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Effect of Ba?* substitution on the stability of the antiferroelectric and ferroelectric phases
in (Pb;_,Ba,)ZrO5: Phenomenological theory considerations
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The relative stability of the ferroelectric rhombohedrigk} and antiferroelectric orthorhombi@) phases
of (Pb,_,Ba)ZrO; has been investigated as a function of Baoncentration(x) using phenomenological
theory considerations. It is shown that all the unknown parameters in the free-energy expression§ for the
andAg 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
Ba®* concentration, indicating the gradual destabilization of the antiferroelectric phase. The theoretically
predicted critical compositiorn=0.17+0.0025, above which no antiferroelectric phase can exist, is found to
be in excellent agreement with the experimental observations.
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I. INTRODUCTION of phase transition changes g to P¢ (Ref. 12 with the

PbZrQ; (P2) is a well-known antiferroelectriCAFE) ma- total absence of théo phgsel.g Further, fox=0.30, PB.Z

. ; . shows relaxor FE transitioh'® whereas forx>0.30, it

terial with _ orthorhombic structure Ag) at room shows a reentrant relaxor ferroelectric behaVfdrhe differ-
temperaturé=® On heating, it transforms to a ferroelectric

i iani i +
(FE) phase with rhombohedral structurieg) around 225 °C. ence in the ionic radii of Pty (117 A) and B&" (1.29 A

Ths .y phase ransfors (0 a paraelectE cubi prase 11 AL of e o o seeme o be pying
(Pc) around 231 °C. BottAg to Fg and Fi to P¢ phase h 9 9

o . . the AFE and FE instabilities.
transitions are first order and show a thermal hysteresis o . . .
In this paper, we consider the application of the phenom-

around 10_ C. The relative thermal stability of thg andFR enological theory developed by Haen al® for pure PZ to

phases with respect to th. phase has recently been inves- . o .

. 6 . study the relative stability of th&g and Ay phases with

tigated by Hauret al’ using phenomenological theory ap- . .
roach and by Sindhusing first-principles total-energy cal respect to the high-temperatury, phase as a function of

P y 9 P P 9y temperature and B4 concentration. For th@c to Fg tran-

lations. o . : .
culations sition, all the coefficients in the Landau expansion for free

The FE and AFE phase transitions in PZ are caused bg b iently determined using the dield&ti
two competing instabilities in the low-frequency polar modes Nergy can be conveniently determined using 15e ielettne
and high-temperature x-ray-diffractigkRD) data.” The di-

at the zone center and the zone boundary, respecfi2éy. X : ; : .
pending on the temperature, one of the two types of instaele_Ct”C data given |n.Ref. 12 provides us the valges of.Curle
bilities dominate giving rise to a pure FE or AFE phase withPoInt (Tc), Curie-Weiss temperaturd’y), and Curie-Weiss
definite stability fields. Thus the FE mode freezes out aroungonstant(C) while the high-temperature XRD data given in
222 °C followed by the freezing of the AFE mode around Ref. 15 enables us to calculate the anisotropic spontaneous
215°C in PZ. strain as a function of temperature from which one can de-
The relative strengths of the competing FE and AFE in-duce the temperature-dependent anisotropic spontaneous po-
stabilities of PZ can be varied continuously by varying thelarization using electrostrictive coupling. For the AFE tran-
Ba®" concentration in the mixed (Rb,Ba)ZrO; (PBZ)  sition, the situation is less straightforward since Fheto Ag
system. However, unlike the well-known frustrated systemgdransition is mediated by thEg phase; as a result one does
like Rb;,_,(NH,),H,PO, (Ref. 9 and Ey_,GoS° the not knowa priori the Neel temperatureTy), Curie constant
competing instabilities and frustration in this system are no{C,), and Curie temperatured§). Thus the determination
being brought over by the two end members, i.e., PRZrO of each coefficient in the free-energy expression is not pos-
and BazrQ, since the latter does not show any FE or AFEsible. Haunet al® have resolved this issue in a very inge-
instability and remains cubic down to nearly O(iKentioned  nious way for understanding the thermodynamics of e
in Ref. 11. Instead, B&" substitution modifies the strength to F to Ag transition in pure PZ. We shall use their ap-
of the already existing competing AFE and FE instabilities ofproach for studying th® to Fg to Ap phase transitions in
the PZ matrix in such a way that when one of them domi-the PBZ system as a function of 8a concentration. We
nates over the other, a pure AFE or FE phase rédults begin this paper with a brief review of the salient aspects of
whereas in the event of the two interactions being compathe thermodynamic theory of Hawet al® and then present
rable, one gets glassy or relaxor FE behalidrhus theA, our results on its application to the PBZ system to predict the
to Fr to P sequence of phase transition of PbZr® ob-  absence of the AFE phase fer-0.17. Our predictions are
served in PBZ also but only for a restricted compositionin  excellent agreement with the experimental
range of 0=x=<0.15? But, for 0.20=x<0.30, the sequence observationg?*>1°
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Il. THERMODYNAMIC THEORY the free-energy function of the earlier workers, barring What-

