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Local structure in BaTi,_.Zr,O; relaxors from neutron pair distribution function analysis
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The pair distribution functions (PDF) of BaTi,_,Zr,O3 (BTZ) relaxors (x=0.25,0.32,0.35), as well as those
of the end members BaTiO; and BaZrO;, were determined at 300 K from neutron powder scattering data. In
the relaxors, the PDF provides direct evidence that the Ti and Zr atoms do not occupy the equivalent octahedral
sites expected from the crystallographic cubic perovskite structure. It is shown that the TiOg and ZrOg octa-
hedra in BTZ relaxors are instead similar to those observed in BaTiO; and BaZrOs, respectively. In BaZrOs,
the Zr atoms lie at the center of regular oxygen octahedra, forming nonpolar ZrOg units. In the tetragonal
ferroelectric phase of BaTiO;, the distribution of Ti-O distances within TiOg octahedra is found compatible
with a displacement of the Ti atoms in the [11 1][, direction of the pseudocubic perovskite cell. We conclude
that the local polarization in BTZ relaxors is mainly due to the displacements of the Ti atoms and that
moreover the Ti displacements are very similar in BTZ relaxors and in the classical ferroelectric BaTiOj.
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I. INTRODUCTION

Relaxor ferroelectrics (“relaxors”) form a fascinating
class among ferroelectrics, which has aroused a wide range
of experimental and theoretical investigations (see for in-
stance Refs. 1-3). These materials are characterized by a
broad and frequency-dependent maximum of the dielectric
permittivity as a function of temperature, rather than the
sharp and frequency-independent anomaly found in classical
ferroelectrics. The peculiar properties of relaxors are gener-
ally related to the presence of randomly orientated polar nan-
oregions. However, the determination of their exact struc-
tural nature still represents an experimental challenge.*

Most relaxors crystallize in the ABO; perovskite struc-
ture, in which corner-linked oxygen octahedra define octahe-
dral and cubo-octahedral sites (so-called B sites and A sites,
respectively). If present, the polarization arises from dis-
placements of A and/or B cations within their oxygen cages.
In a classical ferroelectric, all the cation displacements share
at least one common component, giving rise to a macro-
scopic polarization. In relaxors, the cation displacements are
correlated or partially correlated on limited length scales
only (20-100 nm) within the polar nanoregions, leading to a
null macroscopic polarization.

In the present work, we focus on the BaTi,_,Zr,O; (BTZ)
solid solution, which exhibits relaxor properties for 0.25
=x=0.50 (Ref. 5). One end member of the BTZ solid solu-
tion is the well-known classical ferroelectric BaTiO5, which
shows three different phases below the critical temperature
T.=393 K (Ref. 6 and references therein): (i) a rhombohe-
dral one (space group R3m) between 0 and 183 K, due to
displacements of the Ti and Ba atoms in the [111], direction
of the pseudocubic perovskite cell, (ii) an orthorhombic one
(Amm?2) between 183 and 278 K, due to average displace-
ments of the Ti and Ba atoms in the [110], direction, and (i)
a tetragonal one (P4mm) between 278 and 393 K, due to
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average displacements of the Ti and Ba atoms in the [001],
direction. Above T, BaTiO; has a nonpolar, cubic structure

(space group Pm3m), with null average cation displace-
ments. Note that in all the phases of BaTiO; except the
rhombohedral one, the local structure differs from the crys-
tallographic structure, as evidenced by the presence of dif-
fuse scattering”® and confirmed by other experimental
probes such as nuclear magnetic resonance (NMR) (Refs. 9
and 10) and x-ray absorption.!! The other end member of the
BTZ solid solution BaZrOj; is paraelectric (neither Ba or Zr

atoms are displaced) and cubic (Pm3m) between 2 and 1675
K (Refs. 12-14). In this compound, the local structure is
considered to be identical to the cubic crystallographic struc-
ture, as suggested by both NMR (Refs. 15 and 16) and x-ray
absorption experiments.!’2! It is interesting to note that the
unit-cell volumes of BaTiO; and BaZrO; (64.270 and
73.665 A3 at 300 K, respectively) strongly differ, which is
due to the difference between the Ti*" and Zr** ionic radii
(0.605 and 0.72 A, respectively?2). In the x range of interest
for relaxor behavior (0.25=x=0.50), the structure of

BaTi,_,Zr,O5 at 300 K is the nonpolar, cubic Pm3m perov-
skite structure.?® The cell volume linearly increases with x,
according to Vegard’s law expected from the unit-cell vol-
umes of BaTiO; and BaZrO;.2* The crystallographic struc-
ture of BTZ relaxors is not expected to change with tempera-
ture since the dielectric anomaly does not mark any
structural ~ phase transition in  relaxors.!  Indeed,
BaTi ¢5Zr( 3505 remains cubic in the temperature range [80—
300 K] (Ref. 24) that includes the temperature of the dielec-
tric anomaly (~200 K, see Ref. 5).

