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Effect of Ba2¿ substitution on the stability of the antiferroelectric and ferroelectric phases
in „Pb1ÀxBax…ZrO 3: Phenomenological theory considerations

Bhadra P. Pokharel* and Dhananjai Pandey
School of Materials Science and Technology, Institute of Technology, Banaras Hindu University, Varanasi-221005, India

~Received 14 September 2001; revised manuscript received 29 January 2002; published 6 June 2002!

The relative stability of the ferroelectric rhombohedral (FR) and antiferroelectric orthorhombic (AO) phases
of (Pb12xBax)ZrO3 has been investigated as a function of Ba21 concentration~x! using phenomenological
theory considerations. It is shown that all the unknown parameters in the free-energy expressions for theFR

andAO phases can be evaluated using the dielectric and x-ray-diffraction data as a function of temperature. We
show that the differences in the energies of antiferroelectric and ferroelectric phases decrease with increasing
Ba21 concentration, indicating the gradual destabilization of the antiferroelectric phase. The theoretically
predicted critical compositionx50.1760.0025, above which no antiferroelectric phase can exist, is found to
be in excellent agreement with the experimental observations.

DOI: 10.1103/PhysRevB.65.214108 PACS number~s!: 77.80.Bh, 77.84.Dy
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I. INTRODUCTION

PbZrO3 ~PZ! is a well-known antiferroelectric~AFE! ma-
terial with orthorhombic structure (AO) at room
temperature.1–5 On heating, it transforms to a ferroelectr
~FE! phase with rhombohedral structure (FR) around 225 °C.
This FR phase transforms to a paraelectric~PE! cubic phase
(PC) around 231 °C. BothAO to FR and FR to PC phase
transitions are first order and show a thermal hysteresi
around 10 °C. The relative thermal stability of theAO andFR

phases with respect to thePC phase has recently been inve
tigated by Haunet al.6 using phenomenological theory ap
proach and by Singh7 using first-principles total-energy ca
culations.

The FE and AFE phase transitions in PZ are caused
two competing instabilities in the low-frequency polar mod
at the zone center and the zone boundary, respectively.8 De-
pending on the temperature, one of the two types of in
bilities dominate giving rise to a pure FE or AFE phase w
definite stability fields. Thus the FE mode freezes out aro
222 °C followed by the freezing of the AFE mode arou
215 °C in PZ.

The relative strengths of the competing FE and AFE
stabilities of PZ can be varied continuously by varying t
Ba21 concentration in the mixed (Pb12xBax)ZrO3 ~PBZ!
system. However, unlike the well-known frustrated syste
like Rb12x(NH4)xH2PO4 ~Ref. 9! and Eu12xGoxS,10 the
competing instabilities and frustration in this system are
being brought over by the two end members, i.e., PbZ3
and BaZrO3, since the latter does not show any FE or AF
instability and remains cubic down to nearly 0 K~mentioned
in Ref. 11!. Instead, Ba21 substitution modifies the strengt
of the already existing competing AFE and FE instabilities
the PZ matrix in such a way that when one of them dom
nates over the other, a pure AFE or FE phase resu12

whereas in the event of the two interactions being com
rable, one gets glassy or relaxor FE behavior.13 Thus theAO
to FR to PC sequence of phase transition of PbZrO3 is ob-
served in PBZ also but only for a restricted compositi
range of 0<x<0.15.12 But, for 0.20<x,0.30, the sequenc
0163-1829/2002/65~21!/214108~7!/$20.00 65 2141
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of phase transition changes toFR to PC ~Ref. 12! with the
total absence of theAO phase. Further, forx50.30, PBZ
shows relaxor FE transition12,13 whereas forx.0.30, it
shows a reentrant relaxor ferroelectric behavior.14 The differ-
ence in the ionic radii of Pb21 ~1.17 Å! and Ba21 ~1.29 Å!
and the polarizabilities of the two ions seems to be play
the most important role in modifying the relative strengths
the AFE and FE instabilities.