. . raore and Glazel? terms up to fourth order only were re-
Landau-type phenomenological theories have been usedineq which are inadequate to describe the first-order behav-

by workers like Kittel;® Cross,” and Okadd{’ to understand jor (see, e.g., Refs. 21 and 2Recently, Hauret al® have

the AFE transitions. Whatmore and GlaZeused a one- developed a thermodynamic theory of PbZi@ which the
dimensional free-energy function containing up to sixth-three-dimensional3D) free-energy function contains up to
order terms to model the displacement of Pb ion in PZsjxth-order FE and AFE polarization terms, elastic strain en-
Uchinoet al?° determined the hydrostatic electrostrictive co- ergy terms, and the cross terms due to coupling between the
efficients by including the stress terms in the free-energyolarization and stres(,) consistent with the symmetry of
function. The AFE phase transition in PZ is first ordfem  the paraelectric phasen@m):

AG={a;(Pi+P3+P%) + ayy(PT+P3+P3) + aiyy( PI+ PS5+ PS) + ay PIPS+ P3P5+ P3P + af PI(P3+ P%)
+P3(P5+PY) + P3P+ P31+ a1pPiP3P3t + {01 (pi+ p3+p3) + o1a(pi+ p3+ p3) + o111 pS+ p5+p3)
+ 01 PTPs+ P3P5+ P3PT) + o1ad P1(P3+ P3) + P2(P3+ PD)+ P3(PT+ Py ]+ o1adip3ps)
+ pay(PIpT+ P3p5+ P3p3) + wid PI(p3+ p3) + P3(p5+ p2) + P3(p5+ p3) 1+ s P1Pop1p2+ PoPapaps
+P1P3p1ps) —{Qu(X1PT+XoP5+X3P3) + Qud X1(P3+ P3) + Xo(P3+ PF) + X3(PF+ P3)]+ Quu( X4P2P3
+XsP3P1+ XsP1P2)} —{Z11(X1pi+ Xop5+ X3p3) + Z1 X1 (p5+ p3) + Xo(p3+ p) + Xa(p5+Pp3) 1+ Zaa XaP2P3
+XsPaP1t XeP1P2)} — 5[ Spa(XE + X5+ X5) + 285X Xo+ XpXa+ XaXyp) + Saa( X+ X3+ XP)], (1)

where the coefficient& , a1, @111, @12, @112, a3 C0r-  of even powers oP;. Solving them, we obtain the follow-
respond to FE dielectric stiffnesses at constant stregs, ing expressions for the remaining two coefficients:

