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Solid solutions of (12x)Pb(Sc2/3W1/3)O3–(x)PbTiO3 and (12x)Pb(Sc2/3W1/3)O3–(x)PbZrO3 ~PSW-PT
and PSW-PZ! show remarkably different dielectric responses. Even though PT has a much higher Curie
temperature (490 °C) than PZ (230 °C), addition of Ti up tox'0.25 decreasesTe,max — in contrast to the
increase ofTe,max for the substitution of PZ. Concentrations of Ti withx.0.25 lead to a strong increase in
Te,max. The structural origins of this behavior were studied by x-ray and neutron diffraction, pair distribution
function~PDF! analysis and density functional theory~DFT! calculations. Forx,0.25 the B cations form a 1:1

ordered doubled perovskite structure~space groupFm3̄m) in agreement with the ‘‘random site model,’’ where
the ordered structure consists of one B sublattice occupied by Sc and the other by a random mixture of the
remaining cations. The B site order is reduced by incorporation of Zr, but highly stabilized by Ti with the
degree of order in excess of 95% forx<0.25. The results of PDF analysis and DFT calculations show that
locally the atoms are significantly displaced from their average lattice positions and thatTe,max is strongly
correlated with the cation displacements. The initial anomalous decrease ofTe,max in PSW-PT is due to the
suppression of ferroelectricity by a decrease in the perovskite volume and is related to reduced Pb displace-
ments. Forx,0.25 the contribution to ferroelectric polarization from Ti and W are restricted because of the
high B-site ordering. However, as the order is reduced forx.0.25, the active Ti and W cations couple their
displacements and dominate the dielectric response, drivingTe,max up. For PZ substitution, the lack of ordering
leads to nearly linear growth ofTe,max corresponding to a uniform increase in Pb and B-cation displacements.

DOI: 10.1103/PhysRevB.69.214101 PACS number~s!: 77.84.Dy, 71.15.Mb, 61.66.Fn
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I. INTRODUCTION

Lead-based PbBO3 systems in the perovskite structu
can accommodate mixing of several cations on the B s
allowing the formation of many compounds and their so
solutions with a variety of dielectric and piezoelectric pro
erties controlled by the chemistry at the B site. The B-s
arrangement can be macroscopically described by the c
position and distribution of the cations on the B sublatti
Modification of either of these parameters can induce a
nificant changes in the dielectric response. For example
different B compositions lead-based perovskites can exh
ferroelectric (PbTiO3), antiferroelectric (PbZrO3), or
relaxor-type@Pb(Mg1/3Nb2/3)O3# behavior. Every lead-base
system with a relaxor response has a mixture of differ
cations on the B site, and this appears to be a neces
condition for the relaxor behavior. A change in the orderi
0163-1829/2004/69~21!/214101~13!/$22.50 69 2141
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of the B site can also induce changes in dielectric respo
One well-known example is the Pb(Sc1/2Ta1/2)O3 ~PST! sys-
tem, where the chemical ordering of Sc31 and Ta51 induces
a transition from relaxor to normal ferroelectric behavior a
an increase in the paraelectric transformation temperature
ordered PST, the Sc31 and Ta51 cations form a rock-salt
structure, with a doubled unit cell and 1:1 alternation of
and Ta planes along the^111& directions. In fact, all ordered
Pb-based mixed metal perovskites adopt this 1:1 ‘‘dou
perovskite’’ structure@Pb(b1/28 b1/29 )O3], even compounds
with 2:1 or 1:2 B-site cation stoichiometries. Th
Pb(Mg1/3Nb2/3)O3 ~PMN! type compounds are the be
known example of such incompatibility between the cati
stoichiometry and the symmetry of the resultant orde
structure. A series of recent studies of tantala
@Pb(Mg1/3Ta2/3)O3 — PMT# and niobate members of th
PMN family have showed this incompatibility is accomm
©2004 The American Physical Society01-1
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dated through the formation of a ‘‘random site’’ structu
where one position is occupied solely by Nb~or Ta!, and the
other contains a random mixture of Mg and the remain
Nb/Ta cations.1–4 Although the ordered lead-based perov
kites have similar 1:1 structures, the effects of order on
dielectric properties are highly nonuniform. For example,
Pb(Sc1/2Nb1/2)O3 ~PSN! the increase in B-site order caus
relaxor-type broadening of the paraelectric transition an
significant decrease of the transition temperature.5–7 This is
just the opposite to the behavior of the related P
system,8–10 even though PSN and PST might be expec
to have similar properties. On the other hand, for
~0.95!Pb(Mg1/3Ta2/3)O3–~0.05!PbZrO3 system, an increas
of the B-site order from 20% to 95% did not induce a
appreciable change in dielectric properties.1

Although the B-site chemistry is critical for the overa
dielectric response of lead-based perovskites, a signifi
part of the polarization comes from the off-centering of t
A-site Pb ions, which has been reported for numero
systems.11–14 The Pb21 cations have a ‘‘lone pair’’ electron
configuration with two electrons outside the closedd shell.
The outer electrons form a lone-pair orbital on one side
the atom, which induces a displacement of the lead and
mation of short Pb-O bonds. These displacements are
controlled by the local environments of individual Pb atom
in particular by its oxygen neighbors. The Pb-O bonds
also influenced by the bonding of oxygen to its nearest B-
neighbors, and as a result the oxygen anions mediate
interaction between the Pb displacements and the B
chemistry. The exact relationship between the macrosc
dielectric properties and the B-site structure is complica
and driven by many coupled interactions. In this paper,
investigate these relations in Pb(Sc2/3W1/3)O3–PbTiO3 and
Pb(Sc2/3W1/3)O3–PbZrO3 solid solutions.

These systems are ideally suited for such a study, as
show completely different responses to the B-site subs
tion in spite of their similar chemistries. PSW is similar
properties to the PMN family of compounds, since it d
plays a relaxor-type response and also forms a B-site ord
structure with 1:1 periodicity. The effects of cation substi
tions and thermal treatments on the B-site order and die
tric properties in (12x)Pb(Sc2/3W1/3)O3–(x)PbTiO3 ~PSW-
PT! and (12x)Pb(Sc2/3W1/3)O3–(x)PbZrO3 ~PSW-PZ!
have been previously reported elsewhere.15 It was found that
the amount of order in the PSW-PT system can be contro
by the synthesis conditions and that similar to PSN, an
crease in B-site order leads to a significant decrease in
transition temperature. The results indicated that the 1:1
der in PSW can be represented by a modified ‘‘random s
structure. According to this model, the structure of the fu
ordered PSW end member can be represen
as Pb@Sc#1/2@Sc1/3W2/3#1/2O3 and the ordered solid solu
tions by Pb@Sc#1/2@Sc(124x)/3W(222x)/3M2x

41#1/2O3, where
M41 is either Ti or Zr. Because of the (124x)/3 term,
this substitution pattern for the solid solutions is on
possible forx<0.25. Forx.0.25 the M41 cation must sub-
stitute on both lattice sites, to give stoichiometries w
Pb@Sc(424x)/3M(4x21)/3

41 #1/2@W(222x)/3M(2x11)/3
41 #1/2O3.