All perovskite relaxors share two characteristics: (i) the
presence of at least one ferroelectrically active cation (Pb>*,
Bi**, Ti**, or Nb>*) and (ii) a chemical substitution on either
the A or B site. The “Pb-based” relaxors, which are the most
studied, present Pb>* cations on the A site and an aliovalent
substitution on the B site (e.g., Mg+ and Nb>* in the canoni-
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cal relaxor PbMg;;Nb,,30;). In that case, the composition
fluctuations on the B site induce a charge disorder, which is
thought to hinder the establishment of long-range ferroelec-
tric correlations.”> On the other hand, the “BaTiO;-based”
relaxor BaTi,_,Zr,0; exhibits an isovalent Ti*/Zr** substi-
tution and hence, a much reduced charge disorder if any. In
such a case, it can be proposed that the large difference be-
tween the Ti** and Zr** ionic radii generates structural dis-
tortions, which then impede the long-range ferroelectric ar-
rangement of the cations (see Ref. 26 and references therein).
However, the exact mechanism involved remains an open
question.

The analysis of the Bragg peaks in BTZ relaxors reveals a
cubic crystallographic structure, in which the Ti and Zr at-
oms lie at the center of identical, regular octahedra. Due to
the assumption of periodicity underlying this analysis, the
structural distortions and cation displacements expected in
BTZ relaxors are averaged to zero. The aim of the present
work is to describe these two structural features by studying
the local structure in BTZ relaxors. For this purpose, one can
analyze the pair distribution function (PDF), which is a his-
togram 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.?’” The PDF can be ob-
tained as the Fourier transform (FT) of the x-ray or neutron
normalized total scattered intensity. In the case of crystalline
samples, the scattered intensity is a superposition of Bragg
peaks related to the periodic structure, and diffuse scattering
related to distortions with respect to this average periodic
structure. Making the FT of both the Bragg contributions and
the diffuse scattering thus allows to probe the local structure.
In particular, the PDF analysis has been successfully applied
to determine the local cation displacements in ferroelectric
perovskites beyond the average information given by
crystallography.?8-3¢ Let us mention that the continuous de-
velopment of PDF refinement programs3’-® has extended
this technique to the analysis of medium-range structures.

In the following, the PDFs obtained from neutron-
scattering data are presented for three BTZ relaxors (x
=0.25,0.32,0.35), as well as for the end-member com-
pounds BaTiO; and BaZrO;. Note that neutron scattering is
particularly suited to study the BTZ relaxors. Indeed, due to
the opposite signs of the Ti and Zr neutron coherent scatter-
ing lengths (br;=-3.30 fm and b,=7.16 fm), the contribu-
tions of pairs involving Ti and Zr atoms show up with oppo-
site signs on the PDFs, emphasizing any difference between
the local structure around these two atoms. In a first step, the
experimental PDFs of BaZrO;, BaTiO;, and BTZ relaxors
are compared with the PDFs calculated from their crystallo-
graphic structures in order to highlight the local structural
distortions (Sec. IIT A). In a second step, we establish a link
between the TiOg/ZrOg octahedra present in BTZ relaxors
and those present in the end-member compounds
BaTiO;/BaZrO; (Sec. III B). We finally propose a quantita-
tive description of the TiOg and ZrOg octahedral units (Sec.
IV) before discussing its implications on the relaxor behavior
of BTZ (Sec. V).

II. EXPERIMENT

BaTi;_,Zr,0; (x=0, 0.25, 0.32, 0.35, and 1) powders
were synthesized by solid-state reaction, starting from the
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appropriate amounts of BaCOs3, TiO,, and ZrO, powders and
following the method described in Ref. 5. X-ray diffraction
patterns measured at 300 K allowed us to establish the
single-phase character of all the synthesized powders. The
barium titanate was found to be tetragonal with a
=3.992(2) A and ¢=4.033(2) A, in agreement with previ-
ous reports.® The BTZ relaxors and the barium zirconate
were found to be cubic, with a=4.054(1), 4.067(1), 4.072(1),
and 4.192(1) A for x=0.25, 0.32, 0.35 and 1, respectively.
The latter values are in good agreement with those previ-
ously published.!>!3-23

The total scattered intensity was measured as a function
of the scattering angle 26 on the two-axes diffractometer D4
(Ref. 39) at the high-flux reactor at the Laue-Langevin Insti-
tute (ILL) for an incident neutron wavelength A=0.5 A. The
angular range is 1.8=26=137.2° with a 26 step equal to
0.125°. The range of accessible neutron momentum transfer
O (with Q=(4 sin 6)/\) extends therefore from 0.4 A~" up
to Q=234 A~'. All experiments were performed at 300
K. The powders (mass of about 10 g) were put into vanadium
cylinders with an inner diameter of 8 mm. The Q resolution
of the D4 diffractometer was deduced from the analysis of
the scattered intensity of BaZrO; at 300 K. The profile of the
measured diffraction peaks can be well approximated by a
pseudo-Voigt function with a full width at half maximum
varying according to I, =0.12+5 X 1074Q%+5.2 X 107°0Q%,
with Iy, and Q in A~". This procedure is justified since the
intrinsic width of the Bragg peaks of BaZrO;, measured on a
high-resolution x-ray diffractometer, does not exceed
0.01 AL

For each sample, the scattered intensity was obtained
from the raw data by subtracting the empty container and
sample environment contributions, taking into account ab-
sorption effects.** A standard multiple-scattering correction
was applied.*! Then, the intensities were corrected for the
departures from the static approximation*> (Placzeck correc-
tion). Due to the weakness of the neutron scattering and ab-
sorption cross sections in BTZ, the corrections for absorption
and multiple-scattering effects are small: they do not exceed
a few percent of the raw signal. On the contrary, the Placzeck
correction is essential to get reliable scattered intensities. Fi-
nally, the incoherent-scattering contribution was subtracted
in order to get the coherent scattering, and the data were
normalized. The neutron-scattering length values were taken
from Ref. 43. The resulting function is the so-called normal-
ized coherent static scattering function, denoted S(Q), which
tends to 1 at large Q values. The S(Q) obtained for BaTiOs3,
BaZrO;, and BTZ relaxors at 300 K are shown in Fig. 1.

