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Structural evolution and polar order in Sr 1ÀxBaxTiO3
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We perform a combination of diffraction and diffusion of neutron and high-resolution x-ray experiments on
the Sr12xBaxTiO3 system as well as dielectric susceptibility and polarization measurements. We show the
SrTiO3-type antiferrodistortive phase up to a concentration of bariumxc'0.094: the progressive substitution
of Sr by Ba leads to a monotonic decrease and to a vanishing of the oxygen octahedra tilting. The critical
concentrationxc separates the phase diagram in two regions, one with a sole antiferrodistortive phase transition
(x,xc) and one with a succession of three BaTiO3-type ferroelectric phase transitions (x.xc). Inside the
nonferroelectric antiferrodistortive phase a local polarization is observed, with a magnitude which is compa-
rable to the values of the spontaneous polarization observed in the ferroelectric phases of the rich in barium-
compounds. In these compounds a relative shift of Ti and Ba from the oxygen skeleton is measured and the
spontaneous~long-range! polarization calculated from structural refinements. Its concentration and temperature
evolution is in qualitative agreement with the values deduced from our dielectric susceptibility study.
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I. INTRODUCTION

The influence of impurities in incipient ferroelectrics,
which ferroelectricity is suppressed by quantum fluctuatio
has been extensively studied. In particular niobium, lithiu
or sodium ~etc.!-doped potassium tantalate KTaO3, or
calcium-doped strontium titanate SrTiO3 ,1 display a dipole
glass state for small doping rate and a ferroelectric s
above a critical concentration. In these compounds the dip
moment of the off-center ions and the corresponding re
entation dynamic are considered to have a drastic influe
upon the properties of these systems. On the other hand,
properties have also been observed when barium is inse
in the structure of SrTiO3 ,2 although the difference in ionic
size between Ba and Sr cannot lead to such off-center di
moments. Therefore, the Sr12xBaxTiO3 system appears to b
important for the understanding of dipole glasses.

The study of the Sr12xBaxTiO3 phase diagram started
long time ago: in 1945 Jackson and Reddish3 reported the
unusual dielectric properties of this system. A huge num
of papers were reported afterward: for instance, a roo
temperature lattice parameter versus concentration study
reported from x-ray experiments by several authors4,5 as well
as the temperature/concentration dependence of the diele
properties.6,7 Many data were gathered by Barb the auth
of Ref. 8, who proposed a tentative phase diagram in 19

More recently the Sr12xBaxTiO3 system has received lo
of attention due to its very promising dielectric properti
when used as thin film.9 This interest was also motivated b
the general wish of replacing lead based perovskites
‘‘cleaner’’ materials. In this framework the weakening of th
dielectric properties when downsizing from ceramics to t
films is less important in Sr12xBaxTiO3 than in other lead-
free material. In particular, many of studies have been
voted to compounds with concentration in barium close
0163-1829/2002/65~22!/224104~9!/$20.00 65 2241
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0.8, because of a strong value of the dielectric susceptib
at room temperature inside a paraelectric phase, wh
avoids aging due to ferroelectric domain pinning. This stro
value at room temperature is due to the decrease of
tetragonal-cubic Curie temperature when BaTiO3 is doped
with Sr one deals with a technological property directly co
nected to the knowledge of the structural evolution.

This induced a renewal of interest for these materials
in this context Lemanovet al. proposed a phase diagra
deduced from ultrasonic and dielectric measurements2 and
light refraction.10 Recently an extensive study of the rich
barium region of the phase diagram (0.7<x<1), using a
combination of x-ray high-resolution diffraction with dielec
tric measurements has been published~see Ref. 11!. In par-
ticular the authors of Ref. 11 showed that the diffusivity
the phase transitions was intrinsic and does not arise f
compositional inhomogeneousities, though they could
hance the smearing.

The purpose of our paper is to report a structural evo
tion study which combines both neutron~powder diffraction
and single crystal inelastic scattering! and high-resolution
powder x-ray experiments of the whole phase diagram an
compare it with the papers mentioned above, in order to g
further insights on this system. In particular, a comparison
the diffraction results with polarization measurements allo
us to discuss local versus long range polar ordering.

