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Local structure of the lead-free relaxor ferroelectric (K Na;_,)sBigsTiO 3
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The local environment of Bi and Ti atoms in the lead-free relaxor ferroelectric solid-solution
(KyNay_,)0.5Big sTiO5 has been studied as a function of K concentration and as a function of temperature for
thex=0 end member by x-ray absorption fine structQf&FS). It is found that the local environment of Bi is
much more distorted than that determined from conventional diffraction experiments. The shortest Bi-O
distances are determined to be 2.22 A, and are 0.3 A shorter than those calculated from the crystallographic
data. Several possible models of the Bi coordination environment, which are consistent with the XAFS data
and provide bond-valence sums for Bi that are closer to the theoretical values, are proposed. The Ti displace-
ment from the center of the oxygen octahedron increases with K concentration while the shortest Bi-O
distance shows no compositional dependence. Bl sTiO3 the value of the Ti displacement is determined
to be 0.18 A. The changes of the macroscopic symmetry at the phase transition poirggBiyNEO3 do not
lead to changes of the radial atomic distribution around Ti, which is well off-center over the whole temperature
range up to and including the paraelectric cubic phase. The results can be explained by assuming the presence
of structural disorder.
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I. INTRODUCTION skite ferroelectrice have shown that changes of macro-
The origin of relaxor behavior in mixed-ion perovskites is SCOPIC Symmetry have surprisingly little effect on the local
of considerable current interdst and progress in this area environment of atoms and that the local structure remains
relies on accurate information on the local and long-rangd!ighly distorted even in the cubic phase.

inh i ; Technological interest in  NaBigsliO3z (NBT),
crystal structure which, in turn, makes it possible to deter- iy > . 2053
mine the values and orientation of local dipole moments.K0-5.B'0-.5T'02§26(KBT)' their solid solutions, and doped
erivatived?26has been driven by the fact that these particu-

Obtaining such information is a challenging problem, as on .
g ging p ar relaxor ferroelectrics are among the few that do not con-

has to qharacterize both stru_ctu_ral_and compositional diso tain lead atoms, making them suitable for the next-generation
g\e/;,k\iI;I:SIChlgi?'f:ggt?gnt%]t;?higSlntngf?:)Cu;ehattL;]I: goglaggvrvgﬁlzlof environmentally frit_andly lead-free piezoelec_trics. Of more
: R ' fundamental interest is the fact that NBT and its analogs are

means for character|z_at|on of the Iong—rqnge component q ompounds that have mixed-valency ions of very different
the st'ructure of mgterlals, are oﬁen re[gtlvely insensitive tQ,1actronic structurée.g, Na and Bisharing the perovskite A
local irregular deviations of atomic positions from the aver-gjta The requirement to accommodate both" lad B,
age ones. o _ which is a lone-pair ion, on the shared A site gives rise to a