In this paper, we consider the application of the pheno
enological theory developed by Haunet al.6 for pure PZ to
study the relative stability of theFR and AO phases with
respect to the high-temperaturePC phase as a function o
temperature and Ba21 concentration. For thePC to FR tran-
sition, all the coefficients in the Landau expansion for fr
energy can be conveniently determined using the dielectr12

and high-temperature x-ray-diffraction~XRD! data.15 The di-
electric data given in Ref. 12 provides us the values of Cu
point (TC), Curie-Weiss temperature (TO), and Curie-Weiss
constant~C! while the high-temperature XRD data given
Ref. 15 enables us to calculate the anisotropic spontane
strain as a function of temperature from which one can
duce the temperature-dependent anisotropic spontaneou
larization using electrostrictive coupling. For the AFE tra
sition, the situation is less straightforward since thePC to AO
transition is mediated by theFR phase; as a result one doe
not knowa priori the Néel temperature (TN), Curie constant
(CA), and Curie temperature (uO). Thus the determination
of each coefficient in the free-energy expression is not p
sible. Haunet al.6 have resolved this issue in a very ing
nious way for understanding the thermodynamics of thePC
to FR to AO transition in pure PZ. We shall use their a
proach for studying thePC to FR to AO phase transitions in
the PBZ system as a function of Ba21 concentration. We
begin this paper with a brief review of the salient aspects
the thermodynamic theory of Haunet al.6 and then presen
our results on its application to the PBZ system to predict
absence of the AFE phase forx.0.17. Our predictions are
in excellent agreement with the experimen
observations.12,13,15
©2002 The American Physical Society08-1
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II. THERMODYNAMIC THEORY

Landau-type phenomenological theories have been u
by workers like Kittel,16 Cross,17 and Okada18 to understand
the AFE transitions. Whatmore and Glazer19 used a one-
dimensional free-energy function containing up to six
order terms to model the displacement of Pb ion in P
Uchinoet al.20 determined the hydrostatic electrostrictive c
efficients by including the stress terms in the free-ene
function. The AFE phase transition in PZ is first order.12 In
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the free-energy function of the earlier workers, barring Wh
more and Glazer,19 terms up to fourth order only were re
tained which are inadequate to describe the first-order be
ior ~see, e.g., Refs. 21 and 22!. Recently, Haunet al.6 have
developed a thermodynamic theory of PbZrO3 in which the
three-dimensional~3D! free-energy function contains up t
sixth-order FE and AFE polarization terms, elastic strain
ergy terms, and the cross terms due to coupling between
polarization and stress (Xm) consistent with the symmetry o
the paraelectric phase (m3m):
DG5$a1~P1
21P2

21P3
2!1a11~P1

41P2
41P3

4!1a111~P1
61P2

61P3
6!1a12~P1

2P2
21P2

2P3
21P3

2P1
2!1a112@P1

4~P2
21P3

2!

1P2
4~P3

21P1
2!1P3

4~P1
21P2

2!#1a123P1
2P2

2P3
2%1$s1~p1

21p2
21p3

2!1s11~p1
41p2

41p3
4!1s111~p1

61p2
61p3

6!

1s12~p1
2p2

21p2
2p3

21p3
2p1

2!1s112@p1
4~p2

21p3
2!1p2

4~p3
21p1

2!1p3
4~p1

21p2
2!#1s123p1

2p2
2p3

2%

1m11~P1
2p1

21P2
2p2

21P3
2p3

2!1m12@P1
2~p2

21p3
2!1P2

2~p3
21p1

2!1P3
2~p1

21p2
2!#1m44~P1P2p1p21P2P3p2p3

1P1P3p1p3!2$Q11~X1P1
21X2P2

21X3P3
2!1Q12@X1~P2

21P3
2!1X2~P3

21P1
2!1X3~P1

21P2
2!#1Q44~X4P2P3

1X5P3P11X6P1P2!%2$Z11~X1p1
21X2p2

21X3p3
2!1Z12@X1~p2

21p3
2!1X2~p3

21p1
2!1X3~p1

21p2
2!#1Z44~X4p2p3

1X5p3p11X6p1p2!%2 1
2 @S11~X1

21X2
21X3

2!12S12~X1X21X2X31X3X1!1S44~X4
21X5

21X6
2!#, ~1!
-

n:

