&

mREcy 00 O

PIEZOELECTRIC AND ELECTROSTRICTIVE MATERIALS

FOR TRANSDUCER APPLICATIONS.

Period February 1, 1989 to January 31, 1990

Annual Report.

VOLUME II

AD-A223 561

OFFICE-OF NAVAL RESEARCH
Contract No. N00014-89-J-1689

APPROVED FOR PUBLIC RELEASE--DISTRIBUTION UNLIMITED.

Reproduction in whole or in part is permitted for any purpose
of the United States Government.

L. E. Cross
— R.E. Newnham

[ This documiant hos boen appreved J‘ A.S. Bhalla

for prblic releass and cels it
! dist:ibution is wulimited, 15 J'P,'I HDoxggierny
V.K. Varadan
V.V. Varadan

PENNSTATE
BT

THE MATERIALS RESEARCH LABORATORY
UNIVERSITY PARK, PA

90 07 . 2 209



r

- ——
i ———— — - " ‘-
"
e

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.



Z&UTiTY QLASTSICATION OF Trig JAGE

REPORT DOCUMENTATION PAGE g uaoroed e
; L ' “PQR_Y SECURITY CLASSUHICATION

15 RESTRXTIVR MAAKINGS
1 .

23, SECUNITY CLASSISICATION AUTHORTY 3. OISTRAUYNON/AVARASWITY OF REPORT

Reproduction in whole or 1n part is permi ‘c.uedr
, 15, CECLASSIFICATION / DQWNGAADWG SCHEDULE for any ourpose of the United States Governmen

‘

, & PERFORIMING QRGANIZATION REPOAT NUMSER(S)
H00014-89-J-1689

62, NAME OF PERFORMING ORGANUATION ITX or;nca SYRBOL | 7a. NAME OF MONTQRING ORGANUATION
ilaterials Research Laboratory (R spplicatie) )

$. MOHMTORING ORGANLZATION REPORT NUMBEA(S)

6c. ADQRESS (Gly, State, snd UPCoce) .
The Pennsylvania State University
University Park, PA 16802

Th. ADORESS (Gly, S2a0e, 45 2P Codw)

ga. NAME OF FUNOING ! SPONSQAING ) [TY gmc: STRGOL
¢ .

9. PROCUREMENT INSTRUMENT IDENTIFICATION RUMBER
ORGANIZATION

8¢ AQORESS (Gry, State, sna 2IP Cooe) 10. SOURCE OF FUNOING NUMEEARS

PROGRAM PROJECT TASK WOQRK UtT
ELEMENT NO. NO., . NQ. ACCESSIOM NO.

11, HRE (lodude Secury Casuncanany . .
flectrostrictive Materials For Transducer Applications

‘L?li_?fuérg:,s“,oﬂés}i. tiewnham, A.S. Bhalla, J.P. Dougheriy, J.K. Adair, V.K. Varadan, V.V. Varadan

13e. TY7€ OF REPORT 115. TIME COVERED 14, OATE OF REPORT (Teer, Monch, Ody) |13, PAGE COUNT
annua trom 2/89  101/90 -

16, SUPPLEMENTAKY NQTATION

17, COSAT CQOES
FIELD GROQUP SUS-GRQUP

-

18, SURIECT TEXMS (Continvue ont revenia if necesidey snd enaly by Sock mumder)

19, ASSTRACT (Concrve on RrIne 1t neceszicy and idenuly ke dlock number)

This report documents work carried out in the Materials Research Laboratory

of the Pennsylvania State University over the first year of a new three year Grant

No. N00014-89-1.1689 on "Piezoelectric and Electrostrictive Materials for Transducer

Applications". The program in MRL has been supplemented by an associated

program in the Center for Engineering of Electronic and Acoustic Materials under
V.V. and V.J. Varadan.

30. DISTRIBUTION/ AVAILAGIUTY OF ASSTRACT 11, ASSTRACT SECURITY CLASSIFICATION
Cuncuassieounuwireo (3 same as aeY. ] oneusers
123, NAME OF REIPONSIILE NOIVIOUAL 21b. TELEPHONE (e Aves Cooe) | 22¢. QFFICE SYMEOL
CO Farm 1473, JUN 36 Previovs esdang 4re odiclete. SECURMITY CLASSISICATION G8 THi§ BAGE

I



Over the current year studies of the 3.0 type composite have evolved a new
structure for a much more effective stress transforming composite. The device uses
cavities in the electrode structure which are simple, inexpensive and robust. The
sensitivity is higher than that of the end capped cylinder for cquivalent PZT volume

and we believe this will be a most important development for towec array
hydrophones.

-

For agile transducer structures, the very high piezoelectric coefficients
induced by DC bias in the lead magnesium niobate:lead titaanate clevirostrictors have
been confirmed using both resonance and ultra-dilatometer metheds. In parallel
studies of aging in these systems a rather complete understanding of the aging
process has been obtained and methods for fabricating PMN:PT sysiems wih no
aging developed, an essential need for :he agile transducer.

The phenomenology of the PZT system has been completed and published and
the equations are now being applied to studies of the properties of PZT compositions
at the lead titanate end of the system. We expect that the phenomenology wiil be
particularly valuable for the future evaluation of thin film PZTs where the
breakdown field are such that Eg.Pg is a large perturbation to the tctal energy.

In high strain actuators for surface modification and flow control
antiferroelectric:ferroelectric systems have been explored which yield strains up to
0.85%. Effort is now being dedicated to understanding and eliminating fatigue effects

in these charge switching systems.

In the associated program a detailed modeling of the 1:3 type PZT:polymer
composite has now been completed.
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Thermodynamic theory of PbZrO;

M. J. Haun,® T.J. Harvin, M. T. Lanagan,” Z. Q. Zhuang, S.J. Jang,

and L. E. Cross

Materials Research Laboratory, The Pennsylvania State University, Usiversity Park, Pennsylvania 16802

(Received 9 September 1988; accepted for publication 7 December 1988)

A thermodynamic theory is presented to model the phase traasitions and properties of lead
zirconate. The free energy AG is expressed as a power series in terms of the ferroelectric
polarization (P, = P, + P,,) and antiferroelectric polarization (p, = P, — P,,) including all
posstble terms up to the sixth power, but only first-order cross coupling terms and couplings to
elastic stress. Under the assumption that only the lowest-order coefficients of £, and p, are
linearly temperature dependent (Curie~Weiss behavior) and all other constants are
temperature independent, experimental data are used to define the constants and permut
calculation of ferroelectric and antiferroelectric free energies as a function of temperature. Use
of the function to define the averaged dielectric permittivity at room temperaturs in the
antiferroelectric phase gives a value of €; = 120 in good agreement with recent microwave
measurements. A simplified technique for modifying the fuaction to explore solid soiution with
lead titanate is examined, and shown to lead to excellent agreement with the known phase

diagram.

I. INTRODUCTION

Lead zirconate is an end member of the technologically
important lead zirconate-titanate (PZT) solid solution sys-
tem.' At room temperature, PbZrO, has an antiferroelectric
orthorhombic (4, ) perovskite structure with an antipolar
arrangement along the {[110] direction. The 4, phase re-
mains stable up to =200 °C, where a transition occurs to a
ferroelectric rhombohedral { Fz ) phase with a polarization
along the [ 111] direcsion.’ The F phaseis only stable overa
narrow temperature range and transforms o a paraslectric
cubic (P.) phase as =232 °C.’

