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Abstract

The rotostrictive coefficient of Fg1)—Freu) phase transition in the rhombohedral Pb(Zr,Ti)O5 (PZT) has been evaluated. Using
a phenomenological thermodynamic formalism a shift of the thermodynamically stable phase fields of PZT under hydrostatic
pressure has been predicted. The para-ferroelectric transition temperature increases, the Frry~Freur) transition temperature
decreases, and the composition of the morphotropic phase boundary (MPB) moves towards the tetragonal phase field with
increasing tensile hydrostatic pressure. Contrary to these, opposite trends were predicted with increasing compressive pressure.
Three-dimensional phase diagrams of PZT system using composition, pressure and temperature as the three independent thermo-
dynamic variables have been computed. © 2000 Elsevier Science Ltd and Techna S.r.1. All rights reserved.
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1. Introduction

The lead zirconate—titanate (PZT) solid solution sys-
tem contains a number of important compositions used
in the electronics industry [1]. A ferroelectric tetragonal
phase exists on the PbTiOs-rich side. In the composition
of Zr:Tix1:1, the PZT ceramics are characterized by
a morphotropic phase boundary (MPB) on which tet-
ragonal and rhombohedral phases coexist without a
solubility gap [2]. As PZT ceramics usually exhibit their
maximum values of the relative dielectric permittivity
and the electromechanical coupling coefficients close to
the MPB [3], they have been widely used in piezoelectric
transducers. Besides, a phase transition from a higher
temperature rhombohedral ferroelectric phase [Fream)] to
a lower temperature rhombohedral ferroelectric form
[FrLT)] Was observed for mol fractions of PbTiOj; in the
range 0.06 to 0.37 [3—5] The latter has the oxygen octa-
hedra tilted about to [111] direction while the former
has no tilting. Since this transition between the two ferro-
electric phases occurs at a low temperature and appears
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as a step in spontaneous polarization, P,, rhombohedral
PZT ceramics have been suggested for application in
pyroelectric detectors [4].

Various transition temperatures in the PZT solid
solutions have been theoretically calculated using ther-
modynamic formalisms based on the Landau—Devon-
shire phenomenological theory [6-8]. Haun and co-
workers evaluated various coefficients related to the free
energy function and simulated phase diagrams in the
absence of pressure [7]. Recently, the pressure depen-
dence of the phase stability has been calculated by
Yamamoto et al. [8]. However, the Frqr—Frur) tran-
sition in the presence of stress has not been studied up
to now. This is because the rotostrictive coefficients
related to the coupling between the oxygen octahedron
and the stress have not been estimated.

In this study, phenomenological free energy functions
were developed first, and the rotostrictive coefficient
R,(= Ry1t+2R)») was evaluated to investigate the effects
of hydrostatic pressure on the Fr 1y~FreuT) transition.
On the basis of these results, the pressure dependence of
phase transitions in the PZT system was predicted, and
a three-dimensional phase diagram was simulated using
temperature, composition and stress as the three inde-
pendent thermodynamic variables.
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2. Phenomenological thermodynamic function

The elastic Gibbs free energy function based on the
Landau-Devonshire phenomenological thermodynamic
theory can be expressed using Taylor series in powers of
polarization, stress and tilt angle of oxygen octahedron
in the absence of antiferroelectric polarization as [7]:

AG = a|(P} + P+ P3) + o (P} + P + PY)
+ ap(P2P3 + P3P2 + P2PY) 4y (PS + PSS + PS)
+aia[P{(P3 + P3) + PA(P; + P}) + Py(P} + P3)]
+ a1 PLPIP + Bi(6F + 63 + 63) + Bui (6] + 63 +63)
+ y1(P167 + P365 + P363) + 12| P1(65 + 63)
+ P3(63 + 67) + P3(6; + 65)] + yaa(P1 P26,
+ Py P36205 + P3P16361) — 1/2S11(X7 + X5 + X3)
— Su(X1 X 4+ Xo X5 + X3X)) — 1/284(X; + X3 + X7)
— QX1 P} + X2P3 + X3P3) — Qo[ Xi(P3 + P3)
+ Xo(P3 + P}) + Xa(P] + P3)] — Qua(X4PoPs
+ X5P3P) + XsP1P2) — R (X167 + X205 + X363)
— Ri[X1(63 + 63) + Xa(63 + 67) + X3(67 + 63)]
— Rus(X46,03 + X050, + X60162)
1

where P; is the magnitude of the polarization vector
along the direction i, oy the dielectric stiffness, oy, oy
the high-order stiffness coefficients at constant stress,
B1, P11 the octahedral torsion coefficients, y;; the cou-
pling coefficients between the polarization and tilt angle
(6), Sy the elastic compliances measured at constant
polarization, Q; the electrostrictive coefficients written
in polarization notation, and Rj; the rotostrictive coeffi-
cients written in tilt angle notation. In the reduced
notation, Xi, X, X3 denote the tensile stresses and
X4, X5, X the shear components. The dielectric stiffness
constant, o, is assumed to be a linear function of tem-
perature near the Curie temperature (the Curie—Weiss
law). All other coefficients are assumed to be indepen-
dent of temperature [6-8]. Their optimized values are
given in a series of papers reported by Haun and co-
workers except for the rotostrictive coefficients [7,9].
Values related to the rotostrictive coefficients (R, R12)
will be evaluated in Section 3.