a-
where the coefficientsa1 , a11, a111, a12, a112, a123 cor-
respond to FE dielectric stiffnesses at constant stress,s1 ,
s11, s111, s12, s112, s123 to AFE dielectric stiffnesses a
constant stress,m11, m12, m44 to couplings between AFE
and FE polarizations,S11, S12, S44 to elastic compliances a
constant polarization,Q11, Q12, Q44 to electrostrictive cou-
pling between FE polarization and stress, andZ11, Z12, Z44
to electrostrictive coupling between AFE polarization a
stress.

A. Free-energy expression for the ferroelectric phase

For the FE rhombohedral phase, the solutions of inte
to the energy function given by Eq.~1! are P1

25P2
25P3

2

Þ0 andp15p25p350 under the zero stress condition. Th
reduces the free-energy function to

DGF5aP3
21bP3

41gP3
6, ~2!

where a53a1 , b53(a121a11), and g5(3a11116a112
1a123). The coefficientsb andg are assumed to be temper
ture independent. Further,b is positive for second-orde
phase transition and negative for first-order phase transiti6

g is always positive. The coefficienta1 is assumed to have
the following type of temperature dependence based on
Curie-Weiss law:

a15~T2TO!/~2«OC!5aO~T2TO!, ~3!

whereC is the Curie constant,«O is the permittivity of free
space, andTO is the Curie-Weiss temperature.

Now using the minimization conditions]DG/]P350 and
DG50 at TC , we get two simultaneous equations in term
st

.

he

of even powers ofP3 . Solving them, we obtain the follow
ing expressions for the remaining two coefficients:

b523~TC2TO!/~«OCP3C
2 !

and

g53~TC2TO!/~2«OCP3C
4 !, ~4!

whereP3C is the value of spontaneous polarization atTC for
a first-order phase transition.TC is related toTO in the fol-
lowing manner:

TC5TO1b2/~12aOg!. ~5!

The minimization condition (]DG/]P3) mentioned
above provides us the following expression for polarizatio

P3
25@2b1A~b223a1g!#/3g. ~6!

Substituting the values ofa1 , b, andg in this relation, we
obtain the following relation for the spontaneous polariz
tion:

P3
25CFP3C

2 ,

where

CF52/3@11$123~T2TO!/~4~TC2TO!!%1/2#. ~7!

The spontaneous elastic strainsxi(5]DG/]Xi) under zero
stress condition can be obtained from Eq.~1! and are given
below:

x15x25x35~Q1112Q12!P3
2, ~8!
8-2
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EFFECT OF Ba21 SUBSTITUTION ON THE . . . PHYSICAL REVIEW B 65 214108
x45x55x65Q44P3
2. ~9!

Combining Eqs.~7! and ~9!, one obtains

x45CFx4C , where x4C5Q44P3C
2 . ~10!

Herex4C is the value ofx4 at T5TC . On substituting from
Eq. ~10! for P3C into Eq.~4! and using the expression for th
coefficientsa, b, andg given by Eqs.~3! and~4! in Eq. ~2!,
one gets the following expression for the free energy:

DGF5@3CFx4C /~2Q44«OC!#@~T2TO!

22CF~TC2TO!~12CF/2!#. ~11!

Thus DGF as a function of temperature can be calcula
from a knowledge ofcF , x4C , Q44, TO , andC which can
be determined from the experimental data.

B. Free-energy expression for the antiferroelectric phase

In the orthorhombic AFE phase, polarization can be alo
any of the^110& directions of the original pseudocubic un
cell. Thus the solutions of interest to Eq.~1! are P15P2

5P350, p1
250, and p2

25p3
2Þ0. Hence the Landau free

energy function for this phase under zero stress condi
shall be

DGA5dp3
21zp3

41jp3
6, ~12!

whered52s1 , z52s111s12, andj52(s1111s112).
As in the FE case,z andj are assumed to be temperatu

independent. Further, for first-order transition,z is taken to
be negative whilej is positive.21,22 The coefficients1 is
assumed to follow the following type of temperature dep
dence:

s15~T2uO!/~2«OCA!5sO~T2uO!. ~13!