X-ray absorption fine structuréXAFS) spectroscopy is sequence of interesting and unusual phase transitions and
one of the few techniques that provide direct quantitativestructures with both temperature and pres$ar. In
information on the local structure in terms of the distribution Na, Bi, sTiO; rhombohedral, tetragonal, and cubic phases
of electron density around atoms of a selected type. Théave been recorded with an intermediate mixed phase
values of the displacements of transition metal atoms fronbetween rhombohedral and tetragonal, pha%&s. Two
sites of high symmetry can be determined both from ex{etragonal ferroelectric phases at ambient and intermediate
tended x-ray absorption fine structuEXAFS) and near- temperatures and the high-temperature cubic paraelectric
edge structure of the absorption spectra, which are known tphase have been found i KBig sTiO5.12223At room tem-
be independent and sensitive proBbédlthough the infor-  perature, the macroscopic symmetry of the solid solutions of
mation about interatomic distances given by XAFS is usually(K,Na; ) sBig sT1O3 (KNBT) changes from rhombohedral
not sufficient for constructing the whole structural model, itto tetragonal at abow=0.25 with increase of K concentra-
often provides valuable information about the structural petion, as revealed by optical investigations and diffraction
culiarities and allows one to verify a structural model. Ap- measurements:24
plication of these tools to the study of ferroelectric com-  Structural disorder has been found to be an intrinsic fea-
pounds has provided information on their structure and itsure of Pb-based relaxo?$:** However, in the KNBT sys-
thermal and compositional variati&r' which can assist in  tem no structural disorder has been reported so far, although
achieving a better understanding of the mechanisms of thithe average structure of different phases is well established
phase transitions in these compounds. Previous XAFS invesy nowt>17 and the diffraction data along with the diffuse
tigations of phase transitions in a number of relaxor perovscattering found in NB# contain strong indications of both
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structural disorder and of a local environment for Bi that isby a cryogenically cooled fixed-exit double-crystal13il)
very different from the average crystallographic one. monochromator. The temperature-dependen€-€dge spec-
We report here the results of an XAFS study of the valuegra of NBT were taken at beamline 7.1 of SRS equipped with
of the relative atomic displacements(ii,Na; _,)o sBigsTiO3  a simple, harmonic-rejecting double-crystal13il) mono-
and their changes with temperature and concentration. Thehromator. A Ge x-ray detector array was used to count the
purpose of examining the local environments of the atomgluorescence output. The surface of the sample was oriented
using a probe such as XAFS is to elucidate how this difficultat approximately 45° to the incident x-ray beam and the de-
and atypical accommodation of dissimilar A-site cationstector. The temperature of the sample was controlled and
within the perovskite framework is accomplished. Following monitored to within an accuracy of 1 K. The XANES re-
on from this, it is then possible to examine how the sequencgion was measured using steps of 0.1-0.5 eV, while the
of phase transitions is driven by local structure rather tharKAFS region was scanned so as to obtain a ste space
longer-range interactions. The relationship between the masmaller than 0.05 A and the acquisition time was 1 s per
roscopic and the local symmetries is the focus of the presertoint. From 2 to 5 scans were collected to improve the
work. signal-to-noise ratio. Since the compositional dependence of
KNBT XAFS (ESRF ID26 and temperature-dependent NBT
XAFS (SRS 7.1 have been measured under different experi-
mental conditions they were analyzed separately and no di-
Both ceramics and crystals of KNBT were used in thisrect quantitative comparison between these sets of spectra
study. 3N grade chemicals,RO;, Na,CO;,, Bi,O3 and Ti0, were made. The measured XAFS data were analyzed using
were weighed to fornk=0, 0.17, 0.22, 0.35, 0.5, 0.75, and 1. the Viper and UWXAFS packagés:*®
The mixtures were ground and mixed using ball milling in The influence of self-absorption on the fluorescence Ti
methanol for 24 h, dried, and pressed into disks. These wergpectra was evaluated using the formulakK=1
heated in a Pt crucible to 950 °C at a rate of 2@’h and  * Mabs (Ubackgroundt Afiuor) (WHEre wpaciground iS the absorp-
left for 24 h before being cooled naturally to room tempera-tion of the nonresonant atoms in the material amg, is the
ture. For crystal growth, the chemicals were melted atotal absorption of the material at the fluorescent energy of
~1300 °C and held at this temperature fod h before the absorbing atojrand the corresponding corrections have
cooling at 3-5°C/h to ~850 °C, and at 30 °C/h tooom  been applied.
temperature. Finally, the solidified material in the crucible All the spectra were normalized and the XAFS sigpdd)
was knocked out carefully using a plastic rod. Powders fowas obtained by subtraction of the atomic backgropgk)
EXAFS experiments were produced by grinding the disks ofrom the raw datau(k). The extracted TiK-edge and Bi
crystals. L,,-edge XAFS of NBT are shown in Fig. k*-weighted
The x-ray diffraction patterns obtained from all the mate- y(k) was then Fourier transformed ® space. The Fourier
rials were consistent with the perovskite structure and did nofransformation was made over therange 3-13.5 Al at
show the presence of any additional phases. The singlésoth the BiL,, edge and the TK edge. A simulation of all
crystal samples contained less potassium than in the startingssible single and multiple scattering contributions was
composition, and so the actual composition of the crystalgnade using thererr 8.20 code3® The structural data for
was determined via electron-probe microanaly&®MA)  NBT® was used in thaToms progrant’ to prepare input for
using a JEOL JXA-8600. FEFF. In the fit of Bi-O, Bi-Ti, and Ti-O peaks only single
XAFS measurements were carried out at both th&.Bi  scattering was taken into account as its input was the major
and Ti K absorption edges; for the Ti edge spectra werecontribution. A fit to the experimental XAFS was performed
recorded in both the near-edge and the extended energy speg-the R distance range 1.2—3.2 A for the Bj, edge and
tral regions. The samples 0K,Na,_,) sBio sTiO3 were pel-  1-2.1 A for the TiK edge.
lets, obtained by mixing carefully ground powders with ap-
propriate amounts of boron nitride. Single crystals and
powder samples of PbTiQwhich was used as a reference . RESULTS AND DISCUSSION
compound, were also measured. .
Measurements at the Bj,, edge were performed in trans- A. Bi Ly -XAFS
mission at the Synchrotron Radiation Souf&RS (Dares- According to the structural model of the rhombohedral
bury) operating at 2 GeV with current varying from phase of NBT the Bi cations are located on the threefold
125 to 250 mA at beamline 9.2, which is equipped with aaxis!®>'®The Bi nearest-neighbor environment, as calculated
Si(220) double-crystal monochromator. Harmonic rejectionfrom the diffraction data, consists of four oxygen shells each
was achieved by setting the double-crystal monochromatoiormed by three oxygen atoms with radii equal to 2.51, 2.61,
to the half-peak-intensity position. The beam intensity before2.91, and 2.99 A. In the high-temperature tetragonal phase of
and after the samples was measured using gas-filled ioniz§BT, Bi-O distances calculated from the structural
tion chambers. Room-temperature fluorescentKFedge parameters vary in the range 2.64—2.88 A. A similar Bi
spectra(4.500 ke were measured at ID26 of the European coordination is obtained from diffraction measurements for
Synchrotron Radiation FacilityfESRF operating at 6 GeV the tetragonal phase of KBT where the range of the distances
and 200 mA. The synchrotron radiation was focused by threés 2.60—2.99 A2 Thus, in all the phases the shortest Bi-O
mechanically independent undulators and monochromatizedistance is estimated to be more than 2.5 A. However, such