II. EXPERIMENT

The conventional dry route of mixing BaCO3, SrCO3,
and TiO2 in adequate proportions was used for preparation
powders and ceramics. Single crystal grown by a fl
method was kindly supplied by Dr. M. Maglione~Lcmcb,
Bordeaux, France!. The neutron experiments were perform
at Laboratoire Le´on Brillouin using the Orphe´e reactor facili-
©2002 The American Physical Society04-1
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FIG. 1. Neutron powder dif-
fraction patterns for the
Sr12xBaxTiO3 compounds (x
<0.1) at 2 K (l51.226 Å). S.S
refers to superstructure peaks du
to the tilting of the oxygen octahe
dra. The lines are the calcu
lated profiles from the Rietveld
analysis.
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ties ~Saclay, France!. Powder diffraction patterns were co
lected on a high-resolution two-axis diffractometer 3T2 (l
51.226 Å), using steps of 0.05° between 6° and 120° 2Q.
Inelastic measurements were carried out on the 4F1 triple-
axis spectrometer@k– i 51.55 Å21, with a bent pyrolytic
graphite ~PG! monochromator, a bent PG analyzer, and
polycrystalline beryllium nitrogen-cooled filter#. X-ray-
diffraction studies were performed using a two-axis diffra
tometer with Bragg-Brentano geometry with CuKb mono-
chromatic radiation from an 18 kW Rigaku rotating anod
patterns were scanned through steps of 0.006°~2Q! with a
typical counting time of 15 s up to 120 s. In each case for
low-temperature experiments a He cryostat or closed-c
cryogenerator with thermal stability of 0.1 K and precisi
within 1 K was used. Structural Rietveld refinements we
carried out with theXND ~Ref. 12! program.

The dielectric susceptibility and polarization measu
ments have been performed using a Hewlett Packard 41
LF impedance analyzer~5 Hz–13 MHz!, a Keithley 617
electrometer, and a He cryostat.

III. EXPERIMENTAL RESULTS

A. Influence of weak substitution of Ba on the structural
evolution of SrTiO3

We have recorded full neutron Rietveld patterns at 3
and 2 K for samples with concentrations of Ba between
and 10%. At room temperature all the structures were
served to be cubic, with classicalB thermal parameters. At 2
K, as we previously reported13 in pure SrTiO3 we have ob-
served the superstructure peaks associated to the rotati
oxygen octahedra, the intensity of which is decreasing
concentration of Ba increases~Fig. 1!. For samples with 0
<x<0.09, these patterns could be refined using as a sta
model the tetragonal ferroelastic structure~14/mcm space
group! of pure SrTiO3 . The refinements converged rapidly
good values ofRwp andRB ~typically 5.5% and 1.3%! with a
typical Rexp of 2.3%. No anomalously high values of theB
22410
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thermal parameters which could be an indication of so
possible disorder~as observed for instance in lead based
laxor compounds14! were evidenced. The high-resolutio
x-ray experiments revealed no additional splittings or wide
ings which could have indicated supplementary distortio
~e.g., BaTiO3-like!.

Clearly, the low-temperature structure of these co
pounds is tetragonal with a ferroelastic nonferroelec
14/mcm space group. From the structural refinement
have extracted the anglew of tilting of the oxygen octahedra
~Fig. 2!. A monotonic diminution is observed when dopin
with Ba up to a critical concentration extrapolated accord
to a power law atxc'0.094.