HereCA anduO are the AFE analogs of the FE Curie co
stant and the Curie-Weiss temperature, respectively.

Following the procedure similar to that in Sec. II A for th
FE phase, we can express the coefficientsz andj as under

z522~TN2uO!/~«OCAp3N
2 !,

j5~TN2uO!/~«OCAp3N
4 !,

where

TN5uO1z2/~8zsO!. ~14!

Here,TN andp3N are Néel temperature and AFE polarizatio
at TN , respectively.

The AFE spontaneous polarization and strain can be
pressed in the same way as in Eqs.~7! and ~10!. Thus

p3
25cAp3N

2 ,

where

cA5 2
3 $11@123~T2uO!/4~TN2uO!#1/2%. ~15!

Similar to Eq.~10!, the following relationships follow:
21410
d

g
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x-

x45Z44p3
2

and

x45cAx4N ,

where

x4N5Z44p3N
2 . ~16!

The free-energy functionDGA given by Eq. ~12! for the
antiferroelectric (AO) phase can thus be expressed as follo
with the help of relations~14! and ~16!:

DGA5~cAx4N /«OZ44CA!@~T2uO!

22cA~TN2uO!~12cA/2!#, ~17!

where the constants~TN , p3N , anduO! can be estimated by
a fitting procedure explained in the next section andZ44CA is
determined using the thermodynamic conditionDGA5DGF
at the AFE-FE phase transition temperature (TAF) and is
expressed as

Z44CA5@2x4NcAQ44C/3cFx4C#$@~TAF2uO!

22cA~TN2uO!~12cA/2!#/@~TAF2TO!

22cF~TC2TO!~12cF/2!#% ~18!

III. RESULTS AND DISCUSSION

A. Evaluation of coefficients for the ferroelectric phase

For the calculation ofDGF for the FE rhombohedral (FR)
phase given by Eq.~11!, we need to know the unknown
parametersTC , C, TO , Q44, andx4C . Since thePC to FR
transition is a first-order transition, there is a thermal hys
esis in the transition temperatures measured during hea
and cooling cycles.12 We have taken the average of the tra
sition temperatures in our dielectric measurements du
heating and cooling as the thermodynamic phase-trans
temperature (TC) in our calculations. The Curie-Weiss con
stant ~C! and Curie-Wiess temperature (TO) were deter-
mined from a plot of dielectric stiffness versus temperat
given in Ref. 12. For pure PZ, the values ofC (1.45
3105 K) and TO ~190 °C! obtained using dielectric data o
ceramic specimens12 compare well with those reported in th
literature for single crystals (C51.553105 K, TO
5190 °C).20 This suggests that theC and TO values deter-
mined using dielectric data on ceramics specimens for
PBZ series (x50.05, 0.10) can be used for calculatingDGF
given by Eq. ~9!. For PBZ05 and PBZ10, the values a
listed in Table I.

To estimateQ44, we have used the observation of Uchin
et al.20 that the product ofQh with the Curie-Weiss constan

TABLE I. Curie-Weiss constant and Curie-Weiss temperat
for PBZ05 and PBZ10.

C ~°C! TO ~°C!

PBZ05 1.623105 188
PBZ10 1.723105 172
8-3
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~C! is nearly constant (;33103 m24 C22 K) for all FE and
AFE perovskites. Since the electrostrictive data for sing
crystal specimens of PBZ05 and PBZ10 are not availabl
the literature, we have used the approximationQ44
;2.8095Qh to calculateQ44 from a knowledge ofQh . This
relationship holds good for single crystals of PZ wi
Q44(0.059) ~Ref. 6! and Qh(0.021).20 cF given by Eq.~7!
can be easily calculated from a knowledge of the transit
temperature (TC) and Curie-Weiss temperature (TO). The
only unknown parameter in Eq.~11! is now x4C which was
evaluated in the manner explained as follows: The sponta
ous strainx4 in the FR phase is given by the relation

x45~902aR/90!, ~19!

whereaR is the rhombohedral angle of the unit cell of theFR
phase.

