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Most of the technologically important transducers are made of poled-polycrystalline lead
zirconate—lead titanate Pb(Zr,Ti)O; compositions near the morphotropic phase boundary where the
[Zr):[Ti] ratio is approximately 1:1. The effect of elastic boundary conditions on single-domain sta-
bility and properties of compositions near the morphotropic phase boundary in the PbZrO;-PbTiO;
phase diagram is of considerable interest, since in a polycrystalline ensemble, the elastic and electric
boundary conditions are uncertain. In this work, a phenomenological free-energy function which we
developed earlier is used to determine the influence of elastic boundary conditions upon the relative
stability points and the rhombohedral (R 3m)—tetragonal (P4mm) degeneracy required for the mor-

photropy at [Zr]:[Ti] ratio near 1:1.

INTRODUCTION

The lead zirconate-titanate (PZT) crystalline solution
system between antiferroelectric lead zirconate (PbZrO;)
and ferroelectric lead titanate (PbTiO;) contains a number
of extremely important compositions used in the electron-
ics industry. These compositions are grouped near the
morphotropic phase boundary (MPB), where the
[Zr]:[Ti] = 1:1 ratio (Fig. 1). Transducer elements such as
sonar transmitters and detectors are made of poled PZT
compositions near the MPB where the dielectric-constant,
piezoelectric, and electromechanical coupling coefficients
are unusually high.!

The Landau-Ginzberg-Devonshire (LGD) phenomeno-
logical theory,>* for proper ferroelectrics has been suc-

J

cessfully applied to the PbZrO;-PbTiO; system.*> This
free-energy function correctly predicts the relative stabili-
ty points of the different phases in the solid-state portion
of the PZT phase diagram. It also permits for the first
time the calculation of the observed physical properties
(e.g., dielectric, piezoelectric, and other coupling coeffi-
cients) as a function of temperature,* electric field,® and
mechanical stress over the entire range of single-cell com-
positions.

FREE-ENERGY FUNCTION

Consider the free-energy density function for a proper
ferroelectric derived from a prototypic phase of symmetry
Pm 3m. For Brillouin-zone-center modes, the free energy
may be written as a power series>> in dielectric polariza-
tion P; (i =1,2,3) as follows:

G =a,(P}+Pi+P})+ay (P} +P}+P})+a (PP + PP+ PP} ) +ay (P +PS+PS)
+ay1o[ PP} +P})+P5(P}+P}) + P3P} 4+ P))]+ainPiPiP} — 351 (X2 + X3+ X3)
— 512X 1 Xy + X0 X3+ X3X1) — 5544 X5+ X3 +X5) — Q1 (X, P +X,P5 +X3P})
— QulX1 (P} + P+ X, (P} +P) +X3(PT +P3)]— Quu(X4P, Py + XsPiP  + X¢P\P,), (1)

where a;,a;;,a;; (in reduced tensor notation) are the
dielectric stiffness and high-order stiffness coefficients at
constant stress, $;,512,544 are the elastic compliances
measured at constant polarization, and Q;,Q,,Q44 are
the electrostriction constants written in polarization nota-
tion. The reduced tensor notation is used to describe the
stress tensor in the free-energy expression [Eq. (1)]. In
this notation the tensile stresses X,;,X,,,X33; are denoted
by X,,X,,X;, respectively, and the shear components

34

X12,X13,X33 by X¢,X5,X,, respectively. The expression is
complete up to all six power terms in polarization, but
contains only first-order terms in electrostrictive and elas-
tic behavior. All the tensor coefficients in the free-energy
function [Eq. (1)] which fit the experimental PbZrO;-
PbTiO; phase diagram and the observed physical proper-
ties under zero stresses [all X; vanish in Eq. (1)] have been
determined,* and are given in Table 1.

A valid general criticism of the application of the LGD
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FIG. 1. Lead zirconate (PbZrQO;)—Lead titanate (PbTiO;)
phase diagram.

formalism to the description of the elastodielectric proper-
ties of a general nonlinear solid is that in using the simple
infinitesimal strain formulation and the simple conven-
tional definition of polarization the resulting electrostric-
tion tensor coefficients are not strictly invariant under ro-
tation of axes. The proper variables are the Lagrangian
strain and the material measure of polarization or their
proper thermodynamic conjugate variables;’ in this
manner, the resulting internal energy function of the sys-
tem is invariant under rigid rotations. However, it has
been shown by Barsch et al.” that for the special case of
the simple proper ferroelectrics, in which the dielectric
stiffness is anomalously small while the elastic compliance
is almost normal, the correction terms to the simply for-
mulated electrostriction constants are quite small.