The order parameter of PSW-PT and PSW-PZ sam
21410
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has been evaluated from conventional powder x-ray diffr
tion ~XRD! by comparing the measured intensity of the~111!
superreflection (d'4.7 Å) to its calculated value, see Fig.
For PSW-PT the cation order was found to be much m
stable and extend to higher substitution levels than for
PSW-PZ counterpart. This observation could be interpre
in terms of the difference of the average cationic size forb8
and b9 sublattices predicted by the random site mod
(r Sc3150.745 Å, r W6150.60 Å, r Ti4150.605 Å, and
r Zr4150.72 Å, in pure PSW r b850.745 Å and r b9
50.65 Å). The size difference (r b82r b9) increases withx
for the Ti system~since r Ti41,r b9), but decreases for the
substitution of Zr.

All of the investigated compositions show relaxor ferr
electric behavior; however PSW-PT displays an unus
trend in the temperature of the permittivity maximumTe,max,
which decreases forx<0.2 and then increases forx.0.25.
In contrast, for the PZ systemTe,max varies linearly with the
Zr content, as displayed in Fig. 2. These observations ca
rationalized in terms of the B-site occupancies predicted

FIG. 1. Degree of orderS as a function of compositionx for
PSW-PZ and PSW-PT. Circles mark data from conventional XR
stars mark results of Rietveld analysis of the synchrotron XRD.

FIG. 2. Variation ofTe,max ~1 MHz! with x for PSW-PT and
PSW-PZ. PSW-PT solution shows a surprising drop inTe,max for
x<0.2.
1-2
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the random site model. For the substitution of PT compl
order occurs forx<0.25 ~Fig. 1!, therefore one lattice site i
occupied exclusively by Sc and the other by a mixture of
W, and Ti. However forx.0.25 Ti must substitute on bot
ordered sites and the presence of Ti-O-Ti or Ti-O-W bon
becomes likely. It is precisely at this composition where
sharp growth inTe,max is observed, see Fig. 2. The appe
ance of Ti-O-Ti and Ti-O-W neighbors can be responsible
longer range coupling of the ferroelectrically active Ti41 and
W61 cations. It is also possible that the stronger bonding
oxygens in Ti-O-W and Ti-O-Ti chains may significantly a
ter the magnitudes and directions of Pb displacements. In
PSW-PZ system, the degree of order is less than 100% e
for low substitution levels, implying that both ordered sit
contain a mixture of several cations. Consequently ther
no abrupt change in the pattern of B-site occupation and
linear behavior ofTe,max versusx is not unexpected. Ou
previous data strongly supported the random site model
correct description of the ordered PSW-PT and PSW
compounds. Nevertheless more detailed structure ana
was necessary to determine the exact occupancies in th
dered phases and to probe the modifications in the ato
displacements that accompany the changes in composi
order, and dielectric response. Therefore we performed a
tailed Rietveld and pair distribution studies of the PSW-
and PSW-PT systems using synchrotron x-ray~SXRD! and
neutron diffraction~ND!. We also modeled these solid sol
tions using density-functional theory calculations.

II. EXPERIMENTAL PROCEDURES

A. Sample preparation

The diffraction measurements were conducted on f
samples of (12x)PSW– (x)PT with x50, 0.15, 0.25, and
0.35, and two solid solutions of PSW-PZ withx50.15 and
0.35. These PSW-PT systems were chosen to probe the
positional range that displays the largest changes in
Te,max behavior, Fig. 2. For comparison similar compositio
were examined for PSW-PZ system. The samples were
pared by solid-state methods from high-purity oxid
(.99.9%) via the ‘‘columbite route.’’ Stoichiometric
amounts of Sc2O3, WO3, and ZrO2 or TiO2 powders were
mixed in an agate mortar and calcined overnight at 1100
PbO was then added to the mixture, which was ball mil
and annealed for 6 h at 875 °C.This treatment resulted in th
formation of a single phase powder, which was ball mill
for 6 h and isostatically pressed~at 500 MPa! into pellets
with diameters of 8 mm or 20 mm. The final sintering w
done in a way known to maximize the B-site order. T
pellets were annealed at temperatures betw
910 °C–1050 °C, for durations of 6 h–24 h and slow
cooled at the rate of 1 °C/min. During these treatments
specimens were buried in a sacrificial powder of the sa
composition and wrapped in Pt foil to avoid second ph
products from the loss of PbO. To further stabilize the p
ovskite phase, the wrapped samples were placed insi
tightly closed crucible with a~0.1!PbO–~0.9!PbZrO3 spacer
powder which provided a Pb-rich atmosphere. The phase
21410
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rity, lattice parameters, and degree of ordering were chec
using conventional powder XRD.

B. Synchrotron X-ray diffraction

Synchrotron x-ray diffraction data were taken at the X7
beamline at the National Synchrotron Light Sourc
Brookhaven National Laboratory. Powder samples w
placed in glass capillaries with a 0.1 mm diameter. Pack
densities were found to be 5 g/cm3–6.5 g/cm3 ~60%–80%!
indicating a strong x-ray absorption~absorption length
;0.05 mm). During the measurement, the capillaries w
rotated in order to improve orientational averaging. A lo
wavelength ofl50.500 95 Å, which reduced absorption b
the Pb atoms, was selected with a Ge~111! monochromator.
Diffraction intensities were measured using a position se
tive detector~PSD! with a 4° angular range and 0.3 mm
310 mm receiving slit. The diffraction data were collecte
in theQ range of 1.1 Å21–10 Å21 (d50.62 Å –5.8 Å) and
analyzed by Rietveld method using theGSAS software
package.16 The x-ray background was subtracted using a
bic smoothing spline, and the measured intensities were
rected for absorption via the built-inGSAS procedure. The
reflections were fitted by an asymmetric peak profile fun
tion 3, which is suitable for the setup with PSD detect
Peaks in the measured spectrum displayed consider
asymmetry~Fig. 3!, which could be fitted by refining theS/L
parameter~beam aperture! in the profile function. The order-
ing reflections had wider profiles, because of the smaller s
of the ordered regions. This could be modeled using
GSAS procedure for stacking fault broadening, which intr
duced separate broadening terms for the superlattice re
tions. The x-ray wavelength and zero correction were de
mined by refinement of CeO2 standard. The scale facto
background, lattice constant, peak profiles, temperature
tors, oxygen positions, and B-cation occupancies were
refined.