The variation ofaR as a function of temperature alon
with the other lattice parameters is shown in Figs. 1~a! and
~b! for PBZ05 and PBZ10, respectively. From a knowled
of aR at various temperatures, the variation of spontane
strainx4 as a function of temperature was calculated. This
shown in Figs. 2~a! and 3~a! for PBZ05 and PBZ10, respec
tively. x4C was determined from the best fit to the plot ofx4
versuscF @see Eq.~10!# as shown in Figs. 2~b! and 3~b! for
PBZ05 and PBZ10, respectively. Table II lists the value
x4C so obtained for PBZ05 and PBZ10 along with the va
of other constants required for calculatingDGF . For com-
parison we have also given the constants used by H
et al.6 for pure PZ in Table II.

FIG. 1. Variation of lattice parameters of orthorhombic~antifer-
roelectric, AO!, rhombohedral ~ferroelectric, FR!, and cubic
~paraelectric,PC! phases of (Pb12xBax)ZrO3 with temperature for
~a! x50.05 and~b! x50.10. The inset shows the variation of th
rhombohedral angle of ferroelectric phase with temperature.
filled ~d! and open~s! circles are for heating and cooling cycle
respectively. The vertical arrows show the thermal hysteresis.
21410
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B. Evaluation of coefficients for the antiferroelectric phase

The Néel temperature (TN) and the associated constan
CA anduO in Eq. ~17! correspond to the transition betwee
the AFE (AO) and PE (PC) phases. In pure PZ as well as
PBZ05 and PBZ10, this is a metastable transition sinc
occurs in the FE rhombohedral phase field. Thus the c
stantsCA , TN , anduO are not determinable using dielectr
measurements. This is in marked contrast to the FE to
transition discussed in the preceding section. SinceTN is not
known, x4N is also not measurable. In order to determi
TN , u0 , andx4N , we have therefore used the fitting proc

e

FIG. 2. Variation of ferroelectric rhombohedral strainx4F with
~a! temperature and~b! cF defined by Eq.~7!; variation of antifer-
roelectric orthorhombic~c! strain x4A and ~d! (x422/3x4N)2 with
temperature for PBZ05.

FIG. 3. Variation of ferroelectric rhombohedral strainx4F with
~a! temperature and~b! cF defined by Eq.~7!; variation of antifer-
roelectric orthorhombic~c! strain x4A and ~d! (x422/3x4N)2 with
temperature for PBZ10.
8-4
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EFFECT OF Ba21 SUBSTITUTION ON THE . . . PHYSICAL REVIEW B 65 214108
dure described below. This procedure is similar to that e
ployed by Haunet al.6 for pure PZ.

The spontaneous strain associated with theAO phase can
be determined from a knowledge of the pseudocubic lat
parameters given by Whatmore and Glazer:19

aP51/2~1/4b0
21a0

2!1/2,

cP51/2cO ,

gP52 tan21~2aO /bO!, ~20!

whereaO , bO , andcO are the orthorhombic cell paramete
of theAO phase andaP , cP , andgP are the cell parameter
of the equivalent monoclinically distorted elementary pero
skite cell. The strainx4 in Eq. ~16! can be defined with
respect to the PE cubic phase as under

x45~902gP!/90. ~21!

The spontaneous strainx4 was calculated from the high
temperature XRD data on PBZ05 and PBZ10 presente
Figs. 1~a! and ~b!, respectively~taken from Ref. 15!. The
variation of x4 with temperatureT as per Eq.~16! can be
expressed in the following form:

~x422/3x4N!252@x4N
2 /3~TN2uO!#T

1@4x4N
2 /91x4N

2 uO/3~TN2uO!#. ~22!