Il. EXPERIMENT
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0.6 atoms, given by the refinement of the neutron diffraction
04 Bi L -edge gowder dat&? which are often indicative of structural disor-
: er.
o 0.2 The Fourier transform(FT) of Bi L,,-XAFS for
£ 00 /\ [\M e Nay sBig sTiO3, shown in Fig. 2 by the dotted curve, has two
<] V\[' \/ I major peaks, which can be attributed to the shortest Bi-O
¢-0.24 and Bi-Ti distances. No other peaks corresponding to
04 Bi-O pairs are observed, which is probably due to a very
1 broad distribution of longer Bi-O distances. In the same fig-
-0.6 1 ure, the theoretical spectrum calculated on the basis of the
08—, ————— x-ray diffraction data is presented. The shortest Bi-O and
2 4 6 8, 10 12 14 Bi-Ti distances were included in the calculations. Debye-
k(AY) Waller factors were chosen to obtain close values of the peak
amplitudes in the experimental and calculated FT. It can be
1.0 4 seen that the curves have a similar general profile, but the
0.8 Ti K-edge experimental FT XAFS peaks corresponding to Bi-O and
06 Bi-Ti distances are located at much lowRicompared with
_ 04 those for the calculated curve: this means that the real local
o 02 distances in the compound are much shorter than those given
Z 00 by diffraction.
X2 The fit to the XAFS data was made in the range
. 04 1.2-3.2 A, which corresponds to the first two peaks of the
064 experimental FT XAFS. The XAFS fitting procedure im-
08 ] poses a limitation on the number of structural parameters
10 involved in the refinement, which should not exceed the
T T T T 1 number of independent points defined by the formiia

2 4 6 81&_1 10 12 14 =(2AKAr)/r+2. In the fitting procedure, the distan¢g),
k(A) the Debye-Waller factofa?), the coordination numbeiN),

FIG. 1. k-weighted BiL,-edge and TiK-edge EXAFS of and energy shiftAE,) values were allowed to refine for each

