattering process on one of the six first

oxygen (O) neighbors of the central Zr atom (path 1 in Figure 2). The second contribution

found in the R-range [2.5–4.5 Å] results both from back-scattering processes on the second

(Ba), third (Zr or Ti), or fourth oxygen (O2) neighbors of the Zr atom (paths 1, 2, 3, and 10

in Figure 2), and from several multiple scattering processes (paths 4–9 in Figure 2).

One can see in Figure 3 that the first peak of the FTs is nearly identical at 300K in

all relaxor samples and in BaZrO3, which suggests very close first neighbor environments

of the Zr atoms whatever the Zr substitution rate. Fits to the experimental EXAFS

signals in the R-range [1.14–2.33 Å], which were published in [24], showed that indeed
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the mean Zr–O distance is equal in all the BaTi1�xZrxO3 relaxors studied (x¼ 0.25, 0.30,

and 0.35) and in BaZrO3. This result is fully consistent with the conclusions obtained

from the PDF analysis. On the other hand, the DW factors fitted in the same study for

the Zr–O distances were found to be systematically higher in BaTi1�xZrxO3 relaxors

than in BaZrO3. This observation is interpreted as the signature of a small static

distribution of the Zr–O distances in relaxor samples which does not exist in BaZrO3,

with a full width at half maximum in the range [0.05–0.06 Å] depending on the Zr

substitution rate.2 This static distribution of the Zr–O distances could be due to either

deformations of the Zr–O6 oxygen cages, or a small displacement of the Zr atoms

inside their oxygen cages. In the latter case, the displacement amplitude would be below

0.05 Å [36].

For R-values larger than 2.5 Å, the FTs of BaZrO3 and BaTi1�xZrxO3 relaxors differ

significantly. This can be explained by the presence of Ti third neighbors in the relaxor

samples, as well as distortions caused by the Ti/Zr size difference. In order to characterize

the local structure of BaTi1�xZrxO3 relaxors beyond the ZrO6 octahedron’s scale, we fitted

calculated FTs to the experimental ones in the R-range [1.14–4.52 Å] (24.16 independent

points), by using the FEFFIT program [37]. The parameter DE0, which takes into account

Figure 2. Representation of the photoelectron scattering paths that contribute to the first and
second peaks of the FT modulii of the EXAFS signal, determined for BaZrO3 by using the
FEFF8.00 code. The oxygen atoms, which are not represented, lie at the corners of the octahedra.
When considering the EXAFS signal of BaTi1�xZrxO3 relaxors, one has to take into account 30, 50,
and 80 paths for which the backscattering Zr atoms are replaced with Ti ones.
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the small difference between the experimental edge energy E0 and its value calculated by

FEFF8.00, was fixed to the value found in [24], as well as S2
0. We constructed a structural

model based on the scattering paths represented in Figure 2. The electronic parameters

Ai(k), �i(k), �c(k), and �(k) were calculated with the FEFF8.00 code. The path degeneracies

were assumed to be the same as in an ideal Pm�3m perovskite structure. A parameter NZr

was introduced, which represents the average number of Zr neighbors around the Zr

central atom. Its value was fixed to 6x, the value expected in the case of a random Zr/Ti

substitution. All the mean interatomic distances (dZr�O, dZr�Ba, dZr�Ti, dZr�Zr, and dZr�O2)

were supposed to be independent. However, note that this model can only probe

expansion/compression deformations, i.e. atoms in the Zr–O–Ti and Zr–O–Zr chains are

assumed to be aligned. In the case of angularly deformed Zr–O–Ti and Zr–O–Zr chains

indeed, the amplitude parameters of the multiple scattering paths 5, 50, 8, and 80 would
have to be modified [38]. Finally, we took into account the relations that exist between the

DW factors of the different paths [24] in order to minimize the number of fitted

parameters. Relations between local structure parameters and path parameters are

summarized in Table 1. The dZr�O and �2
O parameters being fixed to the values obtained

from a separate fit in the R-range [1.14–2.33 Å] [24], eight parameters were refined: dZr�Ba,

�2
Ba, dZr�Ti, �2

Ti, dZr�Zr, �2
Zr, dZr�O2, and �2

O2. The calculated FTs obtained for this

structural model are in excellent agreement with the experimental ones at all temperatures

(Figure 4). The refined value of each parameter is presented in Table 2.