The experimentally observed variation ofx4 with tempera-
ture is shown in Figs. 2~c! and 3~c! for PBZ05 and PBZ10,
respectively. The constantsTN anduO were determined from
a least-squares fitting procedure from a plot of (x4
22/3x4N)2 versus temperatureT using Eq.~22!. In the fit-
ting, minimum variance criterion was used for selecting
optimum value ofx4N . Figures 2~d! and 3~d! depict the best-
fit straight line for the constantsx4N , TN , anduO given in
Table II along with other important constants used in
calculation of the free energies of PBZ10, PBZ05, and P
Haunet al.6 in their work on PZ approximatedTN by taking
the average of thePC to FR phase-transition temperatur

TABLE II. Values of constants obtained in the present work
the evaluation of the free energies of the FE and AFE phase
(Pb12xBax)ZrO3 with x50.05 and 0.10. Forx50 ~i.e., PZ!, the
constants are taken from Ref. 6.

Parameters PZ PBZ05 PBZ10

x4C 1.20331023 1.95031023 2.56131023

P3c (C/m2) 0.1428 0.1901 0.2250
Q44 (m4/C2) 0.059 0.053 0.049
a0 (m/C) 3.7663105 3.4873105 3.2853105

b (m5/C2F) 24.6553109 21.2813109 27.4983408

g (m9/C4F) 1.14331011 1.79831010 7.5283109

TN ~°C! 226 168.2 112.1
u0 ~°C! 216.5 145.7 85.0
X4N 2.63031024 5.05731024 7.50131024

Z44CA

(m4 °C/C2)
683.35 670.88 661.96
21410
-

e
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(TC) and theFR to AO phase-transition temperature (TAF).
The value ofTN ~168.2 °C and 112.1 °C for PBZ05 an
PBZ10, respectively! determined by us using the fitting pro
cedure agrees well with the value~167.5 °C, 111.5 °C! ob-
tained by averagingTC andTAF . Due to the first-order na-
ture of the PC-FR and FR-AO phase transitions and th
associated thermal hysteresis, it is not possible to mea
TC and TAF . We have taken the average of the transiti
temperatures obtained during heating and cooling cycle
the equilibrium transition temperaturesTC and TAF . For
PBZ10, due to the irreversibility of theFR-AO transition
during cooling,12 one cannot measureTAF during cooling. To
resolve this, we estimated theTAF ~cooling! from the ex-
trapolation of the values known for PZ and PBZ05 duri
cooling, i.e., by taking a decrease inTAF ~cooling! at the rate
of 27 °C/mol % of BaZrO3 added.12

Now all constants in Eq.~17! except CA and Z44 are
known.CA cannot be determined experimentally for reaso
already explained. However,CA occurs as a productCAZ44
in Eq. ~17!. This product (CAZ44) can be evaluated using Eq
~18! in which all the parameters on the right-hand side ha
already been determined. Having determined all the
known parameters in Eq.~17!, we calculated the free energ
DGA of the AFE phase as a function of temperature.

C. Relative free energies of the antiferroelectric and
ferroelectric phases

Having determined all the unknown parameters in E
~11! and ~17!, we have calculated the relative free energ
DGF andDGA of the FE and AFE phases, respectively, a
function of temperature for PZ, PBZ05, and PBZ10. Figu
4~a!–~c! depict the variation ofDG with temperature~T! for
both FE and AFE phases of PZ, PBZ05, and PBZ10, resp
tively. It is evident from this figure that theDGF ~x,T! and
DGA ~x,T! curves intersect atTAF below which the AFE
phase has got lower free energy than the FE phase. Fur
the difference in the energies between the AFE and
phases is decreasing with increasing Ba21 content at all tem-
peratures below the AFE-FE phase transition tempera
(TAF). This clearly indicates that the AFE phase is getti
gradually destabilized with increasing Ba21 content. To de-
termine the critical composition (xC) above which
DGA(x,T) is always higher thanDGF(x,T), we have ana-
lyzed the trend of composition dependence of the free-ene
differenceDGA2DGF using the values forx50, 0.05, and
0.10 at several temperatures below theTAF(530 °C) for x
50.10. This is shown in Fig. 5 forT520, 0, 220, and
250 °C in the inset and forT52110, 2120, 2150, and
2175 °C in the main figure. It is interesting to note that f
all temperatures, the free-energy difference follows line
composition dependence whose extrapolation forx.0.10
gives a critical compositionxC50.1760.0025 above which
DGA2DGF becomes positive, i.e.,DGA.DGF . Although
we have shown the results for only eight temperatures in F
5, we have verified thatDGA.DGF for all temperatures
below TAF for x50.10 so long asx.0.1760.0025. Since
Ba21 substitution is known12 to decrease theTAF at the rate
of 19 °C per mole percent of BaZrO3 added, theTAF for x