In order to obtain further insights into the structural ev
lution of the low concentration (x,xc) compounds, in the
Sr0.98Ba0.02TiO3 compound we have measured the tempe
ture dependence of thew angle ~from neutron powder dif-
fraction! and of the intensity of the~1

2
1
2

3
2! superstructure

peak ~from a single crystal with a neutron triple-axis spe
trometer! ~Fig. 3!. The critical tetragonal-cubic transitio
temperature was observed to beTc2%

5105(2) K. The criti-
cal exponentsb could be extracted from these evolution
and were found to be equal to 0.33~1!, the same value which
is observed in pure SrTiO3 .15 Following the work of Refs.
16, 17, etc., an inelastic study of the Sr0.98Ba0.02TiO3 single
crystal has been performed. The crystal sample wa
colorless cube of 0.5 cm3 with an effective mosaic spread o
0.4° and was glued in a (110̄) plane. Energy scans a

Q5( 1
2 , 1

2,
3
2 ! have shown a central peak and a soft mo

~Fig. 4! with temperature evolutions very similar to the on
observed in pure strontium titanate~Refs. 16 and 17!, and
therefore are not detailed here.

This set of experiments has revealed no change in
mechanism of the cubic-tetragonal phase transition w
adding a few percent of barium. Experiments at higher c
centrations, i.e., close toxc should be highly interesting bu
probably very difficult due to the weakening of the supe
structure peaks intensities~Fig. 2!.
4-2
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STRUCTURAL EVOLUTION AND POLAR ORDER IN . . . PHYSICAL REVIEW B65 224104
FIG. 2. Tilt anglew of the oxy-
gen octahedra at 2 K deduce
from neutron Rietveld refine-
ments. The dotted line@fitted ac-
cording to a power law (x
2xc)

0.5# is a guide for eyes.
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B. Structural evolution of Sr1ÀxBaxTiO3 for a high
concentration of Ba „xÌxc…

The experiments described above have shown a ferroe
tic nonferroelectric phase up toxc'0.094. Using the same
combination of neutron and x-ray diffraction on powders
have studied samples with concentrationsx.xc up to x
50.5. In Fig. 5 we plot the temperature evolution of the f
width at half maximum~FWHM! for (h00) Bragg peaks for
three concentrations. For all samples (x>0.10) changes of
the FWHM associated with the cubic-tetragon
orthorhombic-rhombohedral phase transitions could be
tected. Indeed the (h00) peaks widen due to the resultin
orthorhombic and tetragonal distortions, whereas the~hhh!
peaks widen only inside the rhombohedral phase. When S
substituted into the structure of BaTiO3 , these results indi-
22410
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cate a progressive decrease of all critical temperature
well as a decrease of the different distortions associate
the different ferroelectric phases.

Inside each ferroelectric phase we have performed a n
tron powder data collection for several concentrations.
have refined the data using as starting models those of
three ferroelectric phases of pure BaTiO3 from Ref. 18, with
R3m ~rhombohedral!, Amm2 ~orthorhombic!, and P4mm
~tetragonal! space groups. The Rieltveld refinements a
converged rapidly to good values ofRwp andRB . From the
structural refinements we could calculate the magnitude
the polarization using the apparent charges from Hewa19

The results~Fig. 6! indicate a monotonic decrease and co
vergence of the different polarizations with decreasing c
tent of barium, down to the critical concentrationxc , where
all the values collapse to zero.
r
r
re.
FIG. 3. Intensity of the~ 1
2

1
2

3
2! superstructure

peak and tilt anglew of the oxygen octahedra fo
the Sr0.98Ba0.02TiO3 single crystal and powde
sample respectively, as a function of temperatu
4-3
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FIG. 4. Neutron inelastic scans showing th
soft mode and the central peak of th
Sr0.98Ba0.02TiO3 crystal ~the weak mode near 0.1
THz is a spurious temperature-independe
effect!.
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C. Dielectric susceptibility, polarization in the nonferroelectric
and ferroelectric phases

Dielectric properties and polarization measurements
Sr12xBaxTiO3 have been reported and discussed many tim
In particular the diffuse character of the temperature dep
dence of the« dielectric susceptibility has been pointe
out.6,7,11In the present study we want to compare these pr
erties when the concentration of Ba is increased from
nonferroelectric compounds (x,xc) to the ferroelectric com-
pounds (x.xc).