Lead zirconate has been recently studied as a possible
dielectric material for high-frequency applications.** In this
study a dielectric relaxation was found to occur at micro-
wave frequencies. To furthe: the understanding of the di-
electric properties of lead zirconate, a thermodynamic theo-
ry has been developed to calculate the intrinsic dielectric
response. The development of a thermodynamic theory of
lead zirconate was also needed to complete the theory that
was developed for the PZT solid-solution system.*'°

Whatmore and Glazer'! used a one-dimensional energy
function to model the Pb ion displacement in lead zirconate,
Uchino er al.'? included stress terms in the energy function
to determine the hydrostatic electrostrictive coefficient.
However, in these papers not enough coefficients were deter-
J

mined to calculate the energies and dielectric properties of
the phases.

In this paper 2 more complete thermodynamic theory of
lead zirconate will be developed using a three-dimenstonal
energy function. In the next section the energy function will
be presented, along with the solutions and property relations
that can be derived from this energy function. Values of the
coefficients will be determined from experimental data 1n
Sec. III and used to calculate the theoretcal properties 1n
Sec. [V. The calculated dielectric properties will be com-
pared with experimental high-frequency data. In Sec. V a
procedure will be presented to calculate the energy of the
antiferroelectric orthorhombic phase into the PZT system.
Finally a summary of this paper will be given in Sec. V1.

Il. PHENOMENOLOGICAL THERMODYNAMIC THEORY

The following energy function for lead zirconate was
derived from the two-sublattice theory that was previously
developed tc model anuferroelectric matentals. =*¢ The co-
efficients were limited by the symmetry of the paraelectric
phase (m3m). By assuming isothermal conditions. using re-
duced notation, and expanding the energy function 1n pov. -
ers of the ferroelectric (P, ) and antiferroelectric (p, ) polan-
zations, and including couplings between these order
parameters, and berween the scress (X, ) and the order pa-
rameters the following energy function resulted:

AG=a (P + P +P}) +ay(Pl + P} + P +ap(PiP} + PIPY + PIP) +an(P) + PS + PY)
+ &y [PHPT + P} + PH(PY 4+ P14+ PY(P} + PV ] + apyPiPiP}
+ P} +p1 +03) + a(pl + 03 +p3) + 002(pip} + P3P} - pipt) + (Y + 53 +5Y)
+0n:[pL(p: +PY) + 038} +03) + 53 (B} + 1)) + daaisiss +pa(Pip + Pit + Pip})

*'Now at E. 1. du Pont de Nemours & Co., Eiectronics Dept.. Experimental Station, P O Box 80334, Wilmungton. DE 19880-0334.

* Now at Argonne National Lab., Materials and Components Technology Div., Argonr.x, {L 60439.

*! Visiting Scientist from the Department of Inorganmic Materials Science and Engincenng, South China Institute of Technology, Guangzhou, The People s
Republic of China.
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e, PR +3) + FI +03) + P3P} +03) ] + 2l PP ppy + PyPpopy + PP pw0Y)

=125 (X} + X} + X3 = Sp(X X + XXy + X)) — 1/2S (X3 + X+ X2)

- On(X\P{ + 5PY + XuP3) — Qi X (P + PY) + L(P} + PY) + X3(PY + P

— Quul X PoPy + X PPy + XoP\Ps) — Z\ (X p} + Xop7 + Xop3) — Zy[ X\ (03 + p2)

+ Xs(p} +03) + X530t +03)] — ZealXe P2y + Xs oy 3 + Ko 1 P2)- (n

Thae coefficients of this energy function are defined in Table
[. The energy function includes all possible ferroelectric and
antiferroelectric polarization terms up to the sixth-order and
the first-order coupling terms.

The following solutions to the energy function [Eq.
(1)] are of interest in the lead zirconate system:

Paraelectric cubic (Pc):

Pi=P,=P=0, py=p=py=0; (2)
Fzrroelectric rhombohedral (Fy ):

P =Pi=Pi#0, p=p=p3=0; (3
Antiferroelectric orthohombic (Ap):

Py=P,=P;=0, p,=0, p} =p}#0 (4

Applying these solutions to Eq. (1) under zero stress
conditions results in the following relations for the energies
of each solution:

P.r AG=0; (3)

Fr: AG =3a,P} + 3(ay +a) Py + (3a,, + 6y,
+ay)PS; (6)

Ao: AG =203 + (201, + 012)p; +2(Un|+‘7uz)/’§:])

The spontaneous ferroelectnic and antuferroelectric po-
larizations (P, and p,) in the atove equaticns can be found
from the first partial derivative stab:lity conditions (3AG /
dP, and dAG /dp,) as shown below.

JAG
Fr. .\’.3_’::0: ayy, + 6ayy; +a3) Py
+7_((Z“ +a|2)P§ *ah (8)
AO: ‘9A—.6=0==3(0'|||+‘7n2)p;
dps
+ 2oy, +0,,)03 + 0. €

The polanzations can be calculated by solving these
quadratic equations. Eyuations (6)-(9) relate the energies

TABLE I. Coefficients of the energy functinn

2.a,.a, Ferroelectnc dielectne st:ffnesses at constant stress

¢.0,w ., Antferroelecinc dielscine stiffnesses at constant stress

i, Coupling between the ferroelectnic ard antiferroelectne
polanzations

H Elastic compliances at constant polanization

Q, Electrostnctive coupling between the ferroelectnic
polanization ang stress

Z, Electrostnctive coupling between the antiferroelectne

polarization and siress

3174 J. Appl. Phys., Vol. 65, No. 8, 15 Apri 1989

of ach solution to the coefficients of the energy funcuion.
Thus, by determining these cocfficients, the energies of cach
phase can be calculated.

The spontaneous elastic strains x, = ( = dAG /9X,)
under zero stress conditions can be denved from Ly. (1, as
follows:

Por xy=xy=x3=x,=2,=x,=0; (10)
Fri xy=xy=xy= (0, +20,)P},

Xy =x5 = Xg = Qe P%; (i
doi Xy =220, Xo=2x3=(Z,, = Z,,)p5.

Xy =Zypi, X3=x=0. (12)
Relations for the relative dielectric stiffnesses

x,(=3%AG /dP,dP ) were derived from Eq. (1) for the
solutions

-

Poi Yu=Yn=xn=3a, vu=vtun=yy=0 (13)
Fpi i =a=Yn=26[a, + (6a,, + 2a,,)P}

+ (I5ayy, + 14a,; + a3, P ).

Yu=Ys=Yn= 4€o[alzP§ + (da; +a ) Py B
(14)
Aot vi=26[a, + 2u.03 B
Yu=Yu= Zfo[au = (g ~ Uy2ips )
Ye=tn =0, yu=€uapi (13

The multiplication by the permuttivity of free space ¢, 1n
these equavions was required to convert from absolute to
relative dielectric stiffnesses. Equations (14) and (15) can
be used to calcuiate the relative dielectric stiffnesses for each
phase bused on the original cubic axes.