A value of 4.153� 0.005 Å is found for the dZr�Zr distance in BaTi0.65Zr0.35O3.

Reminding our hypothesis of linear Zr–O–Zr chains, the two Zr–O distances can be

estimated at dZr�Zr/2¼ 2.08 Å. The latter value is slightly shorter than the mean Zr–O

distance (dZr�O¼ 2.10 Å), but belongs to the interval [2.04–2.16 Å] of the aforementioned

static distribution of the Zr–O distances. In the framework of the present model, one can

Figure 3. FTs of the k2-weighted Zr K-edge EXAFS signals of BaZrO3, BaTi0.75Zr0.25O3,
BaTi0.70Zr0.30O3, and BaTi0.65Zr0.35O3 at 300K. The imaginary part and the modulus of the FTs
are plotted with dashed and solid lines, respectively.
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Figure 4. Modulus and imaginary part of the FT of k2�(k) at either 10K or 300K, for
BaTi1�xZrxO3 relaxors. The dots represent measured data and the solid lines their best fit, obtained
with the parameters values given in Table 1.

Table 1. Relation between paths parameters and structural parameters in the model used to analyze
the EXAFS data of BaTi1�xZrxO3 relaxors.

Index Scattering process Ni Ri �2
i

1 Zrc!O!Zrc 6 dZr�O �2
O

2 Zrc!Ba!Zrc 8 dZr�Ba �2
Ba

3 Zrc!Zr!Zrc NZr dZr�Zr �2
Zr

30 Zrc!Ti!Zrc (6-NZr) dZr�Ti �2
Ti

4 Zrc!O0 !O!Zrc 6 2dZr�O �2
O

5 Zrc!Zr!O!Zrc 2 NZr dZr�Zr �2
Zr

50 Zrc!Ti!O!Zrc 2 (6-NZr) dZr�Ti �2
Ti

6 Zrc!O0 !Zrc!O!Zrc 6 2dZr�O �2
O

7 Zrc!O!Zrc!O!Zrc 6 2dZr�O 2�2
O

8 Zrc!O!Zr!O!Zrc NZr dZr�Zr �2
Zr

80 Zrc!O!Ti!O!Zrc (6-NZr) dZr�Ti �2
Ti

9 Zrc!Ba!O!Zrc 48
dZr�Oð1þ

ffiffiffi
2

p
Þ þ dZr�Ba

2
�2
O

10 Zrc!O2!Zrc 24 dZr�O2 �2
O2

Note: Zrc denotes the central absorbing Zr atom.
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assume that Zr–O–Zr bondings involve two short Zr–O distances from the 0.06 Å wide

static distribution, and hence that the Zr–O–Ti bondings involve the longest Zr–O

distances. The EXAFS data are thus compatible with a model of the local structure where

the Zr–O6 octahedral cages are compressed in the direction of Zr neighbors, and expanded

in the direction of Ti neighbors (Figure 5a). The mean Zr–Ti distance dZr�Ti is refined to

4.093 Å in BaTi0.65Zr0.35O3. In the hypothesis that the longest [2.10–2.16 Å] Zr–O distances

are involved in the Zr–O–Ti bonding, the expected values of Ti–O distances fall in the

interval [1.93–1.99 Å]. These values are lower than the mean Ti–O distance measured from

the PDFs (2.03 Å), which can be interpreted in two possible ways: (1) the Ti–O6 oxygen

cages are compressed in the direction of Zr neighbors, and/or (2) the Ti atoms preferably

shift toward their Zr neighbors. Similar conclusions can be obtained for all BaTi1�xZrxO3

relaxors studied. Moreover, our results show that the local structure hardly changes as the

temperature decreases down to 10K.

A dZr�Zr distance shorter than twice the dZr�O can also be obtained through angular

deformations of the Zr–O–Zr chains. It was shown that a structural model based on such

deformations allows an excellent agreement between calculated and experimental FTs of

the EXAFS signal of BaTi1�xZrxO3 relaxors [24]. The refined values of the buckling angles

of the Zr–O-Zr and Zr–O–Ti chains then differ significantly (�19� and less than 10�,
respectively).3 In this model, the ZrO6 octahedra thus undergo angular distortions, the

amplitude of which directly depends on the local Ti/Zr repartition (Figure 5b).