Regarding quantum, glassy, and conventional parae
trics and ferroelectrics, an accurate description of the sus
tibility data has been achieved by Dec and Kleeman.20 In-
deed these authors have shown that one should us
generalization of the classical Barrett formula by chang
the temperature scale and use
22410
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~TQ2T0
Q!g 1B,

where the quantum temperature scaleTQ5TS coth(TS/T) re-
places the real temperature,C is the Curie constant,B is
independent of the temperature,TS is the saturation tempera
ture related to the ground state energy of the quantum o
lator, T0

Q is the quantum critical temperature, andg is the
exponent of the susceptibility. This formula~which has been
justified in Ref. 21! reduces for high temperatures~i.e., T0

Q

@TS! to the classical law for ‘‘dirty’’ ferroelectrics,

1

«
5

~T2Tm!g

C
1

1

«m
, ~1!
e
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f

,
c-
FIG. 5. Full width at half
maximum vs temperature for th
~200! peaks~x50.5 and 0.25! and
the ~400! peak (x50.1). Slope
changes indicate the ferroelectr
transition temperatures, and are
agreement with the evolution o
the ~hhh! peaks~not shown!. The
initials C, T, O, andR indicate the
cubic, tetragonal, orthorhombic
and rhombohedral phases, respe
tively.
4-4
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STRUCTURAL EVOLUTION AND POLAR ORDER IN . . . PHYSICAL REVIEW B65 224104
FIG. 6. Spontaneous polariza
tions for the Sr12xBaxTiO3 com-
pounds~x51, 0.5, 0.25, and 0.1!
calculated from the neutron Ri
etveld refinements.
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with Tm the temperature of the maximum of the dielect
susceptibility «m , g51 for classical ferroelectrics and
<g<2 for dirty or diffuse ferroelectrics. In the case of pu
SrTiO3 , it is well known thatg>2; on the other hand, the
authors of Ref. 11 showed thatg51.10 in pure BaTiO3 (x
51), and increases linearly up to 1.8 forx50.80, but this
result is in contradiction with the result by Lemanovet al.,2

who reportedg values equal to 1 for the whole rangex
>0.12. Therefore, we have performed a fitting of our cera
ics high temperature susceptibility data with formula~1!: the
usual procedure consists in extractingg from the linear part
of the plot ln(1/«21/«m)5 f @ ln(T2Tm)#. The results~Fig. 7!
have confirmed ag52 value~within the precision of mea-
surement! in the whole range of concentration studied
<x<0.5) in agreement with Ref. 11.
22410
-

In the second part of this study we are interested in co
paring the magnitude of the local~short-ranged! polarization
detected in the~nonferroelectric! ferroelastic phase with the
spontaneous~long-ranged! polarization of the true ferroelec
tric phases. For the polarization measurements we have
used the conventional method based on the integration o
pyroelectric current~Fig. 8!. However, this method is sup
posed to apply in ceramics to relatively high electric fiel
~up to 5 kV/cm!. In the case of SrTiO3 there are contradic-
tory reports regarding the effect of an electric field: on t
one hand, Hembergeret al.22 reported an electric-field-
induced phase on the basis of dielectric measurement; on
other hand, Worlock and Fleury23 reported, in Raman experi
ments, the hardening under electric field of the TO-phon
mode which should soften at zero field in absence of qu
te

y

FIG. 7. Linear part of the variation of ln(1/«
21/«m) with ln(T2Tm), measured at f
510 kHz. The curves are shifted on the ordina
axis for the clarity and give a critical exponentg
close to 260.2 for all the samples.«m is the
maximum value of the dielectric susceptibilit
obtained atT5Tm .
4-5
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FIG. 8. Values of polarizations stemmin
from pyroelectric measurements atf 510 kHz.
The inset shows the maximum of polarizatio
Pmax as a function of the barium concentration
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tum fluctuations. We have recently clarified this problem
combining x-ray experiments and second-harmonic gen
tion microscopy under electric field which showed the a
sence of long-range polar order24 in SrTiO3 under an electric
field. However, as the effects of electric fields have not b
studied in Ba-doped SrTiO3 , we have also extracted the po
larization from our set of ceramics dielectric susceptibil
measurements, because this kind of experiments is
formed at very low field; in this way we ensure any hig
electric field effect on the Sr12xBaxTiO3 system.