In the orthorhombic state the polanzation can be along
any of the (110) directions of the orginal cubic axes. The
polarization of *he rhombehedral state can be along any of
the (111) directions. By rctating these axes so that for both
states *he new x, axis is along the polar directions, diagonai-
1zed matnices will result. The new dielectrnic suffness coeffi-
crents (indicated by a pnime) can be related to the old coeffi-

cients {defined by Egs. (14) and (15)] with the following
relations:

Fai Yii=Ya=Yu—Y» Yh=tu+2O

Yo =Yn=Ynu=0 (16
Aot Y =Yiv Y =Xn—Y»
tn=Y¥nt+Xsy Ye=Ys=xuw=0 07

These squations .an be ased to walculate the dielevine

=aun ot al. 3174




stiffnesses of the orthorhombic and rhombohedrai phases
parallel and perpendicular to the polar axes.

Iil. EVALUATION OF THE COEFFICIENTS

In this section, coefficients of the energy function will be
determined from experimental data. All of the coefficients
were assumed to be independent of temperature, except for
the ferroelectric (a,) and antiferroelectric (o) dielectric
stiffness coefficients which were given a linear temperature
dependence baserd on the Curie-Weiss law.

a, = (I'= 6)/(26,C), (18)
0, = (T —8,)/(26C,). (19)

Cis the Curie constant, &, is the permittivity of free space, 8
is the Curie~Weiss temperature, and C, and &, are antifer-
roelectric constants analogous to C and &

By combiming Egs. (13) and (18), C and &can be deter-
mined from a linear fit of expenimental dielectric suffness
data in the paraelectric cubic state (the Curie-Werss law).
The dielectric stiffness 1s the inverse of the dielectric suscep-
ubility ,,, which will be assumed to be equal to the relative
drelectric permuttivity €, (actually €, =77, + 1). Values of
Cand 3 for leaa ztrconate were previously found to be equal
to 1.5x 10°°C and 190 °C by fiting the Cunie-Weiss law to
single-crystal dielectric data.>* These constants wil! be used
to calculate the &, coefficient versus temperature. A differ-
ent procedure was used to determune the antiferroelectnic C,
and 4, constants, as will be described later tn this section.

The ferroelectric rhombohedral spontaneous polariza-
tion (P,) can be related to rhe coefficients of the energy
function by solving the quadratic relation formed from the
first partial derivative stability condition [Eq. (8)]:

Pl=[ =& (&7 =928V /(38 (20;
where

S=3a, - ay)
and

E=3a,, +6a,, +a;. 21)

At T, the transition temperature between the ferro-
electric rhombohedral and paraelectric cubic phases, two re-
lations must be satisiied:

0=13a,c +{Pic +éPic (22)

and

0=a,c + 2/3(P}c + éP3e, (23)

where @, and P, are @, and P, at T,.. Equation (22) was
dernived from the requirement that the AG s of the cubic and
rhombohedral phases (Eqgs. (5) and (6} ] must be equal at
Tc. Equation (23) is the first partial derivative stability con-
dition {Eq. (8)], which must be satisfied so that the stable
state corresponds to the minima of the energy function.

When the transition at 7 is first order, the spontaneous
polanzation in the ferroelectric state will develop discontin-
uously at the transitioa, and thus P, will be nonzero. In this
case Eq. (18) can be sabstituted into Eqs. (22) ana (23) to
obtain refations for the § and £ coefficients:
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- T~

_ e 3( TC b 9)
€CPle T e CPie
By assuming that the § and & coefficients are independent of
temperature and then substituting Eqs. (24) and (18) into
Eq. (20). the following relation results for the spontaneous
polarization of the ferroelectric rhombohedral phase:

lf‘.

(24)

P§=WP€-3,
where
2 3(T_9) 12
=2 1+(1————-——) ]
3 [ NTo —0) (25)

Now if P;¢, T, and 9 can be determined, the spontaneous
polarization of the ferroelectric rhombohedral phase can be
calculated versus temperature. Note that 2, is the x, compo-
nent of the resuitant spontaneous polarization (Ps) along
the [111] direction, and thus Ps = 3'/*P,.

Using the value of @ given above, with T, equal to
232°C,’ a value of P, was found from the best least-squares
fit of Eq. (25) to experimental spontaneous polarization
data (from curve 2 in Fig. 3 of Ref. 17), as shown 1n the
insert of Fig. 1. The resulting P, value 1s listed in Table I
with the values of the other constants that were used in the
calculations. These values were used to calculate the ferro-
eiectric thombohedral spontaneous polarization versus tem-
perature down to — 273 °C as shown in Fig. . However,
over most of this temperature region the rhombohedral
phase is metastable to the stable anuferroelectric ortho-
rhombic phase.

A similar relation to Eq. (25} can be derived for the
spontaneous strain x, by substituting Eq. (25) into Eq. (11 ):

x, =Wx,,
where

X = QuPic. (26)
This equation was used with the values of the constants listed
1n Table I to determine a value of x,. (x, at T) that gave
the best least-squares fit of expsrimental x, data, as shown in
the insert of Fig. 2. The experimental x, data was calculated
from rhombohedral range @, data from Ref. 1] using the
relation: x; = (90 — @z )/90. A value of the electrostrictive

-«
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FIG ! Spoataneous polanzation as a {unction of temperature calcutated
for the stable and metastable regions of the ferroelectric chombohedral
form Inset- Comparison with measured polanzauon over the stable range
ol the phase.
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TABLE I1. Values of the constants used n the calculations.

T-(0) 232.0°
6(°'C) 190.0°
C(10°*C) 1.5t
P,c(C/m?) 0.1428°
Ou(m*/C?) 0.059
T.e("C) 220.0°
7.0 2260
6,0C) 216.5

x (107 2.63
ZuC.(m**'C/CH) 683.35
A(10"'m/F) 6.0184

*From Refs. 2 and 3.
®From Ref. 17.
< Average of the heating and cooling DTA data from Ref 2.

Q.. constant was calculated from x,. and P, using Eq.
(26) This value is listed in Table II. The ferroelectric rhom-
bohedral spontaneous strain x, was calculated versus tem-
perature into the antiferroelectric region as shown in rig. 2
using Eq. (26) and the constants listed in Table II.

The constants determined above will be used to calcu-
late the AG of the ferroelectric rhombohedral phase in the
next section. The procedure used to determine values of the
antiferroelectric constants, which are needed to calculate the
AG of the antiferroelectric orthorhombic phase, will now be
presented.

The antiferroelectric measure of the polanzation p, for
the orthorhombic svlution can be related to the antiferro-
electric & cocfficients by solving the quadratic relation
formed from the first paruial derivative stability condition
{Eq. (M :

pi=[—=84+(8 =601/, (27)
where

=20, + 0y
and

y=2(0yy +0ip2)- (28)

The Néel temperature (T ) is the transition tempera-
ture from an antiferroelectric phase to a paraelectric phase.
In lead zirconate this is a metastable phase transition, be-
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F1G. 2. Spontaneous lattice strain x, as a function of temperature calculated
for the stable and metastable regions of the ferroetectric rhombohedrat
form Inser' Comparison of calculated and measured strain ovar the siabie
region of the phase.
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cause it occurs in the ferroelectric rhombohedral stability
region. As in the rhombcehedral case at T, two equations
must be satisfied at Ty:

0=20\y + 5pin + ¥P3n- (29)
O=01N +5P§N+3/27’p;N' (30)

dy and p,y are o, and p, at T. Equation (29) was denved
from the requirement that the AGs of the two phases (Egs.
(5) and (7)) must be equal at T. Equation (30) 1s the first
partial derivative stability condition {Eq. (9)].

Substituting Eq. (19) into Eqgs. (29) and (30), and solv-
ing for the & and y coefficients results in

S= M , v= Il’___a‘.. , (31)

€oCaliv €CaDsn

where p,y is p; at Ty.