In conclusion, EXAFS experiments at the Zr K-edge do not allow determining the

nature of the distortions caused by the assemblage of small Ti–O6 and large Zr–O6 oxygen

cages in the perovskite structure of BaTi1�xZrxO3 relaxors. However, they provide

evidence that the Zr–O6 oxygen cages are distorted depending on the local distribution of

Table 2. Structural parameters deduced from the EXAFS analysis in the R-range [1.14–4.52 Å], for
BaTi1�xZrxO3 relaxors.

x¼ 0.35 x¼ 0.30 x¼ 0.25

10K 90K 150K 300K 300K 300K

dZr�O (Å) 2.096 2.098 2.096 2.099 2.101 2.104

�2
O (Å2) 0.0035 0.0038 0.0038 0.0048 0.0048 0.0043

dZr�Ba (Å) 3.565 3.566 3.565 3.568 3.564 3.556

�2
Ba (Å2) 0.0037 0.0042 0.0049 0.0072 0.0069 0.0059

dZr�Zr (Å) 4.145 4.149 4.148 4.153 4.153 4.159

�2
Zr (Å

2) 0.0021 0.0023 0.0025 0.0040 0.0039 0.0041

dZr�Ti (Å) 4.088 4.092 4.089 4.093 4.088 4.081

�2
Ti (Å

2) 0.005 0.005 0.006 0.008 0.008 0.008

dZr�O2 (Å) 4.58 4.58 4.58 4.59 4.58 4.58

�2
O2 (Å2) 0.009 0.009 0.010 0.013 0.014 0.012

RF (%) 0.35 0.67 0.56 0.83 0.74 0.56

Notes: The values found in [24] for dZr�O and �2
O are recalled but were fixed during the fitting

procedure to the values found in [24]. The uncertainties are of the order of �0.003 Å, �0.0002 Å2,
�0.007 Å, �0.0004 Å2, �0.005 Å, �0.001 Å2, �0.01 Å, �0.002 Å2 for dZr�Ba, �

2
Ba, dZr�Ti, �

2
Ti, dZr�Zr,

�2
Zr, dZr�O2, and �2

O2, respectively. The reliability of fit (RF) given by FEFFIT is reported on the
last line.
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Ti and Zr atoms. Similar information remains unknown for the Ti–O6 oxygen cages, due

to the inaccessibility to proper EXAFS data at the Ti K-edge.

3.2. Supercell ab-initio calculations

To gain further insight into the Ti–O6 and Zr–O6 oxygen cage distortions and their

dependence on the local Ti/Zr distribution, we performed supercell ab-initio calculations

on the BaTi0.74Zr0.26O3 relaxor [26]. Atomic positions were optimized in three 135-atom

supercells representing three different averaged chemical short range arrangements,

starting from the cubic Pm�3m perovskite structure. We then studied the dependence of the

local structure on the Ti/Zr distribution by means of a statistical analysis of the relaxed

supercells.

The angular distortions of octahedra are found smaller than 1�, which precludes the

structural model with different buckling angles of the Zr–O–Zr and Zr–O–Ti chains

(Figure 5b). On the other hand, distortions that involve elongations and/or compressions

of the O6 cages are clearly evidenced. Figure 6 shows the calculated G–O distance

distributions inside the TiO6 and ZrO6 octahedra, G being the center of mass of the six

oxygen atoms that form an octahedron. The G–O distances in G–O–Ti and G–O–Zr

chains are separated and represented in dark green and light magenta, respectively. It is

found that the shortest G–O distances are observed when the neighboring octahedral site is