The PDF, denoted g(r) in the following, can be expressed
as a function of all the interatomic distances present in the
sample:?’

n N,.N
1 — &7 - —
477”28(") = _—E babﬁ E (alr - |”ia—”iﬁ|)>» (1)
Nb*py a8 igig
ig#ig
where N represents the total number of atoms and n the

number of different elements « in the studied sample. b, is
the coherent scattering length of a particular element « and
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FIG. 1. Coherent static scattering functions of BaTi,_,Zr O3
(x=0, 0.25, 0.32, 0.35, and 1) at 300 K.

b =2"c.b, is the mean neutron-scattering length of the stud-
ied sample, averaged over all elements, each in atomic con-
centration ¢,=N,/N. py is the atomic number density. ;z is
the position of the i th atom of nature a (0=i,=N,). The
brackets ( ) stand for the average over all the atomic configu-
rations that are accessible through thermal motion. The PDF
is linked to the coherent static scattering function S(Q) by
the following FT relations:

+00

S0 - 1= [ fe() = Usin(@ndr, ()
0 Jy
1 _

f)=1=53 fo 0IS(0) - 1Tsin(@Ad0.  (3)

The latter equation makes possible the determination of the
experimental PDF from the measured scattered intensity. The
FT of [S(Q)-1] was performed in the limited Q range
[0.4-23.4 A~'] imposed by the diffractometer, which leads
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FIG. 2. Experimental pair distribution functions of
BaTi;_,Zr, O3 (x=0, 0.25, 0.32, 0.35, and 1) at 300 K.

to spurious oscillations on both sides of each PDF peak. In
order to reduce their magnitude, we multiplied [S(Q)—1] by
¢~/ Cnd” before the FT* The g(r) functions obtained
for BaTiO;, BaZrO;, and BTZ relaxors at 300 K are pre-
sented in Fig. 2.

III. LOCAL STRUCTURE IN BaTi,_,Zr,O;
A. Comparison between local and crystallographic structures

In order to evidence differences between the local and
average structures, the experimental PDFs can be compared
with those calculated from the crystallographic structures.
We determine the calculated PDFs in three steps. First, the
ideal PDF is calculated from a list of equilibrium positions
by using Eq. (1), thermal motions being modeled by Gauss-
ian distributions of the interatomic distances around their
equilibrium values. Its inverse FT is then calculated accord-
ing to Eq. (2), and convoluated with a pseudo-Voigt function
whose full width at half maximum depends on Q (Sec. II).
The result S ,.(Q) can be compared to the measured S(Q).

064104-3



LAULHE er al.

Finally, the calculated PDF g,.(r) is obtained by a FT of
Scac(Q) using Eq. (3), the Q range and weight function being
the same as for the experimental data (Sec. II). This calcula-
tion method allows to take properly into account the thermal
motions in r space, as well as the instrument resolution func-
tion and the weight function used in Q space.

We calculated the PDFs from atomic clusters representa-
tive of the crystallographic structures of BaZrOs;, BaTiOs,
and BTZ relaxors at 300 K obtained from diffraction
experiments.®!32* The used cell parameters are those re-
ported in Sec. II. The thermal motions are assumed to lead to
a Gaussian distribution of the i,—iz interatomic distances
around their equilibrium values ri i The mean-square devia-
tion is supposed to depend only on the elements « and S that
constitute the pair, and on the ri i distance: it is hence de-
noted o'iﬁ(r). We assumed the folﬁ)wing dependence:*

o_iﬁ(r) — O'i[l _e—r/aa]2+ 0.%[1 _e—r/53:|2. (4)
In this equation, two parameters per element « are involved:
(i) (Ti, the mean-square deviation of one component of an «
atom displacement from its equilibrium position (assuming
isotropic displacements), and (ii) a positive real number &,
that allows to adjust the evolution of o'i (r) with r. The o”
values for BaTiO; (0%,=0.0031 A ¢2,=0.0053 A% o)
=0.0051 A?) and BaZrO; (03,=0.0086 A%, o,
=0.0058 A2, 03,=0.0109 A?) were deduced from the dif-
fraction analyses reported in Refs. 6 and 13. For the BTZ
relaxors, the 0%, and o7, parameters were set equal to their
values in BaTiO5; and BaZrOs, respectively, and the O'ZBa and
a'é parameters were taken as the weighted sum of their val-
ues in BaTiO; and in BaZrO;. For BaZrO;, the J, coeffi-
cients were chosen in such a way that the mean-square de-
viations of the nearest-neighbor pair lengths Zr-O (2.096 A),
Zr-Ba (3.360 A), and Zr-Zr (4.192 A) are consistent with
those deduced from extended x-ray absorption fine structure
(EXAFS) data at the Zr K edge.’® We used the following
values: og,=2.4, 6,,=4.0, and 55=2.7. Due to the absence of
a similar information for BaTiO; and BTZ relaxors, we sim-
ply assumed that the J&g,, &7, and &y parameters keep the
same values as in BaZrO;, and that 8p;= 6.