To investigate thermodynamically stable phase fields
at a given hydrostatic pressure, one should consider Eq.
(1) under the following conditions:

X1=X2=X3=O‘, X4=X5=X6=0.

Then, the free energy function becomes

AG = a|(P} + P3 + P}) + a1 (P} + P + PY)
+ ap(PIP; 4 P3P+ P3P} + ai(PS + PS4 PS)
+ a12[P{(P; + P3) + P3(P3 + P}) + Pi(P + P3)]
+ 13 PI P3PS + B1(6] + 63 4 63) + B11(6] + 65 +63)
+ 711 (P16 + P365 + P363) + yio[ P1(65 + 63)
+ P3(63 + 67) + P3(0] + 63)] + vaa(P1 P2616,
+ P, P36:03 + P3P16361) — 3/2(S11 + 2S12)0”
—(Q11 +2012)(P} + P53+ Py)o — (Ri1 + 2R12)
@ + 65+ 6030
(2

We can now derive various relations as to ferroelectric
properties using the above equation and appropriate
boundary conditions. First, each relevant phase in the
PZT system must satisfy the following conditions:

e Cubic P,
PP=Pi=P=0, 6=06=6=0
e Tetragonal Fr

PP=Pi=0, Pi#0, @ =6=6=0

e High-temperature rhombohedral Frur,)
PI=P,=P;#0, 01=0=6=0

e Low-temperature rhombohedral Fr 1)
Pl=Pi=P;#0, 61=0=6#0

The elastic Gibbs free energy (AG), the spontaneous
polarization (P3) and the tilt angle (65) of each phase
can be derived from the above conditions using the
stability conditions (dAG/dP;=0, 0AG/d6;=0), as
shown below:

e Cubic P,

3
AG = _E[SH + 2s12]0? (3)

e Tetragonal Fr

1
—ay + [ = (e — Qo) |

P = 4
3 3ai 4)
3
AG = _E(Sll + 2s12)0” + (a1 — 040)P3
+a11P§+a111P§ ®)
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e High-temperature rhombohederal Fgr)

s _ ¢+ [8 - 9% - Q)]

P 6
AG = —3(511 + 2512)0% + 3(et; — Qj0) P3
2 (7
+ ¢PY +EPS
e Low-temperature rhombohederal FrLT)
_ 2 _9 _ 92 5
p2 = S+ 16 =% — Oho + )] ®)
J 3%—
—B1 — ¢P3 + Ryo
67 = 9
: 281 ©)
3
AG = — 5(511 + 2s12)0” + 3(et1 — 040)P3
+ LPY 4+ EPS + 3(B1 — Rio)6: (10)

+ 361164 + 3 P36

where O, = Q11 + 2012, Ry = Rii + 2R, 0 = yii+
2y12 + yaa, £ = 3(an + o12), § = a1 + 6ai12 + ai23.

The above equations relate P;,6; and AG to the
coefficients of the energy function. Thus, the free energy
of each phase can be calculated if these coefficients are
determined. Most of the relevant coefficients have been
reported previously [7,9], but the rotostrictive coefficient
(R;) has not been determined yet. Therefore, we will
evaluate R, in the next section and calculate the pressure
dependence of the thermodynamically stable phase
fields in Section 4.

3. Evaluation of the rotostrictive coefficient R,

The rotostrictive constant R,(= Rj; +2Rj) is a
coefficient for the tilt angle and stress. These two vari-
ables are coupled so as to make a contribution to the
free energy. Therefore, it can be said that the sponta-
neous strain x; is contributed by the tilt angle. Using the
relation of x; = —dAG/dX;, the elastic spontaneous
strains of rhombohedral phases can be derived from Eq.
(1) under zero stress conditions as follows:

e High-temperature rhombohedral Frr)

X1 = X2 =x3 = (Q11 +201)P; = Q) P3 (11)

e Low-temperature rhombohedral Fr 1)

X1 =x2=x3 = (011 +2012)P3

(12)
+ (Ri1 +2R12)03 = 04 P3 + Ry63

Since Q; has already been reported, R; can be eval-
uated from Eqgs. (8), (9) and (12) if the spontaneous
normal strain x; (i=1, 2, 3) is taken in the absence of
pressure. The normal strain is generally calculated using
the following relation:

xi = (a —ao)/ao (13)

where a is the lattice constant of the rhombohedral
structure, and qq is the lattice constant of the assumed
cubic structure that should not have been transformed
into the rhombohedral one. Therefore, if ay is deter-
mined, R; can be evaluated.