Following the common procedure initiated
PbMg1/3Nb2/3O3 by Burns and Dacols25 in the measuremen
of refractive index, by Darlington26 in the lattice paramete
expansion of Pb12xLax(Zr12yTiy)12x/4O3 ~PLZT!, and by
Kirsch, Schmitt and Mu¨ser27 in the measurement of the d
electric susceptibility« of PLZT the deviation from simple
Curie laws below aTd temperature is supposed to arise he
from the existence of local dipoles~the limits of this model-
ing was discussed by Viehlandet al.28!. Therefore, from the
measurement of the dielectric susceptibility«, we have ex-
tracted the temperature dependence of the polarization f
the laws
22410
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C
1g* ^Ploc

2 & for T.Tc

1

«
5

2~T2T0!

C
1g* ^Ps

2& for T,Tc ,

in which C is the Curie constant,T0 the Curie temperature
Tc is the critical temperature of the ferroelectric phase tr
sitions ~Tc50 for x,xc!, g* is the coupling constant~re-
lated to the quadratic electro-optic tensor; see Ref. 27! which
is unknown in the case of Sr12xBaxTiO3 , and Ploc and PS
are the local~nonzero belowTd! and spontaneous polariza
tions.

The Curie constants and temperatures are classically
termined by a linear fitting and extrapolation of the hig
temperature data for whichPloc is zero. The quantity
Ag* (P2) is plotted vs temperature and concentration in F
9.

The measurements of polarization via the pyroelec
current~Fig. 8! and via the dielectric constant~Fig. 9! give
qualitatively the same results. In pure SrTiO3 a weak but
-
d

FIG. 9. Ag* ^P2& vs temperature and concen
tration ~whereg* is the coupling constant relate
to the quadratic electro-optic tensor!. The inset is
the maximum ofAg* ^P2& vs barium concentra-
tion.
4-6
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FIG. 10. Critical temperature vs concentratio
phase diagram of Sr12xBaxTiO3 , deduced from
our x-ray and neutron-diffraction studies. Th
critical temperatures for BaTiO3 are derived from
the literature~Ref. 35!.
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nonzero P polarization, already reported by sever
authors,22 is evidenced at low temperature and continuou
increases with decreasing temperature up to aPmax value
~Fig. 8!. When substituting Ba for Sr the polarizationPmax
increases: at a concentration close toxc , Pmax is about 7.5
times the value observed in pure SrTiO3 . For compounds
with higher concentrations of Ba, i.e.x.xc , a local polar-
ization is still observed, which transforms at lower tempe
ture (T,Tc) into the spontaneous polarizationPs associated
with the onset of the ferroelectricity. The spontaneous po
ization Pmax is still increasing with the concentration of Ba
but its magnitude remains comparable to that of the lo
polarization observed in the concentration rangex,xc . In-
deed, the polarizationPmax show no discontinuity atxc , but
saturate forx.xc ~inset of Fig. 8!. All these results are also
observed in the measurements of polarization via a dielec
constant, i.e., a local polarization in the concentration ra
x,xc ~Fig. 9! with no discontinuity in the concentration evo
lution when the polarization becomes spontaneous (x.xc)
~inset of Fig. 9!. These data are in qualitative agreement w
those from Refs. 10 and 29, whose authors extracted
polarization from temperature dependence of the index
refraction; however, our conclusions are slightly differe
~see below, in Sec IV!. In addition, the spontaneous polariz
tions calculated from the Rietveld analysis~Fig. 6! are in
qualitative agreement with the evolution observed forx.xc
via dielectric and pyroelectric measurements. However,
latter values are weaker as they are obtained on cera
samples whereas the values deduced from Rietveld shou
equivalent to whose measured in a perfectly monodom
single crystal.