NBT. of the two coordination shells. Thus the total number of the
refined parameters was 8 while the number of independent

coordination is not typical for Bi which tends to form much points in the fitted region was 14.
shorter Bi-O bonds. That this coordination did not satisfy the The best fit for NBT shown in Fig. () was obtained
bond valence of Bi was notétl”?*and the suggestion was assuming that the first peak originated from one Bi-O shell
made that the local structure of Bi should be different fromand the second from one Bi-Ti shell. Attempts to include
the apparent structure that could be refined from the neutroather Bi-O and Ti-O distances in the calculations resulted in
diffraction data. In most bismuth oxides, including a numbersignificantly poorer fits. This shows that only a limited num-
of perovskite compounds, where Bi usually occupies the Boer of the shortest Bi-O and Bi-Ti distances are involved in
site, these distances vary in the range 2.2—2%8 Ahere-  the formation of the XAFS signal, while the contribution of
fore, the large A site that it is occupying here is apparentlyother scattering processes is negligible. This may be due to
not an ideal environment for it. the relatively broad distribution and significant variations of

The longer-than-expected Bi-O distances obtained fothe longer Bi-O distances over the volume of the sample,
KNBT from neutron diffraction experiments may originate which are probably highly affected by the local composition
from the inaccuracy of the average Bi position resulting fromand particular distribution of Bi, K, and Na atoms over
the presence of Bi disorder. Additional support for this as-neighboring A sites. It should be noted that the peaks in the
sumption is provided by the large, highly anisotropic andFT XAFS may originate not from one but from several shells
sometimes even negative atomic displacement parameters which have close radii and thus are not resolved. High

TABLE I. Results of the fits to the XAFS data showing the distatRe number of neighboréN), the Debye-Waller factofo?), and
energy shift(AEg) for the Bi-O and Bi-Ti shells infNa;_,K,)g sBig5TiO3.

Bi-O shell Bi-Ti shell
R factor
X R (A) N a? (R?) Ey (eV) R (A) N a? (A?) Ey (eV) (%)
0 2.221) 4.06) 0.0153) -4(2) 3.21(2) 6(1) 0.0255) -4(1) 9.23
0.2 2.211) 3.27) 0.01Q03) -3(2) 3.202) 3(1) 0.0155) -4(2) 9.89
0.5 2.221) 3.2(6) 0.0103) -1(1) 3.222) 2.49) 0.0104) -2(1) 9.31
0.75 2.221) 3.1(5) 0.0092) -0(1) 3.2412) 2.6(8) 0.0094) -0(1) 8.25
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FIG. 2. Fourier transform of
the Bi Lj,-edge experimental
spectrum of NgsBigsTiO3 (a)
versus calculations using diffrac-
05 tion data;(b) with the results of
i the fit (the experimental spectrum
0.4 is shown dotted and theoretical
curves with solid lines

o
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values may be an indication of such static disorder. the typical value for Bi* oxides but which is 0.3 A less than
The BiL,,-XAFS Fourier transforms show a rather subtle the distance derived from neutron diffraction for these com-
dependence on the K concentration. As can be seen from Figounds. This means that Bi is strongly displaced off-center in
3, the positions of the Bi-O and Bi-Ti peaks do not changethe oxygen polyhedron, and thus it forms short bonds of
much in the whole concentration range. The slight increas@.22 A with only several oxygen atoms out of 12 that form a
of the peak intensities, which is observed as the potassiui coordination polyhedron. The fit shows that the closest
concentration grows, is probably the result of a more symBi-O shell includes about three atoms. Since no other peaks,
metrical nearest-neighbor environment of Bi atoms in K-richwhich may correspond to Bi-O distances are observed we
samples. The Bi-O peak in all of the spectra has been suenay suggest that these distances are too long and too widely
cessfully fitted with the same model as in pure NBT. spread to give a noticeable contribution to EXAFS signal.
The refined structural parameters for several KNBT com-Bi- Ti distances vary within the range 3.22—3.24 A depend-
positions are summarized in Table I. Correlations betweeling on the composition, which are also less than values from
AE, and R fitting parameters were moderatabout —0.7  the diffraction experiments. Although the fit to the data by
and did not affect significantly the accuracy of the distanceonly one Bi-Ti shell gives good results, a more complicated
determination. It can be seen that the shortest Bi-O distancés radial atomic distribution around Bi cannot be ruled out.
for all the compositions were found to be 2.22 A, which is The coordination numbers and Debye-Waller factors show
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12 Short Bi-O bonds as observed by XAFS can be achieved
in two ways:(1) by additional displacement of Bi along the
polar direction with respect to the average structure @d
Bi-Ti by displacement of Bi atoms away from the polar axis in a
plane orthogonal to the polar axis. In both cases this is likely
to occur with statistical disorder. The values of off-center
displacement of Bi which allow one to achieve consistency
with XAFS data for these two models are estimated to be
0.65 and 0.7 A, respectively, and thus the local dipole mo-
ment associated with Bi is much larger than has been sug-
gested before. The Bi position within the oxygen polyhedron