We have done the above described procedure using
the experimental data of Pb(Zr( ¢Tiy )O3 single crystal,
as measured by Glazer et al. [4]. Fig. 1 shows the lattice
constant of the assumed cubic structure in the high-
temperature rhombohedral region. They were obtained
by applying the experimental lattice constants to Eq.
(11). The solid curve is the fit extrapolated into the
low-temperature rhombohedral region using these data.
We have computed ay of the low-temperature rhombo-
hedral structure from this fit and have estimated the
temperature dependence of R; (Table 1). From 40 to
60°C Ry, is slightly dependent on temperature, but the
magnitude of R increases significantly as temperature

4.145
ao (A)[

4.143

4.141

4.139

| 1 1 1 |
4'1370 5I0 100 150 200 250 300
Temp.(C)

Fig. 1. Lattice constant of the assumed cubic structure versus tem-
perature in the rhombohedral Pb(Zr( ¢Tig 1)O;. The data points were
calculated from the experimental lattice constants and the solid curve
is the fit using these data.
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approaches the transition point to the high-temperature
rhombohedral phase. However, we have simply
assumed that R; is 1.553x10~* deg.”? and that it is
independent of temperature and composition, as was
done by other investigators [7].

The experimental data of the lattice constant [4] and
the fit using R; given above are plotted in Fig. 2. It
should be noted that there is a break in the curve. This
indicates that the first-order transition characteristics
are theoretically realized and that the fit agrees with the
experimental data.

4. Hydrostatic pressure dependence of phase transitions

The phase diagram of PZT under a given hydrostatic
pressure was simulated using the following conditions:
AGFT = AGFR(HT) at the MPB, AGPC = AGFR(HT) or
AGp, = AGgr at the Curie temperature, and
AGFR(LT) = AGFR(HT) at the FR(LT)_FR(HT) transition.
In the estimate of AG, we have used the reported values
for ajx, Bij, Qij» Sij, ¢ [7]. On the other hand, we have
used the value evaluated in this study for R,. Fig. 3
presents a three-dimensional phase diagram of the PZT
solid solution system under tensile hydrostatic pressure

Table 1
Values of the rotostrictive coefficient R, at three different temperatures
in the low temperature rhombohedral region

Temperature 40 60 80
Q)

R; (deg.™?) —1.4880x 10~ —1.5032x 10~ —1.6169x10~*

4.147
ao (A)

4.145

4.143

4.141

T

4.139

] 1 1 1 1 |
0 50 100 150 200 250 300
Temp.(C)
Fig. 2. Lattice constant of the rhombohedral Pb(Zr( ¢Tiy )O3 versus

temperature. The points are the experimental data and the solid curves
are the theoretical fits of the data.

using composition, pressure and temperature as the
three independent variables. Similarly, Fig. 4 shows a
two-dimensional representation of the computed three-
dimensional phase diagram. With increasing tensile pres-
sure, the Curie temperature increases but the Fgt)—
Fgr(ur) transition temperature decreases, and the MPB
composition moves slightly towards the tetragonal
phase field. It can be said that the stability of the high
temperature thombohedral phase field is enhanced by
tensile hydrostatic pressure (Fig. 4) because its struc-
ture has the largest lattice parameter. The figure also
shows that the Curie temperature near the composition
of Zr:Tix1:1 is deviated from the general tendency.

600
Temp.
('C)
400

200

10
7.5
J555:0
Mole fraction of Pressgure
PbTi0; (x10° Pa)

Fig. 3. Three-dimensional representation of the thermodynamically
stable fields of PZT under tensile hydrostatic pressure.
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4 1 ~‘: 1 J

0 0.2 0.4 0.6 0.8 1
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Fig. 4. The computed phase diagram of the PZT system, showing the
effects of tensile hydrostatic pressure on various phase transitions.
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Fig. 5. Three-dimensional representation of the thermodynamically
stable fields of PZT under compressive hydrostatic pressure.
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Fig. 6. The computed phase diagram of the PZT system showing the
effects of compressive hydrostatic pressure on various phase transi-
tions.

The possible cause of this could be that various phe-
nomenological coefficients near the MPB composition
were slightly mistaken and/or that higher order coeffi-
cients were neglected. Otherwise, it can be attributed to
an inherent physical property of the PZT near the MPB
composition. Contrary to these, opposite tendencies are
predicted under compressive hydrostatic pressure. The
three-dimensional phase diagram of the PZT and the
two-dimensional section of the diagram under com-
pressive hydrostatic pressure are shown in Figs. 5 and 6,
respectively.

5. Conclusions

The rotostrictive coefficients (R;,) were evaluated to
investigate the pressure dependence of various phase
transitions in the PZT solid solution system. Using
phenomenological thermodynamic formalism we have
predicted a shift of the thermodynamically stable phase
fields of PZT under hydrostatic pressure. We have fur-
ther simulated a three-dimensional phase diagram using
composition, pressure and temperature as the three
independent thermodynamic variables. It is predicted
that the high temperature rhombohedral phase becomes
more stable than the low temperature phase under ten-
sile hydrostatic pressure. Contrary to this, an opposite
trend becomes evident with increasing compressive
pressure.
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