(a) (b)
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O
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t.
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u
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 d
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Figure 5. Planar schematic view of ZrO6 octahedra distortions in BaTi1�xZrxO3 relaxors. The
oxygen cages are represented in black, while the Ti and Zr atoms appear in light magenta and dark
green, respectively. In the present model (a), the length of a Zr–O bond depends on the chemical
nature of the facing neighbor. As a result, the ZrO6 octahedra are compressed/elongated according
to the local Ti/Zr distribution. In the model presented in [24] (b), the Zr–O distances fluctuate, but
there is no relation between their length and the chemical environment. In this case, however, the
ZrO6 octahedra undergo angular distortions, the amplitude of which depends on the local Ti/Zr
distribution. Note that both the (a) and (b) models yield a very good agreement between the
calculated and experimental FTs of the EXAFS signals.
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occupied by a Zr atom, while the longest ones occur when the neighboring octahedral site

is occupied by a Ti atom. Hence, ZrO6 and TiO6 octahedra are compressed in the direction

of Zr neighbors, and expanded in the direction of Ti neighbors. Concerning ZrO6

octahedra, this conclusion perfectly corresponds to the first structural model discussed in

Section 3.1 (Figure 5a).

4. Strain effects on the local dipole moments

In ferroelectric materials, a close relation exists between atomic polar displacements and

strain [39]. The chemically-induced compression/elongation distortions of the Ti–O6

oxygen cages are thus expected to lead to disordered Ti polar displacements in

BaTi1�xZrxO3 relaxors, which would be at least partly determined by the local Zr/Ti

distribution. In order to investigate this point, the Ti displacement vectors away from the

center of mass of their surrounding oxygen cages were calculated from the relaxed

supercells of BaTi0.74Zr0.26O3. They are represented in Figure 7, the x-, y-, and z-axes being

parallel to the Cartesian axes of the supercell (i.e., parallel to the octahedra’s axes before

structural relaxation). One can first observe that the Ti atoms with six Ti neighbors are

displaced in one of the eight h111i directions, as it is the case in BaTiO3 (Figure 7a). When

Figure 6. Distribution of the distance between the center of mass of oxygens (denoted G) and the
oxygens calculated from the relaxed supercells of BaTi0.74Zr0.26O3: (a) for the Zr–O6 octahedra and
(b) for the Ti–O6 octahedra. The G–O segments that are directed toward Zr and Ti neighbors are
represented in light magenta and dark green, respectively. The arrows mark the mean G–O distances
calculated for the Zr–O6 and Ti–O6 octahedra.
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there are one or two Zr neighbors lying on the x-axis (Figure 7b), the polar Ti

displacements are found to be systematically oriented in the four [011], ½0�11�, ½01�1�, and
½0�1�1� directions, i.e. there is no displacement component on the Zr neighbors’ axis.

Consistently, the presence of Zr neighbors on both the x- and y-axes leads to Ti

displacements in the two [001] and ½00�1� directions (Figure 7c). Finally, the Ti atoms with

Zr neighbors on the three x-, y-, and z-axes are found to be almost not displaced

(Figure 7d). Considering the Zr-induced local compression of the oxygen cages

(Section 3.2), one can conclude that the local Ti/Zr distribution determines the Ti

displacement symmetries through strain effects.

5. Conclusion

The local structure in BaTi1�xZrxO3 relaxors was investigated by using a combination of

experimental and theoretical methods, namely neutron total scattering, X-ray absorption

spectroscopy, and supercell ab-initio calculations. As the main characteristic of the local

structure in this material, the interatomic distances between first neighbors tend to keep

the same length as in the end-member compounds. In particular, the TiO6/ZrO6 octahedra

are found to exhibit similar structures in BaTi1�xZrxO3 relaxors and in BaTiO3/BaZrO3.

The very wide distribution of the Ti–O distances [1.65–2.45 Å] is the signature of large Ti

polar displacements. On the contrary, the distribution width of the Zr–O distances in ZrO6

octahedra is quite narrow (0.05 to 0.06 Å), and indicates very small Zr displacements if

any. The Ti atoms thus play a major role in the local polarization of BaTi1�xZrxO3

Figure 7. Ti displacement vectors calculated in the relaxed supercells of the BaTi1-xZrxO3 relaxor,
represented with the absolute values of their coordinates (closed symbols). The displacement vector
projections in the (x,y), (y,z), and (x,z) planes are also given to ease visualization (open symbols).
Four types of chemical environments are considered, as illustrated in the bottom part of the figure:
(a) the TiO6 octahedron is surrounded only by Ti neighbors, (b) one or two Zr neighbors are present
on the x-axis of the TiO6 octahedron, (c) one or two Zr neighbors are present on each of the x- and
y-axes of the TiO6 octahedron, and (d) one or two Zr neighbors are present on each of the x-, y-, and
z-axes of the TiO6 octahedron. For the sake of clarity, only the Zr neighbors are represented for a
given TiO6 unit.
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relaxors, unlike the Zr atoms. By considering the mean Ti–O and Zr–O distances (2.03 and