IV. SUMMARY AND DISCUSSION

Thanks to the neutron diffraction, we have evidenced
SrTiO3-type antiferrodistortive phase up to a concentrat
of barium xc'0.094: the progressive substitution of Sr b
Ba leads to a decrease and vanishing of the oxygen octah
tiltings. The critical concentrationxc which separates the
phase diagram in two regions~Fig. 10!, one with a sole an-
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tiferrodistortive phase transition and the other with a succ
sion of three ferroelectric phase transitions, is in good agr
ment with the value proposed in Ref. 8 and also in Ref
(xc'0.1), but is much stronger than that (xc'0.035) pro-
posed by Lemanovet al.2 We believe that in the latter stud
this value has been underestimated as it results from com
nation of indirect methods, i.e., dielectric and ultrason
measurements. In pure SrTiO3 it was obvious for a long time
that dielectric anomalies are not obligatorily associated
onset of ferroelectric phase transitions: the authors of R
11, and this present work have demonstrated this fact for
Sr12xBaxTiO3 system. Moreover elastic constants measu
ments on pure SrTiO3 , by Scott and Ledbetter30 have shown
some anomalies at temperatures below 105 K, which are
indicative of a true structural ferroelectric phase transit
but rather interpreted in terms of dynamics. In our opinio
diffraction is more relevant than macroscopic measureme
to detect structural changes.

Inside the nonferroelectric antiferrodistortive phase a
below aTd temperature a local polarization is observed w
a magnitude comparable to the values of spontaneous p
ization observed in the ferroelectric phases of the rich
barium compounds, i.e. withx.xc . In these compounds we
have observed BaTiO3-type atomic displacements i.e., rela
tive shifts of Ti and Ba from the oxygen skeleton which le
to the spontaneous~long range! polarization. We have calcu
lated these polarizations from our structural results. The c
centration and temperature evolution is in qualitative agr
ment with our measurements deduced from the pyroelec
current and dielectric susceptibility study: the lower the te
perature, the higher the polarization, and the higher the c
centration of Ba, the higher the polarization. In th
Sr12xBaxTiO3 system, these ferroelectric shifts are incom
patible with the rotation of the oxygen octahedra, at least
a long-range order: we never observed compounds wh
displayed both types of displacements, which can be
served, for instance, in the Sr12xCaxTiO3 system.31

However at low temperature a local~short ranged! polar-
ization is observed forx,xc ; furthermore Lemanovet al.2

reported a glassy state in this part of the phase diagram.
4-7
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thus possible that disordered shifts with short correlat
lengths exist in addition to the octahedra rotations, but
could not evidenced them from the structural refinements
particular no strongB parameter value~which could be as-
sociated to disordered atoms shifting14,32!, nor diffuse scat-
tering intensity, as classically observed in the study of
laxor compounds32 could be evidenced.

V. CONCLUSION

In their study of the Sr12xBaxTiO3 system~with x>0.70!,
the authors of Ref. 11 proposed a picture in which the p
gressive introduction of Sr inside BaTiO3 induces a progres
sive breaking of the ferroelectric state toward mesosco
random-field domains and eventually to a glassy state w
dipolar clusters. The existence of a glassy state was
proposed by Lemanovet al.2 in a weak in a Ba range o
concentration (x,0.035). We believe that our diffraction ex
periments have allowed us to specify to some extent the l
of existence between the short- and long-range polarizati
From a crystallographic point of view we have shown on
two concentrations ranges: a low Ba concentration rangex
,0.094) with a phase characterized by SrTiO3-like tilting of
oxygen octahedra and a high concentration range w
BaTiO3-like shifts. Forx,xc the Sr12xBaxTiO3 compounds
may be called ‘‘incipient’’ ferroelectric and become a ‘‘true
ferroelectric compounds for higher Ba concentrations. Th
results give the limit for the existence of the macroscopic
mesoscopic spontaneous polarization which is associate
the ‘‘true’’ ferroelectric phases.