In this work, the free-energy function [Eq. (1)] is used
to calculate the influence of some postulated hydrostatic
pressures upon the relative phase stabilities, and the rhom-
bohedral (R 3m)—tetragonal (P4mm) degeneracy re-
quired for the morphotropy at [Zr]:[Ti] =~ 1:1 ratio under
zero stress.

INFLUENCE OF HYDROSTATIC PRESSURE

To assess the relative phase stabilities and the physical
properties of morphotropic PZT compositions under a
static stress system, it is necessary to consider various
stress (X;) levels and their effect on the free-energy func-
tion. For a hydrostatic pressure o the following condi-
tions apply.

X1=X2=X3=0', X4=X5=X6=0 .

Under these conditions the free-energy function [Eq. (1)]
takes the form
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FIG. 2. Elastic Gibbs free energy under high hydrostatic
pressure at 25° C for compositions close to the morphotropic
phase boundary in the PbZrO;-PbTiO; system. (a) Tension. (b)
Compression.

G = —(3s1;+6512)02/2+[a; +(Q1, +20Q1,)0)(P} +P3 + P})+a; (P} + P5+P3)
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(2)
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FIG. 5. Piezoelectric dj; coefficients as a function of hydro-
static pressure for single-domain PbTiO;.

PIEZOELECTRIC COEFFICIENTS da,, -dj, (107*2 C/N)
T
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The piezoelectric coefficients are obtained from the fol-
lowing relation

it = (€0)X m; Qijra Pi » (5

where ¢ is the free-space permitivity (8.854x 102 F/m).

Choosing an appropriate value for o (hydrostatic pres-
sure), the first derivative equations 3G /dP;,=E;=0
(i =1,2,3) are solved to give new values of polarization P;
under stress, which can then be reinserted in Eq. (2) to
delineate G as a function of composition, temperature,
and applied stress. A FORTRAN code was written to carry
out the computation on an IBM 360 mainframe comput-
er. In the computational procedure, the following values
were used for electrostriction and elastic compliance coef-
ficients:*® Q,;=0.065 m*/C?, Q,,=—0.032 m*/C?,
sT1=6.785x10"'2m*/N, and s}, = —2.5x 1072 m¥N.

For compositions near the morphotropic phase
boundary, the resulting free energies at 0 and 1500 MPa
hydrostatic tension are shown in Fig. 2(a) and for 0 and
700 MPa hydrostatic compression in Fig. 2(b). The
orthorhombic state is found to be metastable at all pres-
sure levels for all single-cell compositions. Therefore, the
orthorhombic free energies have been omitted from both
figures for clarity. The hydrostatic pressure dependence
of the single-domain—single-crystal dielectric susceptibili-
ty tensor at 25° C is computed from Eq. (4) and displayed
in Fig. 3 for PbTiO;, and Fig. 4 for Pb(Zr, sTij 5)0;. The
piezoelectric modulii, as calculated from Eq. (5) as a func-
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FIG. 6. Piezoelectric dj; coefficients as a function of hydro-
static pressure for single-domain Pb(Zr, sTiy 5)O;.

tion of hydrostatic pressure, are depicted in Figs. 5 and 6
for PbTiO; and Pb(Zr sTij 5)O;, respectively.

DISCUSSION

The phenomenological analysis of the effect of hydro-
static pressure on the phase stability of morphotropic
PZT compositions shows some expected results. The
rhombohedral-tetragonal phase boundary is rather sensi-
tive to changes in the elastic boundary conditions. A
rhombohedral (R 3m)—tetragonal (P4mm) phase transi-
tion can be induced in the morphotropic PZT composi-
tions by the application of a relatively small hydrostatic
pressure. This is not a surprising conclusion, since most
of the lead-containing perovskites are known to have low
elastic stiffness coefficients, and therefore are elastically
soft materials. The Gibbs free-energy difference between
stable and metastable phases at the PbTiO; composition
agrees well with that proposed by Henning and Hardtl® on
empirical grounds, though from our calculations the free
energies themselves are not a linear function of composi-
tion. It is interesting to note that at zero stress the dielec-
tric anisotropy of the morphotropic PZT composition is
opposite in sign to that of pure PbTIO;. In a future
study, we intend to carry out an x-ray study using the op-
posed diamond-anvil—high-pressure cell to examine the
morphotropic PZT composition under high hydrostatic
pressure conditions to determine the morphotropic phase
boundary shifts as a function of pressure.
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