of
8-5
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50.1760.0025 will be lower thanTAF for x50.10. In fact,
the estimatedTAF for x50.1760.0025 is2101 °C which is
higher than the temperatures considered in Fig. 5. T
clearly confirms that the AFE phase cannot occur forx
.0.1760.0025 in the PBZ system sinceDGA will always be
greater thanDGF . The structural15 and dielectric studies12

have shown that thePC to FR to AO sequence of phas
transitions is observed up tox50.15 only. Forx>0.20, the
FR phase once formed is stable and does not transform
the AO phase on further cooling. Thus the experimental o
servation predicts the crossover composition (xC) to lie in
the range 0.15,x,0.20 which is in excellent agreemen
with the value ofxC;0.1760.0025 determined by the phe
nomenological theory calculations described in the pres
work.

FIG. 4. Variation of relative free energies for FE and AF
phases of (Pb12xBax)ZrO3 with temperature for~a! x50 ~PZ!, ~b!
x50.05 ~PBZ05!, and ~c! x50.10 ~PBZ10!. The inset in~a! is on
an expanded scale to enable the identification ofAO to FR (TAF)
andFR to PC (TC) transition temperatures.
,
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-
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Before we close, a comparison of the behavior of the P
system with the well-known perovskite syste
Pb(Zr12xTix)O3 ~PZT! ~Ref. 23! will be in order. Ti41 sub-
stitution at the Zr41 site for x>0.06 in the PZT system als
stabilizes a ferroelectric rhombohedral@FR

LT# phase in which
the oxygen octahedra are antiphase rotated about the@111#
direction in the neighboring perovskite cell.23 This doubled
cell rhombohedral phase of PZT is similar to the ferroelec
FR phase of the PBZ system.13,15 The phenomenologica
theory consideration of the present work in principle can
applied to the PZT problem also for determining the relat
stability of the FE and AFE phases as a function of Ti41

content in the PZT system. Having said this, we would l
to emphasize the important differences between the two
tems. The end member PbTiO3 of the PZT system is a well
known ferroelectric with tetragonal structure at room te
perature in contrast to BaZrO3 of the PBZ system which ha
a cubic structure and does not exhibit any FE or AFE ins
bility. As a result of this, the phase diagram of the PZ
system is much more complex with a variety of ferroelect
phases with tetragonal (FT), rhombohedral (FR

HT), doubled
cell rhombohedral (FR

LT),23 monoclinic (FM
HT),24 and

doubled cell monoclinic (FM
LT) ~Ref. 25! phases appearing i

different composition and temperature ranges of the ph
diagram.

IV. CONCLUSIONS

We have calculated the free energies of the ferroelec
rhombohedral (FR) and antiferroelectric orthorhombic (AO)
phases of (Pb12xBax)ZrO3 as a function of Ba21 concentra-
tion using a phenomenological theory approach. Our ca
lations show that theAO ~AFE! phase is gradually destab
lized with increasing Ba21 content and for concentrationsx
.0.1760.0025, only the FE phase should exist. These t
oretical predictions are found to be in excellent agreem
with those observed experimentally.

FIG. 5. Variation of (DGA2DGF) as a function of Ba21 con-
tent at 20 °C~h!, 0 °C ~j!, 220 °C ~s!, and250 °C ~d! shown in
the inset, and at2110 °C ~d!, 2120 °C ~s!, 2150 °C ~j!, and
2175 °C ~h! shown in the main figure.
In
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