FIG. 3. Rietveld refinement of the PSW SXRD pattern. Cros
denote the experimental data, asterisks highlight the ordering re
tions, and the difference curve is marked at the bottom part of
plot.
1-3
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FIG. 4. Rietveld analysis of the ND data from
PSW at 290 K. Crosses denote the experimen
data, asterisks indicate ordering reflections, a
the fit difference is marked at the bottom.
-
te
N
r

s
ta
st
fo
tr
t t
low
ri
a
is
b

th

tri
N

co
ib
d

al
ti

ts
o
th
s
ed

-
e

,

n

he
us
he

s

on
re
ce
fore
nce
site
re,

e

1
tisfy
se

pa-

r,
the

to

r

d

C. Neutron diffraction

Time-of-flight ~TOF! neutron-diffraction data were col
lected at the Special Environment Powder Diffractome
beamline at the Intense Pulse Neutron Source, Argonne
tional Laboratory. The specimens were placed in a cylind
cal ~11 mm in diameter! vanadium container, which wa
sealed under He atmosphere to ensure good thermal con
The container was mounted on a He cooled displex cryo
and for all samples the diffraction data were measured
5 h at 20 K and 290 K, below and above the paraelec
transition. The first, room-temperature run was carried ou
check for any structural changes due to the cooling to
temperature. The incident neutron spectrum and scatte
effects from the sample chamber were evaluated from c
bration runs with the vanadium rod, empty displex, and d
plex with empty container. The ND data were evaluated
the Rietveld and pair distribution function~PDF! analysis.
The Rietveld refinement was carried out using data from
144.85° detector bank in the Q-range of
1.88 Å21–15.7 Å21 (d range 0.4 Å–3.35 Å!. No appre-
ciable changes were observed in the results after a
analysis using two detector banks at 90° and 144.85°. A
standard sample was used to evaluate the diffractometer
stants. The absorption of neutrons was found to be neglig
~absorption length;100 mm). The intensity backgroun
was modeled by a shifted Chebyshev polynomial,GSASfunc-
tion 1, and the intensity peaks were refined using theGSAS

TOF profile function 3. As for the SXRD, the addition
broadening of the ordering reflections was facilitated by u
lizing the stacking fault model for the$200% superlattice. The
lattice parameter, background function, profile coefficien
B-site occupancies, temperature factors, and oxygen p
tions were all refined together. For the PDF analysis,
scattering intensities were regrouped to five detector bank
21.8°, 44.0°, 90.0°, 139.7°, and 150.0°, which allow
good intensity resolution in the Q range of
1.2 Å21–30 Å21. The PDFGETN software was used to cor
rect the raw intensities for background and environment
fects and to calculate the PDF.17 The cutoff parameter
21410
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Qmax526 Å21, for the Fourier transformation was chose
such that the differential change in the PDF curve withQmax
would be minimal in the interval of 1.7 Å,r ,10 Å. The
simulations of the PDF curves were performed using thePD-

FFIT package.18

III. RESULTS

A. Rietveld refinements

The refined SXRD pattern of PSW obtained by t
Rietveld method is displayed in Fig. 3, and the analogo
neutron-scattering result at 290 K is presented in Fig. 4. T
ordering reflections (d'4.7 Å) were observed in all sample
~PSW-PT,x50.0, 0.15, 0.25, 0.35 and PSW-PZ,x50.15)
with the exception of PSW-PZ,x50.35. There was no sign
of peak splitting in any of the measured x-ray or neutr
spectra at 20 K or 290 K and all diffraction patterns we
consistent with a cubic perovskite structure. No differen
could be found between the neutron data measured be
and after low-temperature cooling and there was no evide
for spontaneous polarization. The samples displaying B-
order were refined using the double perovskite structu
space groupFm3̄m ~225!. A simple perovskite lattice, spac
groupPm3̄m ~221! was used for the disordered~0.65!PSW-
~0.35!PZ system.

The total occupancies of all lattice sites were fixed to
and the occupancies of the B cations were required to sa
the overall stoichiometry. For three different B cations the
conditions permit two free parameters for the B site occu
tion, since specifying the populations of two B cations onb8
site automatically determines their content on theb9 site and
the b8 andb9 populations for the third B-cation. Howeve
only one of these parameters can be refined, because
structure factors of ordering reflections are proportional
the same value (Ford54 f b824 f b9). Therefore, the B occu-
pancies were set to linearly change with a single parameteS,
from a completely random structure (S50) to the one with
maximum order atS51. The refined B occupancies an
1-4
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TABLE I. B-site cation occupancies in PSW-PT and PSW-PZ vs order parameterS for linear interpolation
from completely random to completely ordered structure.

x<0.25 x.0.25
Cation b8 b9 b8 b9

Sc 222x

3
1

2x11
3

S
222x

3
2

2x11
3

S
222x

3
(11S)

222x

3
(12S)

W 12x

3
(12S)

12x

3
(11S)

12x

3
(12S)

12x

3
(11S)

Ti41 or Zr41 x(12S) x(11S) x2
12x

3
S x1

12x

3
S
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their dependence on the order parameterSare listed in Table
I. The oxygen positions were refined in accordance with
Fm3̄m symmetry, which allows shifts along theb8-O-b9
bonds. Because of the limitedQ range, the SXRD data wer
simulated using isotropic temperature factors which had
same value for all B cations. In the case of the neutron sp
tra, which have a widerQ range, the temperature factors f
O were refined as anisotropic with components perpendic
(UO11) and parallel (UO33) to b8-O-b9. The refined lattice
constant, order parameterS, the oxygen shiftDzO from b8 to
b9, and temperature factorsU for SXRD and ND spectra are
listed in Table II.

All of the model structures could be refined to an exc
lent agreement with the experimental data, where the va
of weighted residuumRwp were as low as 4%. The values o
the order parameterS obtained from neutron refinemen
were considerably smaller than their SXRD counterparts,
Table II, although the conventional x-ray scans showed
ND and SXRD specimens should have a similar degree
ordering. The value ofS is derived from the refinement o
structure factors. Neutron scattering is more sensitive to
local disorder in the material and this makes Rietveld refi
ment less accurate,19 leading to high residua for the ND
Because the residua of structure factorsRF2 for SXRD are an
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order of magnitude smaller than for ND~Table II!, the order
parametersS from SXRD data should be more reliable an
they also agree very well with the previous results, Fig. 1

The Rietveld analysis confirms essentially complete or
in PSW-PT for x<0.25 and proves that the random si
model is a correct description of the B chemistry in PSW-
and PSW-PZ systems. The random site model is also
arrangement which maximizes the intensities of the supe
flections because Sc has the lowest atomic number of a
cations. SinceFord54( f b82 f b9), the largest magnitude o
Ford is achieved if theb8 site is occupied purely by Sc an
all the remaining cations occupyb9. It is very unlikely that
any other B-site structure could simulate equally well t
observed strong intensities of the ordering reflections.