From the calculated PDFs, we determined the r ranges
associated with each atomic pairs inside the pseudocubic per-
ovskite unit cell. For r values ranging from 1.65 to 2.40 A,
only the Ti-O and/or Zr-O pairs inside the TiOg and ZrOg
octahedra contribute to the PDFs. The peak observed in the r
range [2.50-3.15 A] is due to the O-O pairs forming the
octahedral and cubo-octahedral cage edges, as well as to the
Ba-O distances within the cubo-octahedra. The modulation
of the PDFs in the r range [3.20-3.70 A] corresponds to the
Ba-Ti and/or Ba-Zr distances. The peak observed in the r
range [3.70-4.40 A] contains the contribution of all the
pairs with an interatomic distance close to the pseudocubic
cell parameter of the perovskite structure (Ba-Ba, O-O, Ti-Ti
and/or Zr-Zr, and/or Ti-Zr).

The experimental PDF of BaZrO; at 300 K is compared
with the calculated one in Fig. 3(a). In this compound, no

noticeable deviations from the crystallographic Pm3m perov-
skite structure are expected:'3-2! therefore, the calculated and
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FIG. 3. (Color online) Experimental pair distribution function of
(a) BaZrOs, (b) BaTiOs, and (c) BaTigegZry3,05 at 300 K
(crosses), compared with the PDF calculated from their crystallo-
graphic structures (lines). Inset in figure (b): zoom on the contribu-
tion of the Ti-O pairs within the TiO4 octahedra in BaTiO5. On each
graph, the first four peaks are identified, the * symbol representing
peaks related to Ba-Ba, O-O, Ti-Ti and/or Zr-Zr, and/or Ti-Zr pairs.
The r range [0—1.6 A] is dominated by spurious oscillations due to
the FT procedures and should not be considered in the comparisons.

experimental PDFs should be identical. Indeed, in all the
accessible r range [0—25 A, the positions of the calculated
and experimental peaks coincide within the experimental ac-
curacy (0.01 A). The observed differences in the amplitude
and width of a few peaks are due to the approximations made
to describe the thermal motions: r dependence of o‘iﬁ(r)
given by Eq. (4) and hypothesis of isotropic displacements.
Therefore, they can be taken as a quantitative estimation of
the uncertainties related to the experiment and to the model
used to describe thermal motions.

The experimental PDF of BaTiO; at 300 K is compared
with the calculated one in Fig. 3(b). In that case, the inter-
atomic distances deduced from the crystallographic tetrago-
nal structure are expected to differ from those observed on
the short- and medium-range scales (see Sec. I). Surprisingly,
the calculated and experimental PDFs only differ at small r
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values. In the r range that corresponds to the Ti-O distances
within the TiOg4 octahedra, one can clearly see that the cal-
culated and experimental contributions exhibit different
shapes and maxima positions [inset of Fig. 3(b)]. For r val-
ues larger than 3.15 A, an excellent agreement is observed.
Hence, the experimental PDF of BaTiO; does not allow to
detect deviations of the atomic positions with respect to
those described by the crystallographic tetragonal structure,
except for the Ti and O atoms within the TiOg4 octahedra. In
Sec. IV B, the experimental distribution of Ti-O distances at
300 K will be further analyzed within the framework of the
displacive and order-disorder models for the phase transi-
tions in BaTiOs.

The experimental PDF of the relaxor BaTi 4371 3,05 is

compared with the PDF calculated from its cubic Pm3m
crystallographic structure in Fig. 3(c). For the calculated
PDF, the Zr and Ti atoms that share the B site were modeled
by a single mean atom, characterized by the scattering length
(1=x)byi+xby,. For x=0.32, the neutron-scattering length of
the mean atom is equal to 0.047 fm, which is nearly zero. As
a consequence, all the peaks that involve the mean atom are
absent from the calculated PDF: in particular, no contribution
is observed in the r range [1.65-2.40 A] that corresponds to
the (Ti,Zr)-O distances within the octahedra. On the contrary,
the experimental PDF shows large variations in this range,
with a negative contribution at low r values (1.7-2.0 A),
and a positive one at higher r values (2.0-2.4 A). This
simple observation proves that the oxygen environments of
the Ti and Zr atoms are not equivalent, which could result
from different shapes of the Og4 cages around Ti and Zr at-
oms, and/or different displacements of the Ti and Zr atoms
within their octahedra. Moreover, the relative positions of the
PDF contributions indicate the existence of Ti-O distances
that are shorter than the Zr-O ones. For r values larger than
2.4 A, the observed small differences between the experi-
mental and calculated PDFs are less easy to interpret. Similar
conclusions are obtained for BaTij75Zr),503 and
BaTio_6szr0‘3503 relaxors.

In summary, the comparison of the experimental PDFs of
BTZ relaxors with the PDFs calculated from their crystallo-
graphic structures shows that the most striking differences
occur in the r range corresponding to the (Ti/Zr)-O distances.
Since the Ti-O and Zr-O distance distributions are related to
the structure of the TiO4 and ZrOg4 octahedra, we expect that
the latter differences contain interesting information on both
the Og4 cage deformations and eventual Ti/Zr off centering.