011, 0111, 012, 0112, 0123 10 AFE dielectric stiffnesses at 5

constant stressuiq, s, Mas t0 couplings between AFE B=—3(Tc—To)/(e0CP3¢)

and FE polarizations$;, Si2, Sy to elastic compliances at

and
constant polarizatiornQq,, Q12, Q4 to electrostrictive cou-
pling betweep FE polari;ation and stress, angl, Z12, Zsa y=3(Tc—To)/(2e0CP3e), (4)
to electrostrictive coupling between AFE polarization and . o
stress. whereP3c is the value of spontaneous polarizatiorTatfor

a first-order phase transitiofi¢ is related toTo in the fol-

A. Free-energy expression for the ferroelectric phase lowing manner:

For the FE rhombohedral phase, the solutions of interest Tc=To+B%(12a07y). 5)
to the energy function given by Edl) are P2=P35=P3 o N _
#0 andp,=p,=ps=0 under the zero stress condition. This _ The minimization condition {AG/dP;) mentioned
reduces the free-energy function to above provides us the following expression for polarization:

AGg=aP2+ 8P+ yPS, @) Pi=[— B+ (B*~3a17)1/3y. (6)

where a=3a;, B=3(a+ay), and y=(3a+6ar, Sub§tituting the yalues a?l, B, and vy in this relation, we

+ ay,9). The coefficientsd and y are assumed to be tempera- qbtaln the following relation for the spontaneous polariza-
ture independent. Furtheg is positive for second-order UON:
phase transition and negative for first-order phase trangition.

v is always positive. The coefficient; is assumed to have

the following type of temperature dependence based on th@here
Curie-Weiss law:

P§=WFP§C,

We=2/1+{1-3(T-To)/(4Tc—To)}3. (1)

The spontaneous elastic straimg=JAG/dX;) under zero
whereC is the Curie constang is the permittivity of free  stress condition can be obtained from Et). and are given

a;=(T—=To)/(260C)=ao(T—To), )

space, and g is the Curie-Weiss temperature. below:
Now using the minimization conditiontA G/9P3;=0 and 5
AG=0 atT., we get two simultaneous equations in terms X1=X=X3= (Q11+2Q12) P3, (8)
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X4=X5=X6= Qu4P3. 9
Combining Eqgs(7) and(9), one obtains
Xs=Wexae, where Xuc=QuPic. (10)

HereX,c is the value ofx, at T=T. On substituting from
Eq. (10) for P4¢ into Eqg.(4) and using the expression for the
coefficientsa, B, andy given by Eqs(3) and(4) in Eq. (2),
one gets the following expression for the free energy:

AGE=[3¥X4c/(2Q4s80C) J[(T—To)

—2Ve(Tc—To)(1-V(/2)]. 11
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TABLE I. Curie-Weiss constant and Curie-Weiss temperature
for PBZ05 and PBZ10.

C(°0O) To (°C)
PBZ05 1.6X10° 188
PBZ10 1.7X10° 172
2
Xa= 24403
and
Xa= YpXaN s

Thus AG as a function of temperature can be calculatedVhere

from a knowledge offr, Xac, Qu4, To, andC which can
be determined from the experimental data.

B. Free-energy expression for the antiferroelectric phase

Xan= ZaaP3n- (16)

The free-energy functiodG, given by Eq.(12) for the
antiferroelectric Ag) phase can thus be expressed as follows
with the help of relationg14) and (16):

In the orthorhombic AFE phase, polarization can be along

any of the(110 directions of the original pseudocubic unit
cell. Thus the solutions of interest to E(L) are P,=P,
=P3;=0, p?=0, and p5=p3+#0. Hence the Landau free-

AGaA=(haXan!€0Zadll ) (T—00)

—2Ya(TN— 00)(1—hal2) ], (17

energy function for this phase under zero stress conditiowhere the constantdy, psy, andég) can be estimated by

shall be
AGp=Op5+{ps+£pS, (12)

Where5=20'1, §:20'11+ 012, and§=2(0'111+ 0'112).