The large residuumRF2 of the refinements of the ND dat
was probably caused by many overlapping peaks in the h
Q range. While the high-Q data seem to cause underes
mates inS, they also allow much better accuracy for th
temperature coefficients. A significant improvement in the
was observed after the introduction of anisotropic tempe
ture factorsUO11 andUO33 for O ~perpendicular and paralle
to b8-O-b9) and separate values ofUb8 andUb9 for the B
sites. The refined temperature factors of Pb and O were v
high, corresponding to unrealistically large magnitudes
d
TABLE II. Results of Rietveld refinement of SXRD(x) and ND (n) data collected from PSW-PT an
PSW-PZ at 290 K.

x a ~Å! S DzO ~a! UPb (Å 2) UO11 UO33 UB RF2 ~%! Rwp ~%!

0 (x) 8.1349 0.933 0.0054 0.055 0.034 0.0039 6.7 4.0
0 (n) 8.1360 0.847 0.0082 0.049 0.029 0.006 0.0054 40 4.5

0.15 Ti (x) 8.1011 0.969 0.0075 0.043 0.017 0.0033 9.7 3.7
0.15 Ti (n) 8.0994 0.802 0.0080 0.048 0.023 0.005 0.0056 36 4.4

0.25 Ti (x) 8.0761 0.948 0.0073 0.048 0.023 0.0081 6.8 3.0
0.25 Ti (n) 8.0785 0.644 0.0073 0.047 0.020 0.006 0.0056 36 4.3

0.35 Ti (x) 8.0593 0.659 0.0069 0.050 0.039 0.0110 8.0 3.6
0.35 Ti (n) 8.0619 0.516 0.0038 0.047 0.022 0.009 0.0043 42 4.4

0.15 Zr (x) 8.1615 0.760 0.0041 0.059 0.044 0.0120 7.1 3.4
0.15 Zr (n) 8.1644 0.589 0.0055 0.049 0.035 0.008 0.0055 42 4.7

0.35 Zr (x) 8.1953 0 0.051 0.045 0.0090 6.9 2.5
0.35 Zr (n) 8.2050 0 0.053 0.043 0.009 0.0056 37 5.4
1-5
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vibration of about 0.22 Å for Pb and 0.17 Å for O. Contra
to expectations, the temperature factors of Pb decreased
heating from 20 K to 290 K~e.g., from 0.052 Å2 to
0.047 Å2 for x 5 0.25 Ti!. These observations indicate th
the large Debye-Waller factors are not due to tempera
induced atomic vibrations, but rather are caused by lo
displacements of Pb and O atoms from their average la
positions. The directions of these shifts are not correla
over larger distances, keeping the long-range structure cu
but they are manifested through increased temperature
tors. The increase inUPb at 20 K can be explained by the P
shifts becoming more correlated at low temperatures. For
O atoms, the temperature factorUO33 along the B-O bond is
2–4 times smaller than the perpendicular componentUO11.
This suggests that the local O shifts occur mainly in
directions transverse to B-O, which could correspond to
tations of BO6 octahedra. The temperature coefficients
the B cations have reasonable values and increase with
perature. All of the refinedDzO were positive and indicated
slight off-centering of oxygens away from the large Sc c
ion.

B. Pair distribution function analysis

The PDF is obtained by calculating the inverse Four
transformation of the entire diffraction spectrum, includi
the Bragg peaks and the intermediate diffuse intensities.
like the Rietveld method, PDF analysis makes no assump
about the periodicity of the investigated matter. The P
provides information about the interatomic distances in
material, and has been extensively used to study glasses
liquids. The application of PDF analysis for crystalline m
terials is discussed elsewhere.20–22There are several equiva
lent forms of the PDF used in the literature. In this paper
PDF will always refer to the functionG(r ), which is related
to the local structure through

G~r !5
1

Nr^b&2 (
i , j

@bibjd~r 2r i j !#24prr0 ,

where bi , bj are the neutron-scattering lengths,r i j is the
separation of thei th and j th atom, andr0 is the number
density of the material. Figure 5 shows the experimen
PDF curves of PSW obtained by neutron scattering at 2
and 290 K. The dotted line corresponds to the PDF ca
lated for the average, Rietveld structure, and the vertical
indicates the expected interatomic distances. The experim
tal PDF’s are markedly different from the calculated PD
with additional peaks indicating that the local structure
significantly distorted from the average crystal lattice. T
first peak ofG(r ) at 2.1 Å is due to the B-O nearest neig
bors, and its full width at half maximum is approximately 0
Å. This width is only slightly higher than the difference i
the ionic radii of Sc31 and W61 (DRb50.145 Å, r Sc31

50.745 Å, r W6150.60 Å), which indicates that B-catio
off-center distortions are small. This conclusion is suppor
by the Rietveld analysis, which yielded small, realistic v
ues for the Debye-Waller factors at the B sites~Table II!, and
it can be thus assumed that the B cations are close to
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average positions. While the first peak roughly agrees w
the calculated curve, there are significant deviations for
second and third peaks. The second nearest distance of
and O-O pairs is split into at least three overlapping peak
2.4 Å, 2.8 Å, and 3.1 Å. This splitting is unlikely to aris
from the O-O bonds as a large distortion of the BO6 octahe-
dra would also affect the first B-O peak. As a result, the
must be a large variance in the Pb-O bond lengths, which
be realized by shifts of the Pb cations or by rotations of
BO6 octahedra. The presence of lead displacements is cle
confirmed by the third nearest-neighbor distance of Pb-B
ions, which is separated into two peaks at about 3.4 Å
3.7 Å. TheG(r ) curves measured at 20 K and 290 K a
quite similar overall, but they show a noticeable difference
r'3.5 Å, corresponding to the Pb-B neighbors, see Fig.

The Pb-B lengths are distributed among two peaks at
K, but with heating to 290 K they become more diffuse a
form three maxima in the PDF. This can be attributed
cation oscillations in the local double-well potential or to
presence of a secondary distortion direction at the hig
temperature. In either case, the correlation of Pb shifts
pears to be disrupted. This is also supported by the decr
of peak amplitudes atr'5.75 Å andr'7 Å, corresponding
to the ^110& and ^111& separations, respectively.