2.10 Å, respectively), we establish that the Ti–O6 and Zr–O6 oxygen cages exhibit very

different sizes. When linking to construct the perovskite structure of BaTi1�xZrxO3

relaxors, each of the small Ti–O6 and large Zr–O6 oxygen cages undergo distortions which

depend on the nature of the neighboring octahedra (TiO6 or ZrO6). It is found that the

Ti–O6 and Zr–O6 oxygen cages are slightly compressed (expanded) in the direction of Zr

(Ti) neighbors, respectively. The oxygen atoms’ network is thus subjected to chemically-

induced strains, which were found to be coupled with the Ti local dipole moments. While

the preferred orientation for a Ti displacement is the h111i in the absence of Zr neighbors,

a displacement component is canceled as soon as a neighboring Zr atom lies on the

corresponding octahedron’s axis. As a result, the Ti atoms exhibit displacements in the

h111i, h011i, and h001i directions, or no displacement at all, depending on the local Ti/Zr

repartition. Such a variety of the Ti polar displacement orientations in BaTi1�xZrxO3

relaxors impedes a perfect alignment of the local dipole moments as it exists in the classic

ferroelectric BaTiO3. Nevertheless, the chemical environment only determines the

symmetry of a Ti displacement, and several shifting directions remain available unless

Zr atoms lie on each of the three octahedron’s axes. This degree of freedom allows partial

correlations of the polar displacements, and thus the formation of polar nanoregions.

Based on an electronic diffraction experiment, Liu et al. [40] reported the observation of

temperature-independent diffuse scattering lines in the BaTi0.70Zr0.30O3 relaxor, which are

similar to those observed in the paraelectric phase of the classic ferroelectric BaTiO3

[41,42]. These observations suggest that the polar nanoregions in BaTi1�xZrxO3 relaxors

consist in 1D-chains with correlated Ti displacements. As the temperature decreases, Ti

displacements on distinct chains remain independent. In strong contrast, Ti displacements

correlate from chain to chain in BaTiO3, leading to the disappearance of diffuse scattering

lines at 183K, simultaneously with the transition to the rhombohedral structure in which

all the Ti displacements are perfectly aligned. As the next step toward understanding the

origin of the relaxor behavior in BaTi1�xZrxO3 and other homovalent-substituted BaTiO3-

based relaxors, one has to investigate more deeply the ferroelectric to relaxor crossover [5],

as well as the formation and growth of the polar nanoregions. For that purpose, a

theoretical model should be proposed which takes into account the local constraints on the

Ti polar displacements, as well as the elastic and electrostatic interactions that occur on the

medium- and long-range scales. In this article, we reported a detailed description of the

local constraints that affect the Ti local dipole moments in BaTi1�xZrxO3 and probably in

other BaTiO3-based relaxors with homovalent substitution. We believe that the results

reported here constitute an important step toward the development of such models.

Notes

1. Note that due to the k-dependence of the phase shifts �c(k) and �i(k), the maxima of the FT
modulii occur at distances which are different from the real ones.

2. Such a small static distribution of the Zr–O distances cannot be evidenced from the PDFs
shown in Section 2, due to the overlap of the Ti–O and Zr–O contributions.

3. Local structure determinations by EXAFS can become model-dependent, especially when a
large number of structural parameters are involved. In the present case, NZr, �

2
Zr, �

2
Ti, and

the dZr O Ti / dZr O Zr buckling angles determine the amplitude of the FT modulus in the range

[3.4–3.9 Å], which impedes the discrimination of angular and linear deformations of the

Zr–O–Zr and Zr–O–Ti chains.
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[24] C. Laulhé, F. Hippert, J. Kreisel, M. Maglione, A. Simon, J.L. Hazemann, and V. Nassif,

EXAFS study of lead-free relaxor ferroelectric BaTi1�xZrxO3 at the Zr K-edge, Phys. Rev. B 74

(2006), p. 014106.
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