As in the FE casej and ¢ are assumed to be temperature

independent. Further, for first-order transitighis taken to
be negative while¢ is positive?!?? The coefficiento; is

assumed to follow the following type of temperature depen-

dence:

01=(T—=00)/(2e0Cp) = 00(T—0o). (13

HereC, and 65 are the AFE analogs of the FE Curie con-

stant and the Curie-Weiss temperature, respectively.
Following the procedure similar to that in Sec. Il A for the

FE phase, we can express the coefficightd £ as under

¢

—2(Tn— 00)/ (£0CaP3N)
£=(Tn— 00)/(0CaPIN),
where
Tn= 00+ {%(8{00). (14

Here, Ty andpgy are Neel temperature and AFE polarization
at Ty, respectively.

a fitting procedure explained in the next section ZpgC 4 is
determined using the thermodynamic conditid@,=AGg
at the AFE-FE phase transition temperatuiie,d) and is
expressed as

Z4Cp=[2XanypQaaCI3 X ac N[ (Tar— O0)
—2Ya(TN=00) (1= Yal2) II[(TaAr—To)

—2¢e(Te=To)(1- /2 1} (18

IIl. RESULTS AND DISCUSSION
A. Evaluation of coefficients for the ferroelectric phase

For the calculation o G¢ for the FE rhombohedraF{)
phase given by Eq(11), we need to know the unknown
parameterd ¢, C, Tg, Qua, andx,c. Since theP¢ to Fg
transition is a first-order transition, there is a thermal hyster-
esis in the transition temperatures measured during heating
and cooling cycled? We have taken the average of the tran-
sition temperatures in our dielectric measurements during
heating and cooling as the thermodynamic phase-transition
temperature T¢) in our calculations. The Curie-Weiss con-
stant (C) and Curie-Wiess temperaturel ) were deter-
mined from a plot of dielectric stiffness versus temperature
given in Ref. 12. For pure PZ, the values &f (1.45
X 10° K) and T (190 °O obtained using dielectric data on

The AFE spontaneous polarization and strain can be exseramic specimenécompare well with those reported in the

pressed in the same way as in E¢&.and (10). Thus
P5= YaP3N:
where

Ya=5{1+[1-3(T— 00)/4Ty— 00)]".
Similar to Eq.(10), the following relationships follow:

(19

literature for single crystals GQ=1.55x10°K, Tqo
=190°C) % This suggests that theé and T, values deter-
mined using dielectric data on ceramics specimens for the
PBZ series x=0.05, 0.10) can be used for calculating
given by Eq.(9). For PBZ05 and PBZ10, the values are
listed in Table I.

To estimateQ 4, We have used the observation of Uchino
et al?° that the product o)y, with the Curie-Weiss constant
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roelectric orthorhombidc) strain x4, and (d) (x,— 2/3x4y)? with

FIG. 1. Variation of lattice parameters of orthorhomtantifer- ~ (€mperature for PBZ0S.

roelectric, Ap), rhombohedral (ferroelectric, Fg), and cubic

(paraelectricP¢) phases of (Ph ,Ba)ZrO; with temperature for B. Evaluation of coefficients for the antiferroelectric phase
(@) x=0.05 and(b) x=0.10. The inset shows the variation of the .
rhombohedral angle of ferroelectric phase with temperature. The The Neel temperature Ty) and the associated constants

filled (@) and open(O) circles are for heating and cooling cycles, Ca and fo in Eq. (17) correspond to the transition between

respectively. The vertical arrows show the thermal hysteresis.  th€ AFE (Ao) and PE Pc) phases. In pure PZ as well as in-
PBZ05 and PBZ10, this is a metastable transition since it