The PDF curves of (12x)PSW– (x)PT, x50, 0.15, 0.25,
0.35, and (12x)PSW–(x)PZ, x50.15, 0.35 are displayed
in Fig. 6. The most apparent change inG(r ) of PSW-PT is
the opposite amplitude trends for the B-O and Pb-B peak
r'4.6 Å and r'5.0 Å. However, this is a compositiona
effect due to the negative scattering length of Ti. The imp
of Ti is also noticeable on the first B-O peak, which becom
narrower with x and develops a split at its left-side foo
Because of the negative value ofbTi , the Ti-O distance in the
~0.65!PSW-~0.35!PT is represented by a local minimum
r'1.9 Å. This minimum is offset from the main B-O pea
by approximately 0.2 Å, close to the difference in the Sc a
Ti radii (DRb50.14 Å, r Sc3150.745 Å, r Ti4150.605 Å).
Thus it is not possible to determine without further modeli
whether the increase in Ti composition induces larger sh
in the positions of the active W and Ti cations. Perhaps

FIG. 5. PDF curves for PSW at 20 K, thick solid line, and at 2
K, thin line. Dash-dotted line denotes PDF calculated for
Rietveld-refined structure.
1-6
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FIG. 6. PDF curves for PSW-PT and PSW-PZ at 20 K. Composition andTe,max values are noted on the right side of plots.
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most important feature in these PDF’s is the evolution of
third peak atr'2.8 Å, which is formed by Pb-O and O-O
lengths. It has a right-side shoulder for PSW, then show
very broad, diffuse profile forx50.15, 0.25 and redevelops
shoulder atx50.35. These alternations of the Pb-O pe
coincide with the changes in the temperature of the perm
tivity maximum Te,max. The broad, diffuse Pb-O peak atx
50.15, 0.25 suggests more randomness and a shorter c
lation length of the Pb displacements, which seem to be c
sistent with the drop inTe,max. A similar trend can be ob-
served in the PSW-PZ system, where the ‘‘ruggedness’
the main Pb-O peak grows with the substitution of Zr, and
accompanied by an increase inTe,max.

IV. MODELING AND DISCUSSION

A. Pair distribution function simulations

The real local structure of mixed-cation perovskites c
be very complicated. With several cations at the B site m
different local environments arise, inducing a variety of loc
shifts. As a result, the measured PDF is an average of m
local arrangements. However, if there are dominant comm
patterns in the local arrangements it should be possibl
reproduce the measured PDF by a relatively simple struct
model. Several models of the local structure were exami
and fitted to the experimental PDF’s. The parameters of
structure models were fitted to minimize the residuumRw
defined as

Rw5!(
k51

N

wk@Gobs~r k!2Gcalc~r k!#
2

(
k51

N

wkGobs
2 ~r k!

, ~1!

where the weightswk showed only slight variation withr.
The simulations were performed using thePDFFIT software,
which employs the steepest descent minimization.18 As the
models became more complex with a larger number of
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rameters, this algorithm turned out to be inadequate, a
tended to converge to the nearest local minimum. T
adopted solution was to perform Monte Carlo~MC! minimi-
zation on top of thePDFFIT results, i.e., the parameters o
tained byPDFFIT were moved by MC and used in subseque
PDFFIT runs. This approach resulted in a significant improv
ment of the fit residuaRw and also provided a statistica
sample of refined parameters.

The models of the local structure were constructed usin
23232 cell with periodic boundary conditions, where th
atomic occupancies, initial atomic coordinates, and Deb
Waller factors were taken from the results of the Rietve
analysis. All temperature coefficients were refined as iso
pic, with separate factors for the Sc-richb8, and mixed-
cationb9, B sites. Several simple displacements of Pb and
atoms were examined, and their magnitudes, PDF scale
tor, and temperature coefficients fitted to the experimen
data.

In the first model, the Pb cations were allowed to sh
along the@100#, @110#, @111# directions and in an antiparalle
6@111# pattern fromb8 to b9 sites. The oxygens could mov
along the B-O bond direction, changing the size of the B6
octahedra. The best fit for the 20 K data was always obtai
using the first model with@100# Pb displacements, which
reproduced the doubled peak for the Pb-B distances,
7~a!. Because the average position of Pb is in the cente
the B8 cube, the shift in the@100# direction creates four shor
and four long Pb-B pairs, producing the experimentally o
served double Pb-B peak. However, this model could
reproduce the Pb-O distances, in particular the shortest P
length of 2.4 Å. Therefore, additional O displacements w
introduced by allowing rotations of the BO6 octahedra. Gen-
eral rotations of eight bound octahedra in the 23232 cell
can be described by six parameters, e.g., by two rotation a
r, s at @0 0 0# and @0.5 0.5 0.5#, and their rotation angles
However, the refinement of all six parameters was num
cally unstable, and the rotation axes had to be fixed in spe
directions. These were chosen as~i! r 5s5@101̄#, ~ii ! r 5s
1-7
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FIG. 7. Simulated~solid line!
and measured~dots! PDF for
PSW at 20 K.~a! common@001#
Pb shifts, and~b! @001# Pb shifts
with BO6 rotations aroundr 5s

5@101̄#.
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5@2̄11#, and ~iii ! r 5@101̄#, s5@ 2̄11#. Type ~i! rotation
shifts four oxygens in the O12 cage directly towards the cen
tral Pb, while the remaining eight oxygens move away. R
tation ~ii ! creates four shortened, four elongated and f
unchanged Pb-O distances, and maximizes the difference
tween the shortest and longest Pb-O lengths, and the tilt~iii !
is a combination of the previous types. These three tilt mo
combined with@001# Pb shifts were tested for allG(r ) func-
tions collected at 20 K. The best results were obtained us
the type~i! rotation, especially in the shorter range of PDF
1.7 Å,r ,3.9 Å, as presented in Fig. 7~b!. Although the
BO6 rotations resulted in a clear improvement of the fit a
were able to reproduce the shortest Pb–O distance, the o
all agreement with the Pb-O peak was far from perfect.
addition, when the refinement range was expanded to 8
the rotation angles were considerably diminished and
agreement at short distances was lost. Displacements o
b9-site cations were investigated, but they failed to indu
any appreciable change to the PDF. It appears that the
oxygen displacements are more complicated than those
lowed by the constraints of BO6 rotations. Such structure
were simulated by allowing all oxygens to shift arbitrarily

The free-oxygen simulations were performed with tw
modes of Pb displacements: in the@001# direction and in
antiparallel6@111# directions. The fit ofG(r ) was carried
out using the combinedPDFFIT— Monte Carlo procedure
Both of the PDF models could be refined to perfect agr
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ment with the experimental data, where the final resid
were as low asRw50.031, see Fig. 8. Because of the hig
number of refined parameters~the maximum number of pa
rameters meaningfully allowed is about 25 for this range23,24!
it was essential to independently verify whether the result
structures were chemical reasonable; this was done using
bond valence method.25,26 The bond valence sums were ca
culated for all atoms in the simulated structure using theRi j
parameters from Brese and Okeeffe.25 The overall agreemen
of the forty valences in the unit cell was expressed as th
standard deviationRbvs from the ideal valences:

Rbvs5A1

N (
i

~Vi2Vi ,ideal!
2. ~2!