However, many different signatures of local polar order
disorder have been evidenced by several authors and
dielectric polarization results are coherent with this large
of data, in particular the high value forg and the existence o
d

ra

oc

i A

T

l.
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strong local polarization. From this point of view the situ
tion has some similarities with the one encountered
PbMg1/3Nb2/3/PbTiO3 ~Ref. 32! ~PMN/PT! and
PbSc1/2Nb1/2O3 ~Ref. 14! ~PSN! relaxors: indeed in these
systems~above a critical concentration of PT in the case
PMN/PT! one deals with compounds which manifest a lon
ranged polarization component associated to a ferroele
phase but which also display a disordered~short-ranged!
component along the plane perpendicular to this polarizat
However as pointed out in Ref. 11 an important difference
the fact that in Sr12xBaxTiO3 there is a frequency dispersio
of the dielectric properties which is much weaker than
relaxors and which is essentially Debye-like. Clearly furth
works are needed to understand the structural nature of
polar order or disorder in the Sr12xBaxTiO3 system. Prob-
ably an important step should be to perform studies of
temperature dependence of the nonlinear dielectric susc
bility, as performed in the Sr12xCaxTiO3 system.33

Finally, we want to stress the interest of the study of su
a system in the whole range of substitution. Indeed, on
one hand, when one introduces a small amount of Sr in
structure of BaTiO3 one has the physical picture, similar t
lithium or sodium inside the structure of KTaO3, of local
dipole moments induced by off-center positions. On t
other hand, introduction of a small concentration of Ba in t
structure of SrTiO3 cannot directly induce dipole moment
as Ba is a larger ion than Sr; one has to put forward
existence of quadrupole moments which are supposed
arise from elastic strains induced by ion size mismatc2

Therefore, a complete picture of the whole diagram is s
lacking. We believe that regarding structural data, a furt
step could be achieved through an anharmonic study, as
have performed in lead perovskites;34 however, this requires
very highQ data collection of excellent quality.
d.

tter
ns.
d

y

.

ys.
1J. G. Bednorz and K. A. Mu¨ller, Phys. Rev. Lett.52, 2289~1984!;
W. Kleemann and H. Schremmer, Phys. Rev. B40, 7428~1989!;
U. Bianchi, J. Dec, W. Kleemann, and J. G. Bednorz,ibid. 51,
8737~1995!; W. Kleemann, A. Albertini, R. V. Chamberlin, an
J. G. Bednorz, Europhys. Lett.37, 145 ~1997!.

2V. V. Lemanov, E. P. Smirnova, P. P. Syrnikov, and E. A. Ta
kanov, Phys. Rev. B54, 3151~1996!.

3W. Jackson and W. Reddish, Nature~London! 3972, 717 ~1945!.
4G. Durst, M. Grotenhuis, and A. G. Barkow, J. Am. Ceram. S

33, 133 ~1950!.
5M. McQuarrie, J. Am. Ceram. Soc.38, 444 ~1955!.
6G. A. Smolenskii and K. I. Rozgchev, Zh. Tekh. Fiz.24, 1751

~1954!.
7L. Benguigui, Phys. Status Solidi A,46, 337 ~1978!.
8D. Barb, E. Barbulescu, and A. Barbulescu, Phys. Status Solid

74, 79 ~1982!.
9C-J. Peng and S. B. Krupanidhi, J. Mater. Res.10, 708 ~1995!.

W. Y. Hsu, J. D. Luttmer, R. Tsu, S. Summerfelt, M. Bedekar,
Tokumoto, and J. Nulman, Appl. Phys. Lett.66, 2975~1995!. K.
Numata, Y. Fukuda, K. Aoki and A. Nishimura, Jpn. J. App
Phys., Part 134, 5245~1995!. P. Kirlin, S. Bilodeau and P. van
-

.

,

.

Buskirk, Integr. Ferroelectr.7, 307 ~1995!.
10M. E. Guzhva, V. V. Lemanov, and P. A. Markovin, Fiz. Tver

Tela ~S. Peterberg! 39, 704 ~1997! @Phys. Solid State39, 618
~1997!#.

11V. S. Tiwari, N. Singh and D. Pandey, J. Phys.: Condens. Ma
7, 1441 ~1995!. N. Singh and D. Pandey, J. Phys.: Conde
Matter8, 4269~1996!. N. Singh, A. P. Singh, Ch. D. Prasad, an
D. Pandey, J. Phys.: Condens. Matter8, 7813~1996!.