By assuming that the § and y coefficients are indepen-
dent of temperature, and then substituting Egs. (19) ana
(31) into Eq. (27) yields

23 = V3w,
where

T—0 172
3T ”) ] (32)

2
V==|l+{] = —————
3 [ ( 4(T,v_9,4)

Unfortunately, there is not any experimental antiferroelec-
tric polarization p, data available, and thus p,, will not be
determined in this paper.

However, antiferroelectric spontaneous strain data can
be calculated from cell constant data and used to determine
two of the antiferroelectric constants. Iy subsututing Eq.
(32) into Eq. (12) the following relation results for the ant1-
ferroelectric spontaneous strain x,:

Xs=V¥x,p,
where
Xon = ZaPiy- (33)

Xon 18 x4 at Ty. Values of T,0,, and x,y are needed to
calculate x, using Eqs. (32) and (33).

Spontaneous stramn x, data were calculated from cell
constant data frotn Ref. 11 [inieraxial y, data from Fig. 5n
Ref. 11 was related to x; with the relation:
x, = (90 — 7,)/90]. By fitting these data with all three con-
stants (T .4 ,,and x,y ) as unknowns many combinations of
the values of these constants gave similar fits of the data. For
this reason the value of onz of these constants had to be
determined from additional data. Without additional data. it
was necessary to make an assumption.

T, must occur between the antiferroelectric-ferroelec-
tric transition temperature {T,r) and the ferroelectnc-
paraelectric transition emperature (T.). T, occurs at
=220 °C (average of the heating and cooiing DTA data in
Ref. 2), and T at =232 °C. Thus since T, must occur be-
tween 220 and 232 °C, it was assumed to be equal to 226°C.
the average of the two extremes. This was a good assump-
tion, because the constants were not significantly affected
evenif T, was varied a few degrees. With T’y fixedat 226 C
values of 8, and x,, were found that gave the best least-
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squares fit of the x; data as shown in Fig. 3. These values are
listed in Table II.

Substituting Eas. (19), (28), (31Y, (32}, and (33) into
Eq. (7) results in the following relation for the AG of the
antiferroelectric ortiiorhombic phase:

AG = ¥xuy/(€,Z2C,)

X[T=T, =20(Ty - T)(1-129)].
(34)

All of the constants needed to calculate the AG of the antifer-
roelectric orthorhomebic phase using this equation have been
determined, except for the Z,, and C, constants. At this
point there is not enough experimental data available to de-
termine vzlues f both of these constants. However, the
product of these constants can be determined by equating
the AGs of the 4, and F; phases at the transition between
these phases:

At TAF: AGFR = AG“O' (35)

Thne rhombohedral AG at T, can be calculated from Egs.
(6), (19), (21), (24), and (25) using the constants listed in
Table il. This value can then be used with Eqgs. (34) and
(35) and the constants from Table II to calculate a value of
the Z,, C, product. This value is listed in Table II. By as-
suming that Z,, C, is independent of temperature, all of the
constants necessary to calculate the AG of the antiferroelec-
tric orthorhombic phase versus temperature have been de-
termined. Calculations of the AG s of the ferroelectric and
antiferroelectric phases will be presented in the next sectton.

All of the a ccefficients must be determined to calculate
the dielectric stiffness y, coefficients of the ferroelectric
rhombohedral phase [see Eq. (14)]. The constants deter-
mined earlier in this section can be used in Eq. (24) to
calculate the Cl=3(a, +a)l and
§(=3ay, + 6y, + a,3) coefficients, whick can be used
to calculate the spontaneous polarization, strain, and AG of
the F, phase. At this time there are not enough lead zircon-
ate data present to determine values of @y, @3, @yy1s @12
and a,,;. However, these coeflicients were determined 1n the
PZT system, and extrapolated to lead zirconate.>'°

To calculate the dielectric stiffness y,, coefficients of the
anuferroelectric orthorhombic phase, the ., antiferroelec-
tne-ferroelectric coupling coefficients must be determined.
Unfortunately the data necessary to determine these coeffi-
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FIG. 3. Antiferroelectric orthorhombic strain x, as a function of tempera-
ture: Companson of calculated and measured values,
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cients has not been measured. One geal of this project was to
compare calculations from this theory with polycrystalline
high-frequency dielectric data. To accomplish this a proce-
dure was used to combine the unknown constants in the
dielectric relations into one constant that could be deter-
mined from low-temperature polycrystalline dielectric data.
This procedure will be described below.

By combining Egs. (15) and (17) dielectric stiffness
relations based on the normal orthorhombic axes result

X =26(ay + 2203 ),
X2 =26 [y + (U + 2 — 1/208) 03 B
Y =26[a + (py + o + 1/2u.)p3 ] (36)

These single-crystal coefficients were related to the poly-
crystalline dielectric stiffness y (a bold-faced symbol will be
used to refer to polycrystalline constants) using the follow-
ing parallel averaging relation:

X=13(xiy + x5 + 4) (37}

By substituting Eq. (36) into Eq. (37) the following relation
results:

X =26 [a, +2/3(uy + 212)P3 ]- (3%)

Not encugh experimenral data were availabie to determine
the constanis necessary to calculate p,. However, the con-
stants needed to calculate the antiferroelectiic spontaneous
strain x, were determined. By substituring Eq. (12) nto Eq.
(38) p; can be replaced by x,

l/exyx = 26,(a, + Ax,),
where

Since ¢, and x, can be determined from Eqs. (18) and (33)
using the constants listed in Table II, the new constant A cau
be calculated from an experimental polycrystalline dielectric
constant (€) measurement (€= 1/Y).

To provide experimental data for evaluation of the con-
stant A, the dielectric constant was measured at | kHz from
- 268.8 °C to room temperature on polycrystalline lead zir-
conate. The procedure used to fabricate the lead z.rconate
samples was described in Refs. 4 and 5. The low-temperature
measurement apparatus and technique that was used was
described 1n Ref. 18. At low temperatures ( — 268.8 °C) the
extnnsic contributions to the polycrystalline dielectric prop-
erties, such as domain wall motion or thermally activated
defect motions, were assumed to “freeze out.” The remain-
ing dielectric properties would then represent the intrinsic
contribution, or averaging of the single-domain properties.

A dielectric constant of 95 was measured at — 268.8 °C,
and used to calculate the value of the A constant listed 1n
Table 1. By assuming that this constant is independent of
temperature the intrinsic polycrystalline dielectric constant
could be calculated versus temperature using Eq. (39) and
the constants listed in Table II. These calculations will be
compared with experimental high-frequency dielectric mea-
surements in the next section.
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IV. THEORETICAL CALCULATIONS

In this section theoretical caiculations will be made us-
ing the equations from Sec. II, and the constants that were
determined in Sec. II1. Figure 4 shows the energies AG of the
antiferroelectric orthorhombic and ferroelectric high-tem-
perature rhombohedral phases plotted versus temperature
for lead zirconate, Above T (232 °C) the energy of the fzr-
roelectric thombohedral phase is positive, and thus the cubic
state with the reference energy set to zero is stable. At T the
energy of the F, phase decreases to zero, and then becomes
negative below T causing the thombohedral phase to be-
come stable. At T, the energy of the antiferroelectric ortho-
rhombic phase is zero, and a metastable transition occurs
from the cubic phase, As the temperature decreases, the larg-
er temperature dependence of the AG of the 4, phase com-
pared to the F, phase causes the energies of these phases to
become equal at the transition 7',¢. Below T, ¢ the 4, phase
becomes stable, and remains stable down to — 273 °C.