The respective valence deviations of the Pb@001# and Pb
6@111# models of ~0.85!PSW-~0.15!PT were Rbvs50.415
and Rbvs50.712. These deviations are high in comparis
with those obtained for Rietveld lattice (Rbvs50.226), and
the typical values in the models with BO6 tilting (Rbvs
'0.15). The highRbvs values obtained for both free-oxyge
models indicate that these local structures are unrealistic,
spite the excellent agreement with experimental PDF.

The intermediate results of the MC minimization we
recorded and contained many structures with lowRw values,
which could have improved valence agreement. To ch
their validity, the bond valence sums were calculated for
.

FIG. 8. PDF simulations for
PSW-PT,x50.15 at 20 K using
free oxygen shifts with~a! @001#
and~b! 6@111# Pb displacements
1-8
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FIG. 9. Map of valence deviationsRbvs vs fit residuaRw for the MC PDF simulations of~0.65!PSW-~0.15!PT, Pb displacements are i
~a! @001# and ~b! 6@111# directions. Low values ofRw indicate good agreement with measured PDF; low values ofRbvs indicate that the
proposed structure is chemically reasonable. Horizontal and vertical dashed lines show theRw cutoff and theRbvs value of the Rietveld
lattice, respectively. Points inside the oval in~a! were used to evaluate the lead polarizations.
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ery step of the MC procedure. The structures were t
evaluated based on the magnitude of valence deviationRbvs
and a fit residuumRw . This can be visualized by plotting
map of Rbvs versusRw for all the MC steps. Figure 9 dis
plays theRbvs maps for the two simulated modes of Pb d
placements in PSW-PT withx50.15. The map in Fig. 9~b!
clearly indicates that structures with6@111# Pb shifts are
not viable as all the structures with a lowRw have very large
Rbvs and vice versa. However, for the@001# Pb shifts,
Fig. 9~a!, there are many structures with a low fit residuu
(Rw,0.1), which also have acceptableRbvs values
(Rbvs,0.25), close to the valence deviation of the Rietve
structure. The Pb polarization along@001#, in spite of the
overall polarization along@111#, was also previously ob
served for PST.13

For each composition, fifty structures were chosen for f
ther analysis by setting anRw cutoff ~e.g., Rw,0.1 for
PSW-PT withx50.15) and selecting the structures with t
lowest Rbvs values. The selected structures are denoted
the enhanced points inside the oval in Fig. 9~a!. The array of
structures was then evaluated for common shift patterns
examination of an ensemble of the local arrangements
possible to gain better confidence in the results and probe
dispersion in the magnitudes and directions of the lo
shifts. The measuredG(r ) corresponds to an average
many local arrangements present in the material. The in
tigation of an array of structures is thus a rough approxim
tion of the real process of the PDF measurement.

A similar analysis of the fit residuumRw and valence
agreementRbvs , and the selection of ‘‘good’’ structures wa
also carried out for the remaining compositions of PSW-
at 20 K. The O shifts along B-O were found to be about t
times smaller than those in the perpendicular plane. Du
the unconstrained oxygen motion, the O12 cage of the ideal
A-site can be off-centered. Therefore, the Pb displacem
should not be taken as absolute but need to be evalu
relative to the center of their O12 environments. As a result
the shift directions can deviate considerably from the@001#
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direction. The polarization of the PbO12 complexes were cal-
culated for all of the selected structures. The obtained a
ages of the absolute and projected shift magnitudes, and
average scattering of polarization directions from the@001#
direction, are listed in Table III. A typical standard deviatio
of the averaged displacement was about 0.004 Å. For
B-cation displacements, the attempted PDF simulations
not yield convincing results, possibly due to the strong sig
from ferroelectrically inactive Sc atoms, which have the la
est neutron-scattering length of the present atoms.

The magnitudes and angle scatter of directions of
PbO12 polarizations exhibit qualitative correlation with th
observedTe,max. As the Ti content is initially increased, th
Pb displacements diminish and also become more scatte
Table III. For concentrations abovex50.25, the Pb displace
ments increase and angle scatter diminishes. This co
sponds to the initial drop inTe,max and the rise inTe,max, for
x>0.25. Larger Pb displacements with small scatterqPb are
indicative of a deeper ferroelectric well, so based on the lo
structure changes an initial drop and subsequent rise
Te,max are not surprising. The correlation is only qualitativ
since the Pb displacements are smaller forx50.25 than for
x50.15, while the observedTe,max is higher forx50.25 than
for x50.15. Furthermore, if the dielectric response we

TABLE III. Results of the free-oxygen PDF simulations o

PSW-PT at 20 K:d̄, d̄001 are the average magnitude and the avera
@001# component of Pb21 polarization,qPb is its average deviation

from @001#, R̄bvs , R̄w are the mean values of valence deviation a
PDF fit residuum@Eqs.~1!, ~2!#.

x d̄ ~Å! d̄001 ~Å! qPb(°) R̄bvs R̄w
Te,max (°C)

0 0.381 0.379 4.4 0.24 0.058 214
0.15 0.375 0.372 5.8 0.24 0.079 240
0.25 0.321 0.309 16.5 0.26 0.090 237
0.35 0.330 0.323 11.2 0.34 0.116 30
1-9
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TABLE IV. Local structure data and ferroelectric well depth obtained from DFT calculations for PSW
and PSW-PZ solid solutions.dPb is the average Pb atom displacement away from the center of its12

complex,dW,Ti/Zr is the average W, Ti/Zr atom displacement away from the center of its O6 complex,qPb is
the angle scatter of Pb displacements,Rbvs is the average valence deviation@Eq. ~2!#, andDEFE is the depth
of the off-center instability.

x dPb ~Å! dW,Ti/Zr ~Å! qPb(°) Rbvs DEFE~eV/cell! Te,max (°C)