B. Comparison of the PDFs in BTZ relaxors and the PDFs in
BaTiO; and BaZrO;

In Sec. III A, we showed that the Ti and Zr atoms cannot
be treated as a single mean atom in BTZ relaxors, some of
the Ti-O distances being shorter than the Zr-O ones. In the
present section, we test the opposite hypothesis: we assume
that the Ti (Zr) oxygen environment in BTZ relaxors is the
same as in BaTiO5 (BaZrO3). For that purpose, the weighted
sum of the experimental PDFs of BaTiO; and BaZrO;, de-
noted g.(r), is considered. The PDFs being normalized by

the product [pyh?] for each sample [Eq. (1)], one has
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FIG. 4. (Color online) (left) Experimental pair distribution func-
tions of BaTi;_,Zr,03 (x=0.25,0.32,0.35) at 300 K (crosses), com-
pared with the weighted sums g.(r) of the experimental PDFs of
BaTiO; and BaZrO; at 300 K (line); see Eq. (5). (right) Zoom in the
r range [1.5-3.5 A]. For r=3.25 A, the experimental PDFs and
the g.(r) functions are in remarkable agreement, indicating that the
distributions of distances between first neighbors are the same in
BTZ relaxors and in the end-member compounds BaTiO; and
BaZrO;.

01234567809
r(A)

[pob*Terz X &.(r) = (1 = x)[ pob* It X R (r)

+x{pob”Tez X 52 (r). (5)

where gpt(r) and gg2(r) refer to the experimental PDFs of

BaTiO; and BaZrOs;, respectively.

The experimental PDFs of BTZ relaxors (x
=0.25,0.32,0.35) are compared with the corresponding g,(r)
functions in Fig. 4. For all the studied compositions, a re-
markable agreement is found in the r range [1.65-3.25 A]
that corresponds to the Ti-O, Zr-O, Ba-O, and O-O inter-
atomic distances. Hence, the distributions of distances be-
tween the closest neighbors remain unchanged in BTZ relax-
ors with respect to BaTiO; and BaZrOj;, within the accuracy
of the experiment. This observation implies that the bonds
between the closest neighbors are rigid and almost not sen-
sitive to the Ti/Zr substitution. Besides, the g.(r) function
poorly reproduces the experimental PDF beyond 3.25 A,
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which indicates that the chemical substitution does influence
the pair arrangements at larger scales.

The Ti-O (Zr-O) and O-O distance distributions are re-
lated to the structure of the TiOg4 (ZrOg4) octahedra, even if
they do not allow a complete description of these octahedra
in three dimensions. The similarity of the Ti-O and Zr-O
distance distributions in the BTZ relaxors and in the end-
member compounds BaTiO;/BaZrO; thus suggests that the
TiOg and ZrOg4 octahedra are similar in BTZ relaxors and in
the end members, concerning both the Ti/Zr displacements
and the deformation of the Og4 cages.

IV. TiOg AND ZrOg OCTAHEDRA IN BaTiO; AND BaZrO;

In this section, the Ti-O and Zr-O distance distributions in
BaTiO; and BaZrO; are analyzed in details. From the con-
clusions already obtained in Sec. III B, their description will
be directly transferable to the case of BTZ relaxors, which is
discussed in Sec. V.

In BaZrOj, the local structure coincides with the crystal-

lographic Pm3m perovskite structure, which leads to the
conclusion that the Zr atoms lie at the center of regular oxy-
gen octahedra, with a Zr-O distance equal to 2.096 A. In
BaTiO;, the results obtained in Sec. IIl A show that it is
necessary to analyze further the Ti-O distance distribution in
order to describe the structure of the TiO4 octahedra. This
can be done by using the partial radial distribution function
(RDF), RDFy;_,o(r), which gives the average number of O
atoms at the distance r from a Ti atom. Besides, the partial
radial distribution function of Zr-O pairs in BaZrO;
RDF,_.o(r) will also be considered to be used as a refer-
ence.
The partial RDF can be expressed as:*

NeNg

RDF,(r) = 3~ Eﬁ (r=Iri,=r N (6
ig#ig

=477 pyC g8 (1) (7)

In the latter equation, g,4(r) is the a-f partial pair distribu-
tion function. According to the Faber-Ziman decomposition,
it is related to the total pair distribution function, following:*®

n

1 _
8(r) == cacpbobpgap(r). (8)
b2 a,fB

The determination of g,4(r) in the full r-range requires mul-
tiple measurements on samples with varying isotopic
compositions.*® However, in the present case, the objective is
restricted to the determination of the distributions of Ti-O
and Zr-O distances within the octahedra, and a simpler ap-
proach can be used. From the calculations presented in Sec.
IIT A, all the Ti-O pairs (Zr-O pairs) contribute to the g(r) of
BaTiO; (BaZrO;) for r=2.40 A, all the other a-/ pair con-
tributions occurring at larger r values. Hence, the
RDF,,_,o(r) and RDFy;_(r) functions can be readily ob-
tained from the experimental g(r) of BaZrO; and BaTiO;,
respectively, by using successively Egs. (8) and (7).
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20 | BaZrOs -300 K

15

10

RDF, o1

FIG. 5. (Color online) Experimental radial distribution function
of Zr— O distances within the ZrOg octahedra in BaZrO; at 300 K
(crosses). The solid line is a fit by a Gaussian peak (see text).