The polycrystalline dielectric constant (€) of the anti-
ferroelectric orthorhombic phase was calculated from Eq.
(39) using the constants listed in Table I, and plotted in
Fig. 5 versus temperature up to 7,,¢. The dielectric constant
of the paraelectric cubic phase was also calculated using Eq.
(13), and plotted in this figure above T. The ferroelectric
rhombohedral dielectric properties were not investigated in
this paper, but could be calculated from the values of the
coefficients that were recently determined in Refs. 6-10.

The experimental data, measured at | kHz from

— 268.8 °C to room temperature, are plotted in the insert in
Fig. 5. The data point at — 268.8 °C was used to calculate
the A constant, as described in Sec. II1. By assuming that the
theory is predicting the intrinsic response of the material, the
difference that develops between the theoretical calculations
and expenimental data as the temperature is increased is due
to the thermally activated (extrinsic) contributions to the
polycrystalline dielectric constant. At room temperature the
theoreuical dielectric constant has a value ~f 120, compared
to the experimental value of 167 This indicates that 72% of
the experimentally measured polycrystalline dielectric con-
stant is due to the intrinsic averaging of the single-domain
constants, while 28% is from extrinsic contributions.

Lanagan et al.** measured the dielectric constant of
polycrysialline lead zirconate from 100 Hz to 26 GHz. Their

=300
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FIG 3 Calculated free energy AG for ferroelectic and anuferroelecine
forms Inset Expanded scale to permit identification of the A 10 Fp and £
to paraclectric transitions,
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data are plotted versus the log of the frezency 1n Fig. 6. As
can be seen by these data a relaxation occurred at microwave
frequencies. Above this relaxation the dielectric constant
agrees remarkably well with the calculation from the thecry
presented n this paper, indicating that the extrinsic contn-
butions to the dielectric properties have ‘relaxed out”” above
=10 GHz.

The data in Figs. 5 and 6 indicate that the extrinsic con-
tributions to the polycrystalline dielectric constant of lead
zirconate will “freeze out” at low temperatures and “‘relax
out” at igh frequencies, and that the remaining intrinsic
contnbutions can be thermodynamically modeled. The the-
ory provides a method of connecting the low-temperature
data to the high-frequency data. It would now be useful to
measure the high-frequency dielectric properties down to
low temperatures.

The dielectnc constant at 10 GHz was measured as a
function of temperature as shown tn Fig. 7. The |-kHz data
from Fig. 5 are also plotted n this figure along with the
theoretical calculations. Unfortunately at this time the 10-
GHz data was only measured down to — 100 °C, and thus 1t
15 stull not clear how the data would compare at lower tem-
peratures. There 1s a shght difference between the tempera-
ture dependencies of the 10-GHz data and the theoretical
calculations. This may indicate that at 10 GHz all of the
extrinsic contributions had not completely “‘relaxed out,” or
that the actual temperature dependence was not completely
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FIG. 7. Companson of calculated permittivity as a function of temperature
with measured values at low and at microwave frequencies.

accounted for in the theory (most of the -oefficients of the
energy function were assumed to be independent of tempera-
ture) In addition there is some experimental error in the
measurements. The calibration for these measurements was
only made at room temperature, and thus an error of
+ 10% has been estimated for the 10-GHz data.

V. EXTENSION OF THE THEORY INTO THE PZT
SYSTEM

Tn this section a procedure will be presented that can be
used to calculate the compositional dependence of the AG of
the antiferroelectric orthorhombic phase into the PZT sys-
tem. This procedure was needed to complete the develop-
ment of a thermodynamic theory to model all of the phase
transitions of the PZT system.*'°

The AG of the antiferroelectric orthorhombic phase for
lead ziconate was calculated in Sec. IV using Eq. (34). The
constants needed for these calculations were determined
from the available experimental data, as described in Sec.
1L Unfortunately, similar experimental data are not avail-
able for PZT compositions 1n the antiferroelectnic region,
and thus the compositional dependence of each of the con-
stants necessary to calculate the AG of the 4, phase could
not be determined. However, the following method was used
to calculate the AG of the 4, phase into the PZT system
from the compositional dependence of a single constant,
which was determined by equating the AG’s of the 4, and
F, phases at the transition between these phases.

The AG of the antiferroelectric orthorhombic phase was
decermined from the following relation by multiplying the
AG of lead zirconate (PZ) by a factor Z:

AG‘O =EAG40\PZ)‘ (40)

The compositional dependence of = was then determined by
combining this relation with Eq. (35).

Z = AGg, (at Tip)/AG ypz)- (4D

To calculate Z using this equation, AG of the F; phase
(high-temperature thombohedral phase in PZT) at T, was
calculated from the PZT theory developed in Refs. 6-10.
The antiferroelectric-ferroelectric transition temperature
T.e was determined by fitting the following polynomial
equation to the experimental phase diagram:'

T.p = 220.84 - 706.15x — 26778.0x°, (42)
where x 1s the mole fraction PbTiO, in PZT.
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AG of the 4, phase for lead zirconate was calculated
from the equations and data presented in this paper, except
that the value of the Curie constant was changed. The com-
positional dependence of the Curie constant that was used in
the PZT theory? resulted in a value of 2.0 X 10° °C, instead of
the value of 1.5 10° °C that was used in the previous calcu-
lations in this paper. To be consistent with the PZT calcula-
tions the value of the Curie constant was changed, which
also caused the value of the Q,, C, constant to change to
889.27 m* °C/C?, instead of the value listed in Table IL

Using the calculations described above in Eq. (41), the
= constant was calculated versus composition, as plotted in
Fig. 8. By then assuming the Z constant to be independent of
temperature, the AG of the antiferroelectric phase was calcu-
lated versus composition into the PZT system, as shown in
Ref. 10. This method resulted in excellent agreement be-
tween the experimental and theoretical phase diagrams. '°

IV. SUMMARY

A two-sublattice theory was used to denive an energy
function to account for the ferroelectic and antiferroelectric
behavior of lead zirconate. Solutions and property relations
were derived from this energy function corresponding to the
stable solid phases of lead zirconate. The coefficients neces-
sary to calculate the ferroelectric thombohedral AG, and
spontaneous polarization and strain; and antiferroelectrnic
AG and spontaneous strain were determined from the avail-
able experimental data in the literature.