0 0.389 0.091 57 0.04 20.191 214
0.25 Ti(ord) 0.361 0.095 30 0.05 20.141 237
0.25 Ti(dis) 0.344 0.169 31 0.06 20.179 8
0.625 Ti 0.350 0.201 24 0.07 20.137 244
1.0 Ti 0.440 0.280 0 0.07 20.160 490
0 0.389 0.091 57 0.04 20.191 214
0.25 Zr(dis) 0.390 0.105 30 0.06 20.235 13
0.625 Zr 0.430 0.125 26 0.07 20.284 105
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driven only by the Pb off-centering, the hardest ferroelec
response should be exhibited by PSW, as its simulation g
the largest and the most focused Pb displacements. How
Te,max is significantly higher in thex50.35 system, which
suggests that the active Ti41 and W61 cations also contribute
to the overall polarization. This is also supported by an
crease inTe,max in the disordered~0.75!PSW-~0.25!PT re-
ported previously.15

Our analysis of the PDF’s suggests that the initial drop
Te,max is due to the changes in the Pb local environment w
the substitution of the Ti ion into the ordered B-cation a
rangement. Pb distortions become smaller, which indica
that the energy gain from Pb off-centering is diminished
Ti substitution. This leads to a decrease inTe,max. For Ti
substitutions greater thanx50.25, formation of the Ti-O-Ti
and W-O-Ti chains makes off-centering more favorable a
leads to an increase inTe,max. To confirm the results of the
PDF analysis for the Pb distortions and to probe the dis
tions of the B cations we used another technique, the fi
principles density-functional theory calculations.

B. Density-functional theory simulations of PSW-PT

Theab initio density-functional theory~DFT! simulations
were performed for the PSW-PT and PSW-PZ systems u
23232 or 33232 supercells with periodic boundary con
ditions. The energy of the system was evaluated usin
local-density approximation exchange-correlati
functional27 and was minimized with respect to the atom
coordinates by a quasi-Newton method28 with no symmetry
imposed. A 23232 k-point sampling of the Brillouin zone
was used. The calculations were done with optimized no
conserving pseudopotentials.29 Semicore states were in
cluded in the valence states of the pseudopotentials, and
designed nonlocal approach30 was used to optimize pseudo
potential transferability.31

Because the B-site stoichiometry must be comm
surate with the cell dimensions, we were able to pro
four PSW-PT compositions withx50, 0.25, 0.625, and 1.0
and respective chemical formulas of Pb12@Sc8W4#O36,
Pb8@Sc4W2Ti2#O24, Pb8@Sc2WTi5#O24, and Pb8Ti8O24. We
also studied the PSW-PZ system at compositio
21410
c
ve
er,

-

n
h
-
s

y

d

r-
t-

g

a

m

the

-
e

s

of x50.25 and 0.625. The~0.75!PSW-~0.25!PT composition
was modeled in ordered and partially disordered configu
tions using B-site stoichiometries of@Sc4#@W2Ti2# and
@Sc3W#@ScWTi2#, respectively. The disordered structure
not fully consistent with the compositions in Table I, how
ever the occupancies of Sc correspond to an order param
S50.5. Both configurations were also used to mod
~0.75!PSW-~0.25!PZ. To compute the potential depthDEFE
related to the cation off-centering, the energies of the fi
structures were compared to the energies of the struct
obtained by relaxing the oxygen atom coordinates wh
keeping the cations fixed at the high-symmetry positio
This yields structures with Pb and B cation still in the cen
of their oxygen complexes, but with relaxed B-O bon
lengths.

The results of the calculations are presented in Table
For comparison, the bond valence sums were evaluated
the DFT structures and they display almost ideal values w
Rbvs,0.1. The comparison of the DFT simulated structu
of PSW with the experimental PDF at 20 K is presented
Fig. 10. Although the difference in the PDF curves is co
siderable,Rw50.34, the peak positions in the calculate
function agree well with the experimental data, and ess
tially all of the peaks are reproduced. Similar agreement w

FIG. 10. PDF of DFT simulated structure of PSW~solid line! in
comparison with the experimental data~dots!.
1-10
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CORRELATIONS BETWEEN THE STRUCTURE AND . . . PHYSICAL REVIEW B69, 214101 ~2004!
obtained for all other compositions. The model structure
PSW had just one arrangement of the B cations which
periodically repeated. Many more local arrangements
possible in the real structure and their absence may acc
for the differences between the calculated and experime
curves. For the Pb(Zr12xTix)O3 solid solution, we have
found that PDF’s calculated from DFT-based simulations
ing large 320-atom supercells agreed closely with exp
mental data32 and it is likely that calculations with large su
percells will similarly improve agreement between t
experimental and theoretical PDF’s for the PSW-PT a
PSW-PZ systems. The agreement between the experim
and DFT PDF’s as well as the small deviations of the bo
valence sums from their ideal values in the relaxed D
structures, indicate that the structures obtained by DFT
culations are representative of the real local structure
PSW-PT and PSW-PZ.

The data in Table IV show that the magnitude of the fer
electric instability DEFE cannot be used to quantitative
predict changes inTe,max. For example, theTe,max of PbTiO3
(490 °C) is much higher than that of PSW (214 °C) or
~0.75!PSW-~0.25!PZ (10 °C), while the energy decreas
from off-centering in PbTiO3 is smaller~0.160 eV! than that
of PSW ~0.191 eV! and ~0.75!PSW-~0.25!PZ ~0.235 eV!.
Nevertheless, the instability magnitude exhibits qualitat
agreement with the trends inTe,max for the PSW-PT and
PSW-PZ systems. In the PSW-PT, the depth of the off-ce
minimum first decreases from pure PSW to~0.75!PSW-
~0.25!PT and then increases with further PT substitutio
Disordering the B-cation arrangement in~0.75!PSW-
~0.25!PT results in a sharply loweredDEFE , corresponding
to the associated 45 °C rise inTe,max. In the PSW-PZ solid
solution, PZ substitution results in a monotonic increase
the instability depth and correlates with the increase
Te,max.

The decrease inTe,max from PSW to~0.75!PSW-~0.25!PT
can be attributed to a decrease in perovskite volume, wh
has a large impact on the size of the off-center
instability.33 Conversely, the increase inTe,max from PSW to
~0.75!PSW-~0.25!PZ is due to the increase in perovskite vo
ume with the substitution of the large Zr cation. Despite
continuous decrease in volume with PT substitution in PS
PT, the depth of the off-centering potential andTe,max in-
crease when PT content is greater than 0.25. This is du
the formation of the Ti-O-Ti chains as the Ti cations begin
populate both theb8 andb9 sites.