Bi-O

oqs and the geometry of the Bi-O shortest bonds for the diffrac-
3 0.6 tion model and two possible models assuming additional Bi
2 shifts are shown in Fig. 4. In the diffraction model all the
§ shortest bonds have a planar configuration orthogonal to the
= polar axis and arise as a result of tilting of the oxygen octa-
T 047 hedra. On the other hand, in the alternative models consistent

with XAFS, Bi forms a pyramid with the nearest oxygen
environment.

A valuable tool for a quick check of the plausibility of a
structure is that of bond-valence sum calculatitnés For
the diffraction model bond valence sufdVS) the value of
the Bi cations is calculated to be 2.58lt is therefore clear,
that the model gives unsatisfactory coordination for the Bi
atoms, as this suggests that they are severely underbonded in
the symmetrical environment. On the other hand, for the
modified models the Bi BVS is equal to 2.90 and 3.13, re-

A

0 1 2 3 5
HA spectively, showing much more optimal bonding for the Bi
cations.
FIG. 3. The compos!tion_al dependence of the FT of Biedge Comparison of Bi-O distances for models) and (c)
EXAFS of (K,N&y)o $Bio sTiOs. show that modelb) gives only four different Bi-O shells

much stronger variation across the compositional range howdith three atoms at each while mode} gives much broader
ever the accuracy of determination of these values is low. Iflistribution of Bi-O distances consisting of ten different
also should be taken into account that these parameters a§ells with nine of them formed by only one atom. Thus the
strongly correlated and very sensitive to the non-Gaussiaffct that no distant Bi-O shells are observed in the experi-
part of the radial atomic distribution and thus represent onlymnent favor the mode(c).

“effective” values within the Gaussian approximation of the  Further diffraction and diffuse scattering studies aimed at
real atomic distribution, which may consist of several coor-improving upon the average structural models for KNBT are
dination shells with close radii. The refined® values for  now in progress. A refinemetitof the original neutron dafé
both shells decrease with increasing of K content whichfor the R3c phase of NBT gives a possible modetith
shows that in pure NBT Bi has a more distorted coordinatiorgoodness-of-fit,y?=1.09 in which the Bi position of the
with greater variation of Bi-O and Bi-Ti distances comparedoriginal average structure is replaced by three Bi atoms each
with K containing samples. with one-third occupancy and displaced off the polar axis

FIG. 4. Bi position within the oxygen polyhedron and the geometry of Bi-O shortest b@dkg diffraction model(b) Bi additionally
displaced along the poldi11] direction, and(c) Bi atoms statistically disordered around the threefold axis.
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FIG. 5. The pre-edge part of the absorption spectra of PHTIO ¥
(1) powder sample in the tetragonal phdsgom temperatupe (2) S 0.8
powder sample in the cubic phag00 °O), and(3) single-crystal &
sample, tetragonal phase, and x-ray polarization vector orthogon;":
to the polar axis. 0.6
along the pseudocub[EOl] direction. This model is consis- 0.4 4
tent with the diffraction data and immediately yields a
Bi-O bond length of 2.22®) A, in agreement with the EX-
AFS study. Disorder of the oxygen atoms and an additiona 0.2
component of Bi displacement along the poladl] axis 1
yield from two to four neighbors at the short-bonded dis- 4 |
tance, depending upon the Bi displacements assumed, ¢

though it is not possible to discriminate between these dif:

ferent models using goodness-of-fit indicators in Rietveld

refinement. However, it can be concluded that the rerefineu

diffraction data presently favor a local structure for Bi simi-  Fig. 6. The compositional dependence of the pre-edge structure

lar to model(c) of Fig. 4. of (Nay_K,)o sBio cTiO5 solid solution compared with the PbTjO
pre-edge structure.