(C) is nearly constant¢3x10° m~4C 2K) for all FE and  Occurs in the FE rhombohedral phase field. Thus the con-
AFE perovskites. Since the electrostrictive data for singleStantsCa, Ty, andéo are not determinable using dielectric
crystal specimens of PBZ05 and PBZ10 are not available if€asurements. This is in marked contrast to the FE to PE
the literature, we have used the approximati@dy, transition discussed in the preceding section. Sihgés not
~2.809%),, to calculateQ,, from a knowledge of),. This known, x4y is also not measurable. In order to determine
relationship holds good for single crystals of PZ with Tn» o, @ndXay, we have therefore used the fitting proce-
Q44(0.059) (Ref. 6 and Q,(0.021)%° y¢ given by Eq.(7)

can be easily calculated from a knowledge of the transition 15 15
temperature T¢) and Curie-Weiss temperaturd {). The 2 @ 0 ©
only unknown parameter in E@ll) is now x,c which was
evaluated in the manner explained as follows: The spontane- . 9r 5 ol
ous strainx, in the F phase is given by the relation "§ 6 © 6
X4= (90— ar/90), (19 3 3

whereag is the rnombohedral angle of the unit cell of thg 12T5emp25r2tur;(o7§) 200 2 .?gmpiamﬁ?oc;%
phase. 15 10

The variation ofag as a function of temperature along (b) 8l (d)
with the other lattice parameters is shown in Fig&) hnd 10 3
(b) for PBZ05 and PBZ10, respectively. From a knowledge =« § 6
of ag at various temperatures, the variation of spontaneous < 4
strainx, as a function of temperature was calculated. This is 5 e
shown in Figs. 2a) and 3a) for PBZ05 and PBZ10, respec- 2
tively. X4c was determined from th_e b_est fit to the plotqf »°ofs T EFEVETEYST 300" 550 360 250
versusiy: [see Eq(10)] as shown in Figs. ®) and 3b) for () Temperature(K)

PBZ05 and PBZ10, respectively. Table Il lists the value of
X4c SO obtained for PBZ05 and PBZ10 along with the value  FiG. 3. variation of ferroelectric rhombohedral straige with
of other constants required for calculatidgsg. For com- () temperature an¢b) ¥ defined by Eq(7); variation of antifer-

parison we have also given the constants used by Haufelectric orthorhombidc) strain x,, and (d) (x,— 2/3x4y)? with
et al® for pure PZ in Table II. temperature for PBZ10.
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TABLE II. Values of constants obtained in the present work for (T) and theFg to Ag phase-transition temperaturé 4z).
the evaluation of the free energies of the FE and AFE phases ofhe value of Ty (168.2°C and 112.1°C for PBZ05 and
(Pby_«Ba,)ZrO; with x=0.05 and 0.10. Fok=0 (i.e., P2, the  PBZ10, respectivelydetermined by us using the fitting pro-
constants are taken from Ref. 6. cedure agrees well with the val&67.5°C, 111.5°Cob-
tained by averaging c and T,r. Due to the first-order na-

Parameters Pz PBZ05 PBZI0  ture of the Pc-Fg and Fr-Ao phase transitions and the
Xuc 1203103  1.950¢10°%  2.561x10 2 associated thermal hysteresis, it is not possible to measure
P.. (C/m?)  0.1428 0.1901 0.2250 Tc and Tar. We have taken the average of the transition
Qu (MYC?)  0.059 0.053 0.049 temperatures obtained during heating and cooling cycles as
o (M/C) 3.766x 10° 3.487¢ 10 3.285¢ 10°F Egziguncljbnu;n E[Lans_,ltlon tgrgﬁfrat?rti?g a;d 'tFAF. _![:_or

5/ 2 _ _ _ , due to the irreversibility o r-Ap transition
p E::g;é;) 1 346;5?01?9 1 ;928?(1;01(?9 7 ;;;?0308 during cooling!? one cannot measuf®, ¢ during cooling. To
%/N °0) 2'26 168.2 i12.1 resolve this, we estimated ttiE,r (cooling from the ex-
8y (°C) 216.5 145 7 850 trapglathn of the yalues known for PZ and PBZ05 during
X 2630¢10-% 505104  7.501x 104 cooling, i.e., by taking a decreaseTng (cooling) at the rate

aN of 27 °C/mol % of BaZrQ added'?