The RDF,,_,o(r) and RDFy_,(r) functions are repre-
sented in Figs. 5 and 6, in the r ranges [1.80-2.40 A] and
[1.65-2.40 A], respectively. These bounds are chosen so
that they correspond to minima of |g(r)|. The integrals of
RDFy;_,o(r) and RDF,,_,(r) in their respective r ranges are
found equal to 5.5 and 5.7, respectively. Ideally, they should
be equal to 6, the number of O atoms forming the octahedral
cage around the Zr or Ti atoms. The measured values thus

14 F T T T T T I. T ]
L a) BaTiO, - 300 K

12
10

RDF, ()

12-_’: } ; } }

RDF, )
»
T
X

FIG. 6. (Color online) Experimental radial distribution function
of Ti— O distances within the TiO4 octahedra in BaTiO5 at 300 K
(crosses). The solid lines are fits within the hypothesis of (a) pure
displacive phase transitions, and (b) pure order-disorder phase tran-
sitions (see text). Each group of Ti-O pairs with equal equilibrium
lengths is assumed to lead to a Gaussian contribution to the RDF
(dashed lines). The refined values of the positions and the mean-
square deviations are reported in Table 1.
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TABLE 1. Refined values of the parameters involved in the “purely displacive” and “purely order-
disorder” models used to fit the radial distribution function of the Ti— O pair lengths within the TiOg
octahedra in BaTiO;5 at 300 K. d; is the position of the Gaussian peak associated with the ith pair length and
a'f its mean-square deviation. The mean-square deviation of the ith pair length [alTio],- is deduced from o’,2 by
subtracting the width due to the data treatment (0.0076 = 0.0010 A2). The uncertainties are of the order of
+0.01 A, £0.0005 A2 and £0.0015 A? for d;, o7, and [o%,];, respectively.

doi (37,2 [0%10]1'

(A) (A% (A%)
i=1 one short Ti-O distance 1.84 0.0057 -0.0019
Purely displacive model i=2 four intermediate Ti-O distances 2.01 0.0148 0.0072
i=3 one long Ti-O distance 221 0.0075 -0.0001
Purely order-disorder i=1 three short Ti-O distances 1.91 0.0110 0.0034
model i=2 three long Ti-O distances 2.12 0.0144 0.0068

coincide with the expected one within an accuracy of 10%,
which is standard for total scattering methods. The difference
is mainly due to inadequacies in the choice of the integration
r range in presence of unavoidable spurious oscillations of
the RDF induced by the cutoff in Q space.

A. Zr-O pair RDF in BaZrO;

In BaZrOs;, the Zr atoms lie at the center of regular oxy-
gen octahedra, which creates 6 equal Zr-O distances. Assum-
ing that the thermal atomic motions result in Gaussian dis-
tance distributions, the ideal RDF,,_,o(r) [Eq. (6)] consists
of a single Gaussian peak for r<2.40 A. For the experimen-
tal RDF,,_,(r), both the profile and the width are modified
due to the limited Q range of the FT and the use of a weight
function (Sec. IT). Nevertheless, we tried to fit it by a Gauss-
ian function in the r range [1.80-2.40 A]. The area of the
fitted peak was fixed to 5.7, which corresponds to the experi-
mental area in that range. Both its position d and its mean-
square deviation o> were refined. Figure 5 shows that the
experimental and fitted contributions are in excellent agree-
ment. The fitted Zr-O distance, d=2.105*=0.010 A, is con-
sistent with the one deduced from the crystallographic struc-
ture (2.096(1) A). The refined value of the mean-square
deviation 62=0.0115(5) A2 includes the intrinsic Zr-O dis-
tance mean-square deviation (03,,) and the FT truncation
effects. From a previous EXAFS study of BaZrO; at 300 K
at the Zr K edge,” 0%, can be evaluated to 0.0039(5) A2
Hence, the mean-square deviation induced by the FT trunca-
tion effects can be estimated to ¢’—0%
=0.0076+0.0010 A2,

In conclusion, the analysis of the experimental
RDFy,_o(r) shows that at r~2 A, the contribution of each
interatomic distance to the experimental RDF can be de-
scribed as a Gaussian peak within a good approximation, the
contribution of the FT truncation effects to the mean-square
deviation being equal to 0.0076 AZ2. This result will be used
in the analysis of the experimental RDFp;_ (7).

B. Ti-O pair RDF in BaTiO;

In BaTiO;3, the structure of the TiOg octahedra has been
discussed intensely in the framework of the displacive and

order-disorder models for the phase transitions.””!#748 In the
low-temperature thombohedral phase of BaTiO3, it is admit-
ted that each Ti atom is displaced from the center of its
octahedron toward the [111], direction in the pseudocubic
perovskite cell. Locally, this displacement creates three short
and three long Ti-O distances inside the octahedron (*3-3”
distance distribution). When considering a pure displacive
phase transition, the tetragonal structure at 300 K results
from the reorientation of all the Ti displacements along the
[OOl]p direction. In this case, the local structure around the
Ti atoms corresponds to the crystallographic structure: inside
each octahedron, the Ti displacement creates one short Ti-O
distance, four intermediate Ti-O distances, and one long Ti-O
distance (“1-4-1” distance distribution). In the case of a pure
order-disorder phase transition, the tetragonal structure at
300 K results from the occupation of four equivalent sites

that correspond to Ti displacements along the [111],, [11 1],

[111] ,» and [111 ], directions. Locally, the Ti displacement in
its octahedron is then the same as in the low-temperature
rhombohedral phase, resulting in a “3-3” distribution of the
Ti-O distances.