) 4 I ' ) ' ) ' ) '
4965 4970 4975 4980 4985 4990
E (eV)

B. Ti K-XAFS vector. In the latter case the Ti displacement alanghe
Absorption spectra provide two independent accuratgolar axis, does not contribute to the pre-edge peak intensity
tools for characterizing the Ti displacement in perovskiteswhile the other two components of the Ti displacement are
namely pre-edge structure and EXAFS. close to zero. Thus we can see that, in this case, the pre-edge
Pre-edge structure is a sensitive probe for detecting thB€ak is not observed. These spectra were measured under the

deviations of transition metals from high-symmetry sites, a$ame experimental conditions as the spectra of the studied
the amplitude of the peak in the absorption spectra located gompounds and were used as reference spectra for quantita-
energies just below the absorption edge of a transition eldiv€ determination of Ti off-center displacement in KNBT.
ment correlates with the displacement of the atom from a _IN€ change of the pre-edge structure of KNBT crystals

center of symmetr§® Theoretical calculations of the inte- \glt:'rllﬁ Conrue)-oesétl(Jenstlﬁjc?SrC)erTselg aFSI% rgfetr%%itgeli cvzlléhbéhseeen
grated intensity of the peak show that it is proportionahfp O p g '

where A is the mean-square displacement of the absorbinthalt in pure KBT, the amplitude of the pre-edge peak is ap-

t Thi id ibility f titai luati %roximately the same as in PbTj@nd the integrated inten-
atom. fhis provides a possibility Tor quantitalive evalualiongyies of the peaks have very similar values. Thus the Ti
of the local structural distortions in perovskites.

o _displacement in KBT can be estimated to be equal to that in

. The sensitivity of the pre-edge structure for off-ce_nter TIPbTng, namely 0.25 A. A gradual reduction of the pre-edge
displacements in the oxygen octahedron in perovskites cageak amplitude occurs as a result of substitution of K for Na.
be illustrated by the absorption spectra of PbJ&Bown in  Estimates of the Ti displacement in pure NBT give a value
Fig. 5. Spectra 1 and 2 were measured from a powder sampig18 A, which is larger than the value of 0.11 A derived
of PbTiO; at room temperature and at 600 °C, respectivelyfrom the diffraction datd® The larger value of Ti displace-
and thus correspond to tetragonal and cubic phases. We cafent gives a slight improvement of Ti bond-valence sum
see that in the tetragonal phase, the intensity of the pre-edg®mpared with the diffraction modé8.96 vs 3.91 The re-
peak is much stronger than in the cubic phase. Spectrum @uction of the Ti displacement as a result of substitution is
was taken at room temperature from a Pbfgihgle crystal not dramatic and most likely is just a result of the reduction
with thec axis oriented orthogonally to the x-ray polarization of the unit cell parameters.
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We have also made a study of the changes of the NBT 16
pre-edge structure with temperature. The transformations o
the macroscopic symmetry in this compound occur as fol-
lows: Rhombohedral (220 °C —mixed (rhombohedral 1.4 -
+tetragonadl (320 °C — tetragonal (560 °C) — cubic. The
tetragonal phase was solved as a weakly polar phase in spac
group P4bm!” in which the Ti and Na/Bi displacements
refined in opposite senses along the polar axis.

The polar nature of this phase was also confirmed by the
observation of weak optical second harmonic generation
and piezoelectric signaf.The value of Ti off-center shift in
this phase was determined to be about 0.06 A. Thus a sub
stantial decrease of Ti off-center displacement in the phase
transition point should be observed. The cubic phase was

- . . =
refined as a paraelectric phase in space g®oBm, and, 2
accordingly, the Ti displacement relative to the octahedrong'

vanishes in this centrosymmetric structure. However, the pre-3

edge peak intensity does not show any temperature varia<

tions at all, as can be seen from Fig. 7, and even in the cubic

phase there is no reduction of the Ti off-center shift. This

result suggests that the symmetry of the high-temperature

phase of the crystals is cubic only on a macroscopic scale

while the local distortions persist well above the phase tran-

sition point. The high symmetry emerges as a result of the

averaging of spatial orientation of the low-symmetry units.
Our attempts to fit TK-EXAFS assuming eithdr111] or

[100] Ti displacement were not successful for any of the L e e I

measured patterns, which shows that the local Ti symmetry ~ 4960 4965 4970 4975 4980 4985 4990

in all the phases of KNBT deviates from the average sym- E (eV)

metry and thus Ti disorder should be seriously considered.