The transition temperature in PSW-PT and PSW-PZ sh
only a qualitative correspondence with the strengths of fe
electric instabilities, becauseTe,max is also determined by the
relative energetics of other competing instabilities~e.g., ro-
tational antiferrodistortive!.34,35 However, we find that
changes inTe,max for the PSW-PT and PSW-PZ solution
exhibit clear correlations with the cation shifts obtained fro
relaxed DFT structures, with an increased shift magnitu
and smaller Pb angle scatter indicating a harder ferroele
response and a higherTe,max. The addition of 25% Ti into
PSW suppresses the magnitude and angle scatter of th
shifts due to a decrease in the perovskite volume; W an
shifts are essentially unchanged. The reduced Pb shift m
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nitudes are more important than the orientation of the
distortions, andTe,max in ~0.75!PSW-~0.25!PT is decreased
From x50.25 to x50.625, the Pb shifts decrease slight
and the Pb angle scatter is diminished, while the W and
shifts and the number of ferroelectric W and Ti cations r
dramatically. This leads to a large increase inTe,max. In pure
PbTiO3, the Pb and Ti shifts are large and the Pb an
scatter is eliminated, resulting in a very highTe,max. The
increase in W and Ti shifts for 0.25,x,0.625 arises from
the formation of W-O-Ti and Ti-O-Ti chains. The effect o
the formation of such chains can also be seen in disorde
~0.75!PSW-~0.25!PT, which exhibits slightly smaller Pb
shifts with the same angle scatter as the ordered system
shows considerably increased~73%! W and Ti shifts, leading
to a 45 °C rise inTe,max. In the PSW-PZ there is a sma
uniform increase in the Pb, W, and Zr shifts with increas
Zr substitution, due to the expansion of the crystal by
addition of the large Zr ion. This leads to an essentially line
increase inTe,max.

The correlation between the cation shifts andTe,max can
be quantified by fitting the experimental values ofTe,max to a
surprisingly simple function of the form

Te,max5adPb
2 1bdW,Ti/Zr

2 f W,Ti/Zr2273, ~3!

wheredPb is the average magnitude of the Pb shifts,dW,Ti/Zr
is the average magnitude of the W, Ti, and Zr shifts,f W,Ti/Zr is
the fraction of the W and Ti B cations in PSW-PT solutio
and W and Zr ions in PSW-PZ solution,a andb are constants
in units of K/Å2, and 273 converts from K to °C. This func
tion is consistent with Abrahams-Kurtz-Jamieson~AKJ! re-
lationship, which relates the square of the ferroelectric d
placement to the Curie temperature.36 The square of the
displacement times the elastic module is proportional to
elastic energy due to ferroelectricity, and is thus directly
lated to the Curie temperature. While the AKJ relationsh
was proposed for the macroscopic lattice distortion, our
sults show that it applies to local distortions as well. The d
in Table IV are well fit by

Te,max51704dPb
2 16080dW,Ti/Zr

2 f W,Ti/Zr2273. ~4!

The comparison ofTe,maxvalues observed by experiment an
obtained from Eq.~4! is presented in Fig. 11. The agreeme
between the two curves is quite good, especially for sm
substitutions of PT and PZ.

A rise or fall in Te,max with composition is not directly
caused by changes in the structural features such as the
ion shifts, but is due to the changes in the energetics of
competing structural instabilities. However, in the case
PSW-PT and PSW-PZ solutions, the changes in local st
ture are excellent simple indicators of the shifts in the mu
more complicated energetic balance that gives rise to
changes in theTe,max. This may also be true for other ferro
electric solid solutions.

A comparison of the displacement data obtained by
PDF modeling and the DFT calculations~Tables III and IV!
reveals several differences, e.g., different Pb scatter for P
(qPb

DFT557°, qPb
PDF54.4°) and a much smaller increase

dPb for x>0.25 in DFT calculations. Nevertheless, bo
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methods give the same overall conclusion for the mechan
of the dielectric response in PSW-PT. In pure PSW the do
nant effect for polarization is the lead off-centering. As Ti
added into the structure, the Pb displacements bec
smaller which leads to a decrease inTe,max. At first, the
active Ti and W cations have little effect, since the hi
degree of B-site order confines them to distantb9 sites and
they cannot form W-O-Ti or Ti-O-Ti linkages. However, fo
Ti concentrations withx.0.25 the Ti and W cations ca
occupy neighboring B-sites to produce increasingly la
chains of active cations. At this point they dominate the
electric response and reverse the trend inTe,max. Eventually,
large ferroelectric domains with uniform Ti shifts a
coupled with the Pb distortions, which become larger a
more completely correlated.

Similar considerations can explain the uniform trend
Te,max in the PSW-PZ system. In contrast to Ti41, the larger
Zr41 ions increase the size of the unit cell, and the Pb d
tortions are not diminished. Second, as the B-site orde
quickly destabilized in the PSW-PZ solution, there are
abrupt changes in the pattern of the B-site occupation.
nally, due to the large size difference, the clusters of Zr-O
and Zr-O-Zr are unlikely to collaborate in a strong correla
ferroelectric distortion as is the case for the similarly sized
and Ti cations.

V. CONCLUSIONS

By carrying out synchrotron x-ray and neutron-diffractio
experiments, it was confirmed that the average structur
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FIG. 11. Comparison of theTe,max predicted by Eq.~4! ~dashed!
and experimentally observedTe,max ~solid! for PSW-PT and
PSW-PZ solid solutions. The two sets of curves are for ordered
disordered PSW-PT.
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the PSW-PT and PSW-PZ systems atx<0.35 is cubic with a
random site arrangement of the B cations. There were
signs of rhombohedral or tetragonal peak splitting either
20 K or at room temperature. The Rietveld analysis co
firmed essentially complete B-site order in the solid solut
of PSW-PT forx<0.25. On the local scale the crystal lattic
is considerably distorted from the average structure. This
tortion is achieved through significant shifts of Pb and
atoms, while the B cations remain close to their avera
positions. The short-range experimental PDF’s can be
proximated by uniform Pb shifts in the@001# direction and
bound rotations of BO6 octahedra around the@101̄# axis. The
longer-range PDF is also consistent with the@001# Pb shifts,
but more disordered O displacements are indicated. Fo
increased Ti content, the PDF simulations showed hig
misorientation and reduced magnitude of the Pb shifts, wh
is consistent with the decline inTe,max. The DFT simulated
structure of PSW displayed good agreement with the exp
mental PDF. The DFT results showed increased distorti
of the active W and Ti cations for Ti concentrationsx
.0.25. Both PDF and DFT simulations indicate the unus
trend of Te,max in PSW-PT is a combination of several e
fects. The initial decrease inTe,max is due to reduced Pb
displacements, which are caused by the decreasing unit
volume. At the same time, the high B-site order keeps W a
Ti cations separated by the ferroelectrically inactive Sc io
However, as the ordering is disrupted atx.0.25, Ti and W
can couple their polarizations through the formation of T
O-W or Ti-O-Ti chains, and dominate the dielectric respon
In contrast, the substitution of Zr41 increases the cell volume
and rapidly reduces the B-site order; as a result, the PSW
system shows a simple, linear change inTe,max.
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