Z,,C 683.35 670.88 661.96 .
(rﬁt‘ °AC/C2) Now all constants in Eq(17) exceptC, and Z,, are

known.C, cannot be determined experimentally for reasons
already explained. HoweveE, occurs as a produc€Z,,
dure described below. This procedure is similar to that emi EQ. (17). This product CaZ,,) can be evaluated using Eq.
ployed by Hauret al® for pure PZ. (18) in which all the parameters on the right-hand side have
The spontaneous strain associated withAlephase can already been determined. Having determined all the un-
be determined from a knowledge of the pseudocubic lattic€NOWn parameters in Eq17), we calculated the free energy

_ 2 .2\12
ap=1/2(1/4b5+ap) ™", C. Relative free energies of the antiferroelectric and

ferroelectric phases
Cp = 1/200 , P

Having determined all the unknown parameters in Egs.
yp=2 tan (2aq/bo), (20) (11) and (17), we have calculated the relative free energies
. AGr andAG, of the FE and AFE phases, respectively, as a
whereao, bo, andc, are the orthorhombic cell parameters function of temperature for PZ, PBZ05, and PBZ10. Figures
of the Ag phase andp, Cp, andyp are the cell parameters 4 (¢ depict the variation oAG with temperaturéT) for
of 'the equivalent mc')nocl'mlcally distorted eIementary PEroV-hoth FE and AFE phases of PZ, PBZ05, and PBZ10, respec-
skite cell. The strain, in Eq. (16) can be defined with 61y 1t is evident from this figure that thAGg (x,T) and
respect to the PE cubic phase as under AG, (x,T) curves intersect al ¢ below which the AFE
X4= (90— vp)/90. (21) phase_ has got I_ower free energy than the FE phase. Further,
the difference in the energies between the AFE and FE
The spontaneous straix, was calculated from the high- phases is decreasing with increasing Baontent at all tem-
temperature XRD data on PBZ05 and PBZ10 presented iperatures below the AFE-FE phase transition temperature
Figs. Xa and (b), respectively(taken from Ref. 15 The  (T,g). This clearly indicates that the AFE phase is getting
variation of x, with temperatureT as per Eq.(16) can be gradually destabilized with increasing Bacontent. To de-
expressed in the following form: termine the critical composition x¢) above which
5 ) AGA(X,T) is always higher thaldGg(x,T), we have ana-
(Xa—2/3x4n) "= — [ Xan/3(Tn— 00) I T lyzed the trend of composition dependence of the free-energy
2 2 _ differenceAG,— AGg using the values fox=0, 0.05, and
LA Xan0of3(Th=bo)]- (220 4 5 ot several temperatures below fhg(=30°C) for x
The experimentally observed variation »f with tempera- =0.10. This is shown in Fig. 5 fol=20, 0, —20, and
ture is shown in Figs. @) and 3c) for PBZ05 and PBZ10, —50°C in the inset and fol=—110, —120, —150, and
respectively. The constanty, and 6, were determined from —175°C in the main figure. It is interesting to note that for
a least-squares fitting procedure from a plot of, ( all temperatures, the free-energy difference follows linear
—2/3x4y)? versus temperatur® using Eq.(22). In the fit-  composition dependence whose extrapolation xor0.10
ting, minimum variance criterion was used for selecting thegives a critical compositiox=0.17+0.0025 above which
optimum value of,y, . Figures 2d) and 3d) depict the best- AGAp—AGg becomes positive, i.eAG,>AGg. Although
fit straight line for the constants,y, Ty, and 6g given in  we have shown the results for only eight temperatures in Fig.
Table Il along with other important constants used in theb, we have verified thahG,>AGg for all temperatures
calculation of the free energies of PBZ10, PBZ05, and PZbelow T,g for x=0.10 so long ax>0.17+0.0025. Since
Haunet al® in their work on PZ approximate®y by taking ~ Ba" substitution is knowtf to decrease th&,r at the rate
the average of thé®> to Fr phase-transition temperature of 19 °C per mole percent of BaZgCadded, theT 5¢ for x
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{¢) x=0.10
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Temperature(°C)