The disorder however leads to a quite complicated radial FI_G. 7. The temper_aturt_a dependence of the pre-edge structure at

atomic distribution around Ti, which makes it impossible to e Ti K-edge of NgsBio sTiOs.

describe it quantitatively and to determine the direction of Ti - ) ) .

off-center shift from powder EXAFS alone because of exces€a! be difficult to determine from powder diffraction. The

sive number of the fitting parameters needed in the fit. ThuSuPstitution of Na for K results in a larger Ti displacement,
further refinement of Ti position will be possible through the &lthough the changes of the local structure are subtle. The

use of polarized XAFS and diffraction studies which are inchanges of the macroscopic symmetry at the phase transi-
progress now. tions in NBT crystal do not make any noticeable impact on

the Ti environment. The results show that the relative atomic
displacements are constant and thus a “displacive” mecha-
nism is not involved and the phase transitions should be
As a result of this study of the local structure of KNBT considered as primarily order disorder.
crystals, significant local distortions of the ideal perovskite
structure have been revealed which appear to be much
greater than the average distortions obtained previously us- We are grateful to the Engineering and Physical Sciences
ing diffraction techniques. The most likely reason for this Research CouncilUK) for a grant enabling this work to be
disagreement is the presence of structural disorder, whicbarried out.

0.0

IV. SUMMARY

ACKNOWLEDGMENT

1G. A. Samara, J. Phys.: Condens. Matfés; R367 (2003. 6B. Ravel, E. A. Stern, Y. Yacobi, and F. Dogan, Jpn. J. Appl.
2R. Pirc and R. Blinc, Phys. Rev. B0, 13470(1999. Phys., Part 132, 782(1993.
SR. Fisch, Phys. Rev. B57, 094110(2003. 7B. Ravel, E. A. Stern, R. I. Vedrinskii, and V. Kraizman, Ferro-
4B. Ravel and E. A. Stern, Physica B08&209, 316 (1995. electrics 206—207 407 (1998.
5R. V. Vedrinskii, V. L. Kraizman, A. A. Novakovich, Ph. V. De-  8Y. Girshberg and Y. Yacoby, Solid State Commui03 425
mekhin, and S. V. Urazhdin, J. Phys.: Condens. Matigro561 (1997).
(1998. 9V, A. Shuvaeva, K. Yanagi, K. Yagi, K. Sakaue, and H. Terauchi,

174114-7



SHUVAEVA et al. PHYSICAL REVIEW B 71, 174114(2005

Solid State Commun106, 335(1998. Kreisel, and M. A. Gedayunpublishegl
10y, A. Shuvaeva, Y. Azuma, K. Yagi, H. Terauchi, R. Vedrinski, V. 25J. Kreisel, P. Bouvier, B. Dkhil, P. A. Thomas, A. M. Glazer, T. R.
Komarov, and H. Kasatani, Phys. Rev.@, 2969(2000. Welberry, B. Chaabane, and M. Mezouar, Phys. Rev6®

1y, A. Shuvaeva, I. Pirog, Y. Azuma, K. Yagi, K. Sakaue, H.  014113(2003.
Terauchi, I. P. Raevskii, K. Zhuchkov, and M. Yu. Antipin, J. 26K. Roleder, |. Franke, A. M. Glazer, P. A. Thomas, S. Miga, and

Phys.: Condens. Mattet5, 2413(2003. J. Suchanicz, J. Phys.: Condens. Mattd; 5399(2002.