It has already been noticed in Sec. III A that the Ti-O
contribution to the experimental PDF differs from the one
calculated in the tetragonal crystallographic structure (“I-
4-1” distance distribution). In a first step, it is important to
check whether this discrepancy is really due to the use of an
nonsuitable distribution of the Ti-O distances, or due to the
choice of inadequate hypotheses to calculate their mean-
square deviations. For that purpose, three Gaussian peaks
with independent mean-square deviations a',2 (i=1,2,3) were
fitted to the experimental RDFy;_,o(r) of BaTiOj, in the r
range [1.65-2.40 A]. The relative weights of the peaks are
1, 4, and 1, the total area being fixed to 5.5, which corre-
sponds to the experimental area. All the peak positions d;
(i=1,2,3) were refined. The intrinsic mean-square devia-
tions of the d; distances, denoted [o%];, were estimated by
subtracting 0.0076 A” to the refined a'iz, according to the
results obtained for the Zr-O pairs in BaZrO; (Sec. IV A).
The values obtained for the d;, o7, and [07;]; parameters are
reported in Table I. As can be seen in Fig. 6(a), a good
agreement can be obtained between the fitted and experimen-
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tal RDFs, but with a negative value for [0%]; and a null one
for [0-2Ti0:|3’ which is not physically acceptable. Moreover,
fixing the [0%]; and [ ]; parameters to any positive val-
ues considerably alters the quality of the fit. In conclusion,
the experimental RDF is not compatible with the hypothesis
of a “1-4-1” distribution of the Ti-O distances within the
TiOg octahedra in BaTiO;, which means that the Ti atoms
are not located on the fourfold tetragonal axis. This is in
agreement with the results of a few previous structural stud-
ies of BaTiOs,”!! including the room-temperature polarized
x-ray absorption near-edge structure study at the Ti K edge
by Ravel et al.'!

In order to test the hypothesis of a “3-3” distribution of
the Ti-O distances, two Gaussian peaks of area 5.5/2 were
fitted to the experimental RDFr;_o(r) of BaTiOs, in the r
range [1.65-2.40 A]. The positions of the peaks d; and their
mean-square deviations o’l2 (i=1,2) were refined. Then, the
intrinsic mean-square deviations of the d; distances [o7,0];
were estimated by subtracting 0.0076 A2 to o7. The values
of d;, 7, and [07;,); are given in Table I. As shown in Fig.
6(b), a very good agreement between the fitted and experi-
mental RDFs is achieved. The values obtained for [o%,0];
(0.0034 A?) and [o7,,], (0.0068 A?) are reasonable for
thermal motions at 300 K. At first sight, the large difference
between [07,0]; and [07;0], may appear to be surprising. In
fact, the formation of short Ti-O bonds in BaTiO3; was shown
to be due to a hybridization of the Ti 3d and O 2p states
within TiOg octahedra.*® The short Ti-O bonds, which are
partially covalent, are hence expected to be more rigid than
the long ones, which could explain the difference between
[0%0]; and [0%,,],. Furthermore, a similar observation was
reported for the Nb-O distances in the rhombohedral and
orthorhombic phases of KNbQ;.2%3%3! The RDFy;_(r) of
BaTiO; at 300 K is thus compatible with a “3-3” distribution
of the Ti-O distances, which corresponds to a displacement
of the Ti atoms in [111],, directions. However, note that the r
resolution of the RDFs is not sufficient to distinguish a true
“3-3” distribution of Ti-O distances from a similar but more
complex distribution such as that proposed in Ref. 11. Given
this fact, we can only conclude that the Ti atoms are located
near the threefold axes of the pseudocubic perovskite cell in
BaTiO; at 300 K (i.e., their position is shifted from the cen-
ter toward one of the eight faces of the oxygen octahedra).
Another important point is that the PDF method provides an
average of instant snapshots of the local structure. Therefore,
we cannot decide whether the average position of the Ti
atoms is an equilibrium position (found in the case of local-
ized harmonic motions) or not (in presence of more complex
dynamical processes). That is to say, even though we found a
“3-3” distribution of the Ti-O distances in BaTiO; at 300 K,
we cannot directly conclude on the order-disorder character
of its phase transitions.

The refined values for the three short and three long Ti-O
distances in BaTiO; at 300 K are equal to 1.91(1) and
2.12(1) A (Table I). It is interesting to compare these two
lengths with those in the rhombohedral phase of BaTiO; at
15 K. In the latter case, the local and crystallographic struc-
tures coincide’® so that the two Ti-O lengths at 15 K can be
deduced from the diffraction study presented in Ref. 6: 1.878
and 2.135 A. These values are close to those measured in
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the tetragonal phase at 300 K. Nevertheless, small differ-
ences exist. They cannot be due to thermal dilatation effects,
which are of the order of 107> A only.® We ascribe them to
slight modifications of the Ti environment, which could be
static (evolution of the structure of the TiOg octahedra)
and/or dynamic (evolution of the Ti motions in their octahe-
dral cages).

Neglecting these small differences, a rough estimation of
the amplitude of the Ti displacement in BaTiO5 at 300 K can
be deduced from the structure of the TiOg octahedra at 15 K.
From Ref. 6, at 15 K the Ti atoms are displaced from the
center of deformed octahedra by 0.184 A (in the [111], di-
rection). Hence, one can conclude that in BaTiO5 at 300 K,
the Ti displacement toward one face of its octahedron has an
amplitude of approximately 0.18 A.

Note that the PDF of BaTiO5 at 300 K was previously
reported in Ref. 29, but the presence of large spurious oscil-
lations prevented any accurate description of the Ti-O dis-
tance distribution. Another way of measuring the Ti-O dis-
tances is to analyze the EXAFS at the Ti K edge.
Unfortunately, the accuracy of this method is considerably
lowered in the case of BaTiO5 due to the presence of the Ba
L,y edge which limits the available energy range.!'”> Hence,
to our knowledge, the present work provides the first estima-
tion of the Ti-O distances and their mean-square deviations
in BaTiO;5 at 300 K.