12J. F. Berar, inIUCr. Sat. Meeting on Powder Diffractometr
(Toulouse, 1990).

13J. M. Kiat and T. Roisnel, J. Phys.: Condens. Matter8, 3471
~1996!.

14C. Malibert, B. Dkhil, J. M. Kiat, D. Durand, J. F. Be´rar, and A.
Spasojevic, J. Phys.: Condens. Matter9, 7485~1997!.

15T. Riste, E. J. Samuelsen, and K. Otes, Solid State Commun9,
1455 ~1971!.

16G. Shirane and Y. Yamada, Phys. Rev.177, 858 ~1969!; G.
Shirane, R. A. Cowley, M. Matsuda, and S. M. Shapiro, Ph
Rev. B48, 15 595~1993!.

17S. M. Shapiro, J. D. Axe, and G. Shirane, Phys. Rev. B6, 4332
~1972!.
4-8



. A

e

. B

n,

K.

,

i-

A.

.
on-

STRUCTURAL EVOLUTION AND POLAR ORDER IN . . . PHYSICAL REVIEW B65 224104
18J. Harada, J. D. Axe and G. Shirane, Acta Crystallogr., Sect
Cryst. Phys., Diffr., Theor. Gen. Crystallogr.26, 608 ~1970!. G.
Shirane, H. Danner, and R. Pepinsky, Phys. Rev.105, 856
~1957!. A. W. Hewat, Ferroelectrics6, 215 ~1974!.

19A. W. Hewat, J. Phys. C6, 1074~1973!.
20J. Dec and W. Kleemann, Solid State Commun.106, 695 ~1998!.
21S. A. Prosandeev, A. E. Maslennikov, W. Kleemann, and J. D

Ferroelectrics238, 171 ~2000!.
22J. Hemberger, P. Lunkenheimer, R. Viana, R. Bo¨hmer, and A.

Loidl, Phys. Rev. B52, 13 159~1995!; J. Hemberger, M. Nick-
las, R. Viana, P. Lunkenheimer, A. Loidl, and R. Bo¨hmer, J.
Phys.: Condens. Matter8, 4673~1996!.

23J. M. Worlock and P. A. Fleury, Phys. Rev. Lett.19, 20 ~1967!.
24C. Ménoretet al. ~unpublished!.
25G. Burns and F. H. Dacol, Solid State Commun.48, 853

~1983!.
26C. N. W. Darlington, J. Phys. C21, 3851~1988!.
27B. Kirsch, H. Schmitt, and H. E. Mu¨ser, Ferroelectrics68, 275

~1986!.
22410
:

c,

28D. Viehland, S. J. Jang, L. E. Cross, and M. Wuttig, Phys. Rev
46, 8003~1992!.

29P. A. Markovin, V. V. Lemanov, M. E. Guzhva, and W. Kleeman
Ferroelectrics199, 121 ~1997!.

30J. F. Scott and H. Ledbetter, Z. Phys. B: Condens. Matter104,
635 ~1997!.

31R. Ranjan, D. Pandey, V. Siruguri, P. S. R. Krishna, and S.
Paranjpe, J. Phys.: Condens. Matter11, 2233~1999!. R. Ranjan
and D. Pandey,ibid. 11, 2247~1999!. R. Ranjan and D. Pandey
ibid. 13, 4251~2001!.

32B. Dkhil, J. M. Kiat, S. B. Vakhrushev, G. Calvarin, G. Bald
nozzi, and E. Suart, Phys. Rev. B65, 024104~2001!.

33M. Maglione, M. Lopes dos Santos, M. R. Chaves, and
Almeida, Phys. Status Solidi B181, 73 ~1994!.

34J-M. Kiat, G. Baldinozzi, M. Dunlop, C. Malibert, B. Dkhil, C
Ménoret, O. Masson, and M-T. Fernandez-Diaz, J. Phys.: C
dens. Matter12, 8411~2000!.

35C. Kittel, Introduction to Solid State Physics~Wiley, New York,
1971!.
4-9