2y, V. Ivanova, A. G. Kapyshev, Y. N. Venetsev, and G. S. ?’J.-R. Gomah-Pettry, S. Said, P. Marchet, and J.-P. Mercurio, J.
Zhdanov, lzv. Akad. Nauk SSR Ser. Fiz. Mat. Na@k, 354 Eur. Ceram. Soc24, 1165(2004.
(1962. 283, Said and J. P. Mercurio, J. Eur. Ceram. Sat,. 1333(2001).

13G. A. Smolenskii, V. A. Isupov, A. I. Agranovskaya, and N. N. 2°H. Nagata and T. Takenaka, J. Eur. Ceram. S1¢.1299(2001).
Krainik, Fiz. Tverd. Tela(Leningrad 2, 2982 (1960 [Sov. 30p. A. Thomas, J. Kreisel, A. M. Glazer, P. Bouvier, Q. Jiang, and
Phys. Solid State2, 2651(1960]. R. Smith(unpublished

143, A. zvirgzds, P. P. Kapostins, J. V. Zvirgzde, and T. V. Kruzina, 31E. Prouzet, E. Husson, N. de Mathan, and A. Morell, J. Phys.:
Ferroelectrics40, 75 (1982. Condens. Mattel5, 4889(1993.

15G. 0. Jones and P. A. Thomas, Acta Crystallogr., Sect. B: Struct2C. Malibert, B. Dhil, J. M. Kiat, D. Durand, J. F. Berar, and A.
Sci. 58, 168(2002. Spasojevic-de Bire, J. Phys.: Condens. Mafgi7485(1997).

163, B. Vakhrushev, B. G. lvanitskii, B. E. Kvyatkovskii, A. N. 33K. S. Knight and K. Z. Baba-Kishi, Ferroelectric73 341
Maistrenko, R. S. Malysheva, N. M. Okuneva, and N. N. (1995.
Parfenov, Fiz. Tverd. TeléLeningrad 25, 2613 (1983 [Sov. 343, G. Zhukov, V. V. Chernyshev, L. A. Aslanov, S. B. Vakhru-

Phys. Solid State25, 1504 (1983]. shev, and H. J. Schenk, J. Appl. Crystallogs, 385(1995.
17G. 0. Jones and P. A. Thomas, Acta Crystallogr., Sect. B: Struct®K. V. Klementiev, VIPER for Windowsfreeware: www.desy.de/
Sci. 56, 426 (2000. ~klmn/viper.html.

18T V. Kruzina, V. V. Gene, V. A. Isupov, and E. V. Sinyakov, %K. V. Klementev, J. Phys. 84, 209 (2001).
Kristallografiya 26, 852(1981) [Sov. Phys. Crystallogr26, 482 37E. A. Stern, M. Newville, B. Ravel, Y. Yacoby, and D. Haskel,

(1981)]. Physica B 209, 117 (1995.

By, A. Isupov, I. P. Pronin, and T. V. Kruzina, Ferroelectr., Lett. 3M. Newville, P. Livins, Y. Yacoby, J. J. Rehr, and E. A. Stern,
Sect. 2, 205 (1984). Phys. Rev. B47, 14 126(1993.

20M. Geday, J. Kreisel, K. Roleder, and A. M. Glazer, J. Appl. 3°A. L. Ankudinov, B. Ravel, J. J. Rehr, and S. D. Conradson,
Crystallogr. 33, 909 (2000. Phys. Rev. B58, 7565(1998.

21T, V. Kruzina, V. M. Duda, and J. Suchanicz, Mater. Sci. Eng., B4°ICSD database: www.fiz-informationsdienste.de/en/DB/icsd/.
87, 48 (2001). 41G. Donnay and R. Allmann, Am. Minerab5, 1003(1970.

22G. 0. Jones, J. Kreisel, and P. A. Thomas, Powder Difft. 301~ 42l. D. Brown, Acta Crystallogr., Sect. B: Struct. Sci8, 553
(2002. (1992.

23], P. Pronin, N. N. Parfenova, N. V. Zaitseva, V. A. Isupov, and G.*3l. D. Brown, Acta Crystallogr., Sect. B: Struct. Sc&3, 381
A. Smolenskii, Sov. Phys. Solid Sta@4, 1060(1982. (1997.

24y, A. Shuvaeva, A. M. Glazer, Q. Jiang, P. Thomas, D. Zekria, J**P. A. Thomasunpublishedl

174114-8