V. CONCLUDING DISCUSSION

This section is devoted to the structure of TiOg and ZrOg
octahedra in BTZ relaxors and its possible implications on
the relaxor behavior. According to the conclusions of Sec.
III B, the distance distributions inside TiOg (ZrOg) octahedra
are identical, within the experimental accuracy, in BTZ re-
laxors and in BaTiO; (BaZrOs). In the two following para-
graphs, we begin with discussing the cation displacements
and the octahedra dimensions in BTZ relaxors by using the
results of Sec. IV.

The first result of the present work is that the Ti displace-
ments present in the classical ferroelectric BaTiO5 (~0.18 A
toward a face of the oxygen octahedra) persist in the BTZ
relaxors, despite the Ti/Zr substitution on the octahedral site.
The local dipole moments associated with the Ti*" cations
are thus similar in these two materials, although their dielec-
tric properties strongly differ. No Zr displacements are found
in BTZ relaxors, as it is the case in the paraelectric BaZrOs;.
However, note that a previous EXAFS study at the Zr K
edge? showed that the Zr-O distances at equilibrium are
slightly more dispersed in BTZ relaxors than in BaZrO;. If
ascribed to a displacement of the Zr atoms within their oxy-
gen cage, this disorder would correspond to a displacement
smaller than 0.05 A. In the present study, the accuracy of the
distance distributions is limited by the superposition of the
Ti-O and Zr-O contributions on the PDFs of BTZ relaxors,
which impedes such an observation. In any case, the ampli-
tude of the Ti** cation displacements is found to be much
larger than the amplitude of the Zr** cation displacements in
BTZ relaxors: the local polarization is thus mainly due to the
Ti** cations.
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The second conclusion of the present work is that the
TiOg (ZrOg) octahedra keep the same dimensions in BTZ
relaxors and in BaTiO5 (BaZrO;), showing a very rigid char-
acter despite their large difference in size: the mean Ti-O
distance is equal to 2.02 A, while the Zr-O distance is equal
to 2.10 A. The BTZ relaxor structure is thus strongly dis-
torted on the octahedra’s scale. Of course, a superposition of
perfectly rigid TiOg and ZrOg4 octahedra with different sizes
is not compatible with the construction of a perovskite struc-
ture: the octahedra must be slightly distorted when put to-
gether. However, due to their limited  resolution, the PDFs
do not allow to detect such distortions.

It is interesting to compare the results of the present work
with those obtained from x-ray absorption or PDF studies of
CaTi,_,Zr,0; (CTZ) (Refs. 53 and 54) and PbTi,_,ZrO;
(PZT),?'3*% which exhibit the same Ti/Zr substitution as
BTZ relaxors but different dielectric properties. First, it is
striking to note that in both CTZ and PZT, the measured Ti-O
and Zr-O distances are different and tend to remain equal to
the Ti-O and Zr-O distances measured in the end-member
compounds.**>33 In these systems such as in BTZ, the TiOg
and ZrOg octahedra thus form rigid units. The analysis of
x-ray absorption spectra and PDFs also provides interesting
results on the atomic displacements. In CTZ, the Ti and Zr
atoms were shown to lie at the center of their octahedra,>354
as it is the case in the CaTiO; and CaZrO; compounds.’®>’
In PZT, both the Ti and Zr atoms were found to be displaced
in their octahedra,'> while PbTiO; and PbZrO; exhibit
ferroelectric and antiferroelectric instabilities,
respectively.’®>° Similarly with the BTZ system, the TiOg
and ZrOg4 octahedra in CTZ and PZT thus present the same
polar (or nonpolar) character as in their respective end mem-
bers. One can propose that in the substituted ATi;_,Zr, O3
perovskites (A=Ca, Ba, or Pb), the TiO4 and ZrOg4 octahedra
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are rigid constituents, whose size and polar character are
directly transferred from the end-member compounds ATiO5
and AZrO;.

The similarity of the local dipole moments in the classical
ferroelectric BaTiO; and in BTZ relaxors is a key point of
our results since it shows that the difference in the dielectric
properties of these two materials only lies in different corre-
lations between the cation displacements. According to mod-
els proposed earlier for “BaTiOs-based” relaxors,?%% the Zr
atoms would act as dilatational centers in BTZ relaxors, gen-
erating random electric fields®! which in turn would favor the
appearance of polar nanoregions. By giving evidence for
structural distortions arising from the Ti**/Zr** difference in
size, the present work shows that the latter models could
actually explain the occurrence of the relaxor behavior in the
BTZ solid solution. At first sight, they may appear insuffi-
cient since the local structural distortions found in BTZ re-
laxors are similar to those observed in the ferroelectric
PbTi,_,Zr,O5;. However, one can first note that contrary to
Ba atoms, Pb atoms largely get off the center of their oxygen
cages in perovskite oxides due to a hybridization between the
Pb 6p states and O 2p states.5>93 Second, considering the
substituted B site, only the Ti atoms are displaced in BTZ,
while both Ti and Zr atoms are displaced in PbTi;_,Zr,O5.
Consequently, it seems reasonable to consider that the ferro-
electric character would be more robust in PbTi;_,Zr O5 than
in BTZ against random electric fields caused by the struc-
tural distortions.
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