Addinonal data were needed to model the intrinsic
polycrystalline dielectnc properties of lead zirconate. To
provide these data the dielectric properties were measured
down to low temperatures ( — 268.8 °C), where extrinsic
contributtons to the properties “*freeze out.” These data were
then used to determine the value of a combination of con-
stants, which could be used to calculate the intrinsic poly-
crystalline dielectric constant versus temperature. The cal-
culations indicate that at room temperature 72%% of the
expenmentally measured polycrystalline dielectnic constant
{measured at t kHz) 1s due to the intrinsic averaging of the
stngle-domain constants, while 28% 1s from extrinsic contn-
butions. The calculations were found to be 1in good agree-
ment with experimental data at high frequencies (> 10
GHz), indicaung that the extninsic contnbutions had “re-
laxed out.”
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the antiferroelectric orthorhombic phase into the PZT sys-

tem. This method was used to complete the development of a

thermodynamic theory, which quantitatively accounts for

all of the known phase transitions in the PZT system.>'?
Additional data are still needed to determine values of

the coefficients of the energy function that were not deter-

mined in this paper. The effects of the application of electric

field'® or mechanical stress®® may provide some of these

data.
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THERMODYNAMIC THEORY OF THE LEAD
ZIRCONATE-TITANATE SOLID SOLUTION SYSTEM,
PART I: PHENOMENOLOGY
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Materials Research Laboratory, The Pennsylvania State University, University
Park, PA 16802, USA

{ Recewved September 16, 1988)

Compositions within the lead zirconate-titanare (PZT) solid solution system have been extensively used
in polverystaliine ceramic form 1n a wide range of piezoelectric transducer applications. However, the
growtih of good quality PZT single crystals for compositions across the entire phase diagram has not
been accomplished. Due to the lack of single-crystal data. an understanding of the properues ot po-
tycrystalline PZT has been limited. [f the single domain {intrinsic) properties of PZT couid be deter-
mined. then the extrinsic contnibutions (e.g. domain wail and defect motions) to the polverystailine
properties could be separated {rom the intrinsic contnbutions. The purpose of this research has been
to develop a thermodynamic phenomenological theory to model the phase transitions and single-domain
properties of the PZT system.

This paper is the first of a senies of five papers descnibing the thermodynamic theory ot PZT that
has been developed for the entire solid solution system. [n this paper the previous work that led 1o the
present theory will first be reviewed, tollowed by the presentauon ot the energy tunction tor PZT 2nd
the solutions and property relations that can be denved from this energy function

[. INTRODUCTION

The lead zirconate-titanate (PZT) phase diagram' is shown in Figure . A cubic
paraelectric phase (P¢) occurs at high temperatures and has the perovskite crystal
structure ABO;. On the lead titanate (PbTiO,) side of the phase diagram. a fer-
roelectric tetragonal phase (F7) exists with a spontaneous polarization along the
pseudocubic [001] direction. A morphotropic boundary separates the tetragonal
phase from a ferroelectric high-temperature rhombohedral phase (Fg,y1))-

Another ferroelectric (o ferroelectric phase transition occurs between the high-
temperature rhombohedral phase and a low-temperature rhombohedral phase
(FaiLp)- Both of these rhombohedral phases have a spontaneous polarization that
occurs along the [111] direction. The low-temperature rhomtohedral phase has a
tiling or rotation of the oxygen octahedra about the [111] axis. which does not
occur in the high-temperature phase.

On the lead zirconate side of the phase diagram antiferroelectric tetragonal (A )
and orthorhombic (A ) phases are present. These antiferroelectric phases are com-
posed of two sublattices with equal and opposite polarization, resulting in zero net
polarization.

More recent data® have shown that the A, phase does not occur in pure lead
zirconate. but will occur with small dopants or impurities such as strontium. These
data have also shown that the high-temperature rhombohedral phase extends over
to lead zirconate. The theory described in this paper will be developed to model
the phase diagram according to these recent data.

13
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PZT compositions have important technological applications as piezoelectric
transducers. pyroelectric detectors. electro-optic devices, and explosively induced
charge storage devices. The main application of PZT has been as piezoelectric
transducers with compositions near the tetragonal-rhombohedral morphotropic
boundary. These applications include phonograph pickups. buzzers. relays. accel-
erometers, igniters, micropositioners, hydrophones. sonar, wave filters, earphones,
delay line welders, cutters, and high voltage sources.! Recently piezoelectric motors
have even been made.*

Lead utanate has become important {cr possible application in hydrophones and
medical ultrasonic imaging, because of the large elecctromechanical anisotropy that
can be obtained in lead titanate polycrystalline ceramics.’ The theory developed
in this paper has been used to explain this large anisotropy. which occurs in lead
titanate in polycrystalline form, but not in single-crystai form.®

PZT compositions with the high to low temperature rhombohedral phase tran-
sition have been used as pyroelectric detectors.” When cooling through this tran-
sitton. the polarization increases suddenly due to a contribution from the tilting of
the oxygen octahedra in the low-temperature phase. This results in a large pyro-
electric coefficient. The dielectric constant is relatively low. ard only has a very
slight change when going through this transition. A large pyroelectric coefficient
p (=dPsdT) and small dielectric constant X result in a large pyroelectric figure
of merit (=p/K"?).

PZT 15 also an important matenal for electrooptic applications. when doped with
lanthanum to form PLZT. According to Haertling and Land.3 PLZT has advantages




THERMODYNAMIC THEORY OF PZT—PART [ PHENOMENOLOGY N

in electrooptic applications because of ""1) high transparency essentially independ-
ent of grain size, 2) ease of fabrication. and 3) electrically variable optical retar-
dation, including electrooptic memory and linear or quadratic modulation capa-
bilities."

Explosively induced charge storage devices have also been fabricated from PZT
compaositions utilizing the ferroelectric to antiferroelectric transition. In these ap-
plications > stress is applied to a poled ceramic sample with the ferroelectric struc-
ture, causind it to transform to the antiferroelectric state and to suddeniy release
the stored charge.

The applications described above show that PZT is an important material. These
applications use PZT in polycrystalline ceramic form. The growth of good quality
PZT single crystals for compositions across the entire phase diagram has not been
accomplished.® Due to the lack of single-crystal data. an understanding of the
properties of ceramic PZT has been limited. If the single-domain properuies of
PZT could be determined, then these intrinsic contributions to the ceramic prop-
erties could be separated from the extrinsic contributions (e.g. domain wall and
defect motions). The purpose of this research has been to develop a thermodynamic
phenomenological theory to predict the phase transitions and single-domain prop-
erties of the PZT system. This theory could then be used to further the under-
standing of the properties of polycrystalline materials.

This paper is the first of a series of five papers covering the details of the
thermodynamic theory of PZT that has been developed for the entire solid solution
system. In this paper the previous work that led to the present theory will first be
reviewed, followed by the presentation of the energy function for PZT. and the
solutions and property relations that can be derived from this energy function. In
the next three papers'?~'* the coefficients of the energy function will be determined
from experimental data. Finally in the last paper of the series'* theoretical calcu-
lations of the PZT single-domain properties will be presented, along with a dis-
cussion of the applications of the theory.

II. DEVELOPMENT OF A THERMODYNAMIC THEORY OF PZT

The Landau-Ginsburg-Devonshire type phenomenological theory was used to ex-
plain the transitions and properties at the tetragonal-rhombohedral morphotropic
phase boundary in the PZT system." ~*! However, due to the lack of single-crystal
data the coefficients of the energy function could not be adequately determined.

Over the past several years at the Materials Research Laboratory ot the Penn-
sylvania State University, the coefficients of an energy function for the PZT system
have been determined using indirzct methods. The development of this theory
occurred in a series of steps, where different parts of the phase diagram were
modeled separately. This development will be described below.

Amin*? developed a modified Devonshire form of the elastic Gibbs fiee energy
function for the simple proper ferroelectric phases of the PZT system. The spon-
taneous strain in the ferroelectric phases was determined using high-temperature
x-ray diffraction, and used to calculate the spontaneous polarization through the
electrostrictive constants. These data were used to determine the higher order

—wew
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dielectric stiffness coefficients (o, and ay,,). The morphotropic boundary between
the tetragonal and rhombohedral phases was then used to determine the remaining
higher-order dielectric stiffness coefficients (o,,. o445, and ;). and allowed for
the first time the calculation of the dieiectric. piezoelectric. elastic. and thermal
properties of the ferroelectric single-domain states. This theory was developed for
the region of the PZT system from lead titanate over to the morphotropic boundary
between the tetragonal and rhombohedral phases, and could be extrapolated into
the high-temperature rhombohedral phase field.