FIG. 4. Variation of relative free energies for FE and AFE
phases of (Ph.,Ba)ZrO; with temperature fofa) x=0 (P2), (b)
x=0.05(PBZ05, and(c) x=0.10(PBZ10. The inset in(a) is on
an expanded scale to enable the identificatio\gfto Fg (Tar)
andFy to P (T¢) transition temperatures.

=0.17+=0.0025 will be lower tharT 5 for x=0.10. In fact,
the estimated 5 for x=0.17+0.0025 is—101 °C which is
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FIG. 5. Variation of AG,—AGg) as a function of B&" con-
tent at 20 °q(), 0 °C (M), —20°C(O), and—50 °C (®) shown in
the inset, and at-110°C (@), —120°C (O), —150°C (W), and
—175°C(0J) shown in the main figure.

Before we close, a comparison of the behavior of the PBZ
system with the well-known perovskite system
Pb(zr_,Ti,)O; (PZT) (Ref. 23 will be in order. Tf* sub-
stitution at the Zt* site forx=0.06 in the PZT system also
stabilizes a ferroelectric rhombohedf&;'] phase in which
the oxygen octahedra are antiphase rotated aboutltte
direction in the neighboring perovskite c&llThis doubled
cell rhombohedral phase of PZT is similar to the ferroelectric
Fr phase of the PBZ systetd!® The phenomenological
theory consideration of the present work in principle can be
applied to the PZT problem also for determining the relative
stability of the FE and AFE phases as a function of'Ti
content in the PZT system. Having said this, we would like
to emphasize the important differences between the two sys-
tems. The end member PbHOf the PZT system is a well-
known ferroelectric with tetragonal structure at room tem-
perature in contrast to BaZk®f the PBZ system which has
a cubic structure and does not exhibit any FE or AFE insta-
bility. As a result of this, the phase diagram of the PZT
system is much more complex with a variety of ferroelectric
phases with tetragonaF¢), rhombohedral Efi'), doubled
cell rhombohedral Eg'),>®> monoclinic F§'),?* and
doubled cell monoclinick;,) (Ref. 29 phases appearing in

higher than the temperatures considered in Fig. 5. Thiglifferent composition and temperature ranges of the phase

clearly confirms that the AFE phase cannot occur for
>0.17+0.0025 in the PBZ system sindeG , will always be
greater tham\Gg. The structurdP and dielectric studi¢$
have shown that thé- to Fgz to Ay sequence of phase
transitions is observed up to=0.15 only. Forx=0.20, the

diagram.
IV. CONCLUSIONS

We have calculated the free energies of the ferroelectric
rhombohedral fg) and antiferroelectric orthorhombi@&g)

Fr phase once formed is stable and does not transform intphases of (Pp.,Ba,)ZrO; as a function of B&" concentra-
the Ag phase on further cooling. Thus the experimental ob+ion using a phenomenological theory approach. Our calcu-

servation predicts the crossover compositiog)(to lie in
the range 0.15x<0.20 which is in excellent agreement
with the value ofxc~0.17+0.0025 determined by the phe-

lations show that thé\ (AFE) phase is gradually destabi-
lized with increasing B&™ content and for concentrations
>0.17=0.0025, only the FE phase should exist. These the-

nomenological theory calculations described in the presentretical predictions are found to be in excellent agreement

work.

with those observed experimentally.
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