In this initial theory the Curie constant was assumed to be independent of com-
position. Amin er al.> later found from a combination of calorimetric and phe-
nomenological data that the Curie constant was dependent on composition with a
peak forming near the morphotropic boundary. The theory was then modified to
account for the compositional dependence of the Curie constant.** This resulted
in better agreement between the theoretical and experimental dielectric data near
the morphotropic boundary.

To account for the tilting of the oxygen octahedra in the low-temperature rthom-
bohedral phase Halemane er al.>> expanded the energy function in a one-dimen-
stonal power series of the polarization (P) and tilt angle (8) assuming tsothermal
and zero stress conditions. The possible phase transition sequences and solutions
to the energy function were then investigated. This theory was applied to the
Pb(Zr, o Tiy ,)O; composition. first by assuming 2nd order phase transitions.™ and
later by assuming lst order transitions.=%-*

The energy function was then expanded in a three-dimensional power series ot
P and 9 and used to describe ali of the ferroelectric phases of the PZT system
assuming lst order phase transitions.*® The coefficients of the energy function was
determined from the phase boundary and equilibrium conditions combined with
expenimental data. resulting in smooth continuous functions across the phase dia-
gram. The experimental and theoretical phase diagrams were shown to agree very
well. Using this theory the spontaneous polarization and tilt angle were calculated
as a function of composition and temperature.

A tricritical point, where a phase transition changes from first to seond order.
was found to occur between the cubic and rhombohedral phases at the PZT 94/6
composition (94% PZ and 6% PT).*~3! From lead zirconate to the tricritical point
the cubic-rhombohedral transition was shown to be first order. and then to change
to second order from the tricritical point over to at least the PZT 88/12 composi-
tion.*® Lead titanate has a first order transition from cubic to tetragonal. and thus
a second tricritical point should occur between the PZT 88/12 and lead titanate
compositions, where the transition would change back to first order.

To provide additional data 1o determine the coefficients of the energy function
and to locate the second tricritical point. pure homogeneous sol-gel derived PZT
powders were prepared for several compositions in the rhombohedral phase field *
The lattice parameters of these compositions were determined from high-temper-
ature x-ray diffraction. and used to calculate the spontaneous strain.** By using
these data to determine the higher-order dielectric stiffness coefficients of the
energy function. the second order transition region was found to extend over to
near or possibly at the morphotropic boundary. ** Additional details of the tricriucal
behavior in PZT will be described in the second paper in this series."
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Using the x-ray data described above a phenomenological theory was developed
to account for the 2nd order transition region of the PZT svstem.* In this theory
additional terms were added to the energy function to account for the rotostrictive
coupling between the stress and the square of the tilt angle (analogous to the
electrostrictive coupling). A rotostrictive constant was determined from experi-
mental spontaneous strain. polarization, and tilt angle data using a relation derived
from the energy function for the low-temperature rhomoohedral phase. The ro-
tostrictive contribution to the spontaneous strain was found to be opposite in sign
to the electrostrictive contribution.

A more complete phenomenological theory of lead titanate was recently devel-
oped independently of the PZT theory using the available single crystal data.™
The theoretically predicted spontaneous polarization and strains. and dielectric and
prezoelectric properties are in good agreement with the expenimental data. The
results of this theory were used to show that the large electromechanical anisotropy
found in lead titanate ceramics. but not present in the single crystal properues. is
simply due to the intrinsic averaging of the electrostrictive constants.® ¢

A phenomenological theory for lead zirconate was also developed independently
of the PZT theory using the available single-crystal data.’” This theory was used
to calculate the phase stability, antiferroelectric spontaneous stramn. and ferro-
electric polarization and strain. The polycrystalline ceramic dielectric constant was
calculated from the single-crystal constants n this theory. and found to be in good
agreement with dielectric data at miciowave frequencies. This lead zirconate theory
was also extended into the PZT system to account for the antiferroelectric region
of the phase diagram.

As described above phenomenological theory has been developed for ditferent
sections of the PZT phase diagram. The purpose of this series of papers 1s to present
the recent work that has been completed to combine these separate theores into
a complete theory of PZT. where a single energy function and set ot coetticients
can be used to calculate the phase stability and properues of the entire PZT system.
[n the next section this energy function will be presented.

[II. FREE ENERGY FUNCTION FOR PZT

[n developing a phenomenological theory for the PZT system the order parameters
that cause the phase transitions must be accounted for. The tetragonal and high-
temperature rhombohedral phases undergo proper terroelectric transitions trom
the paraelectric cubic state. where the spontaneous polarization 1s the order pa-
rameter causing the phase transition. An improper ferroelectric phase transition
occurs between the high and low temperature rthombohedral phases. where the
spontaneous tilting of the oxygen octahedra causes the phase transiion and con-
tributes to the spontaneous polarization. An antiferroelectric type polarization
develops when a transition takes place from the ferroelectric to anuferroelectric
phases. and is therefore the order parameter for the antiferroelectric state.

Thus to account for all of the phase transitions in the PZT system the energy
function should include the ferroelectric and antiferroelectric measures of the po-
larization. and the tilting of the oxygen octahedra as order parameters. A two-

T T T ey
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sublattice model*® was used to derive the ferroelectric and anuferroelectric meas-
ures of the polarization. To acceunt for the tiliing of the oxvgen octahedra an
additional term was added to the elastic Gibbs free energy as described in Ref

erences 25-28. ?
The following energy function for the PZT system was then derived from the
symmetry of the paraelectric phase (m3m) assuming isothermal conditions. using R
reduced notation, and expanding the energy function in powers of the ferroelectric
(P,) and antiferroelectric (p,) polarizations, oxygen octahedral tilt angle (6,), and
including couplings between these order parameters, and between the stress (X,,)
and the order parameters:
AG =[P+ P+ Y]+ an [P+ P+ P
+ a2 [PiPE + PIPY = PAPY] = o[PS - P2 - %]
+ a2 [PH(P3 + P) ~ Pi{P} ~ P§) = P3(P} = PY)]
+ a3 PIP3PY + oy [pi = p3 + p3] = oy [pt = 3~ pi]
+ 02 [pipd + pip3 + pipt] + o[PS -+ P8+ Pl
+ o [pi(pF + p3) + p3(pt + p3) + pilpi - pI)]
+ 0 pipipi = [Pipi —~ Pipi = Pipi]
+ w2 [PY(p3 + p3) + Pi(pi ~ p3) = Filpi - p3))
+wu (P Ppp + PPipwps = PiPpipy| + By (67 - 65 - 83 %

~ B (6% = 8% = 03] + v, [PI93 ~ P ~ P63

= Y12 [PY(6T = 83) + P3(67 ~ 83) ~ Pi(67 - 83)]

+ Y53 [P P:8,05 + P,P30:8; + P,P.8:8,]

1SN+ X3+ X3 - S (XX + X6Xs + XX

~ 1S, [XY+ X2+ X3 - Q4 (X P+ XoPE = X,PY)

- Qu[XUPE+ PY) + X, (P2 + PY) + X,(P? +~ P}

- Qu[X.P:P; = XP\P, + X,P.P)] - Z,,[Gp, ~ Cp- ~ Xips)

(h

= Zp[X(p3 ~ p3) + Xa(pi = p) = Xulpi + p3)]

= Zus[Xopopy + Xepips = Xpws] = Ry [X087 - X85 = X;83]
= Rz [X1(63 = 83) + Xo(8{ ~ 83) = Xi(67 - 63)]

- R, [X,0-8; + X:0,9; ~ X,8,0,]

The coefficients of this energy function are defined in Table 1. The energy function
includes all possible ferroelectric and anuferroelectric polarization terms up to the
sixth ordei, tilt angle terms up to the first fourth order term. and only th< first
order coupling terms.
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TABLE I
Coetficients of the PZT Energy Funcuion

a, a. a, lerroelectric dielectric sutfness at constant stress
g, d, ¢, annferroclectric dielectric stitfness at constant stress

Ly coupling between the ferroelectric and anuferroelectric polanzations

B.. B, octahedral torsion coefficients

Yy coupling between the ferroelectric polarizauion and ult angle

S elastic compliances at constant polarization ‘

Q, electrostnctive coupling between the ferroelectric polarization and stress

electrostrictive coupling between the anuferroelectnic polanzation and stress
rotostrictive coupling between the ult angle and stress

IV. SOLUTIONS TO THE ENERGY FUNCTION

Considering zero stress conditions the following solutions to the energy function .
(Equation 1) are of interest in the PZT system:

Paraelectric Cubic (P)

Pp=P,=P, =0, p =p.=p;=0. B =06,=0;,=0 (2)
Ferroelectric Tetragonal (Fy)
P, =P =0, PP =0, p =p.=ps=0. 8, =0, = 9; =V (3)
Ferroelectric Orthorhombic (F,)

P, = 0. Pi=P; %0, p,=p,=p,=0. B, =0, =86 =0 (4)

Ferroelectric High-temperature Rhombohedral (Fg,yr,)

]
<
—_
(o1}
—

Pt =P =P} =0. pr=p:=p; =0, O =8, =8,

Ferroelectric Low-temperature Rhombohedral (Fg,, 1)

P =P =P %0, pr=p, =py =0, 0t =65 =063 =0 (6)
Antiferroelectric Orthorhombic (A,)
Pp=P, =P =0, p =0 pi=pi=0 By =06, =06; =0 (7)

All of these solutions, except for the ferroelectric orthohombic solution. are stable
in the PZT system. The ferroelectric orthorhombic solution was also included here,
because the coefficients necessary to calculate the energy of this phase can be
determined. An independent check of the calculated coefficients can then be made
by confirming that this phase is metastable across the PZT system.

Applying these solutions to Equation (1) under zero stress conditions results in
the following relanions for the energies of each solution:

Fr AG = o + o\ P + o | P8 (9)
Fo AG = 20,P} + 2oy, + @2)P3 + 2oy, + ay2) R (10)
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Frour AG = 3P} =~ 3y, + ap)Pi = Goyyy = 6oy = o) (LD
Frr AG = 30 P3 + 3oy + a2)P = GBoyyy = by = a3) PR

+ 30,05 = 38,03 +~ (v ~ 2y ~ vi) P03 (12)
Ao AG = 2003 + 20y, + op)p3 * 20y + 0P8 (13)

The spontaneous ferroelectric and antiferroelectric polarizations { ; and p;) and
tilt angle (6,) in the above equations can be found from the first partial derivative
stabiiity conditions (6AG/dP;. dAG/dp;. and dAG/38;) as shown below:

Fr  0AGiaP; = 0

3a,1 P + 20,P% -~ «q (14)
Fo 3AGHOP, = 0 = 3(ayy, = oy2)PE = Qayy = o2 )P3 =« (13)
Friary 0GPy = 0 = (Bayyy = 6oz = o) P

+ oy T ap)Pi o (16)
Friep 0AGIOPy = 0 = 3oy, + 6y + oy03) P}
+ 2ay + ap)Pi oo = oy 83 (17)
Bu + 2By85 - vuFi (18)
Ao 0AG/p; = 0 = 3(oyy, ~ op)pi = 2oy ~ op)ps ~ o, (19)

6:&6/89; = O

The polarizations and tilt angle can be calculated by solving these quadratic equa-
tions. Equations (9)-(19) relate the energies of each solution to the coetficients
of the energy function. Thus by determining these coetficients. the energies ot each
phase can be calculated.

V. SPONTANEOUS ELASTIC STRAINS

The spontaneous elastic strains x, {  3AG/9.X)) under zero stress conditions can
be derived from Equation (1) as foliuws.

P. YN =X ==X =X =X =0 (20)
Fr X =% = 0,.P3} G = 0, Ps L=X =X, =0 (21)
Fo Xo=200PL  xa=x = (Qu r Qb

X, = QP xs=x,=0 22)
Fory ¥ =X =3 = (@ ~ 20,285, Xo=xs = % = 0P (23)
Frn % =X = %3 = (Qn + 200)P% + (Ry = 2R)8s.

X, = X5 =X = QP + R, 03 (24)
Ao X, = 2Z,.p3, X = xy = (2, + Zy)pi.

Xy = Z_“p%. Xs = Xy = 0 (:5)



P

THERMODYNAMIC THEORY OF PZT—PART { PHENOMENOLOGY 2

In the next three papers of this series' ~!? these spontaneous strain relations will
be shown to be very important in determining the coefficients of the energy furc-
tion. Spontaneous strain data will be determined from x-ray diffracuon ot PZT
powders. and used with the electrostrictive constants to calculate the spontaneous
polanization, which is needed to determine coefficients of the energy function.

VI. DIELECTRIC PROPERTIES

Relations for the relative dielectric stiffnesses x,, (= 3°AG/OP4P,) were derived
from Equation (1) for the six solutions:

Pc Xt ™ X22 = X33 = 2802 X = (3 =X =0 (26)
Fr X = Xa2 = 2e0[oy — @P3 - o P

X33 = 2600y + 60y, P3 + 130, P3). Xi2= X3 = X = 0 (27)
Fo X = 280 ey + 202P3 + (2012 + o) Pl

X2z = Xa3 = 2800y + (6 = 0y2) P = (15ctyyy + Toy0) 3.

Xz = X5 = 0. Xaz = 4ea(0 2P} =~ day 2P (28)
Frory X = Xz2 = X3 = 289 o = (6t + 205) P}

+ (Bayy = Moz = apy)Pi

dea o2 PE = (ayy = o) P (29)

Xi2 ¥ X23 T X

:8”[(11 - (6(1“ - 2&1:)[)'_3:

Frire Xa = X2 = X5
+ (Bayy = Hayn + o) P3 + (v = 27,2)63].
Xiz = X3 = X1 = 460 [02P] + (Jeyp + ca3) P+ ¥.83] (30)
Ao X = 2e0(oy + 2Pl Xo2 = Xa3 = 280y = (1 + wi2pils

Xiz = Xat = 0. Xa3 = €01asp3 (31)

The multiplicaticn by permuttivity of free space g, tn these equations was required
to convert from absolute to relative dielectric stiffnesses. Equations (26)-(31) can
be used to calculate the relative dielectric stiffnesses for each phase based on the
original cubic axes.

In the orthorhombic state the polarization can be along any of the (110} directions
ot the onginal cubic axes. The polarization of the thombohedral state can be along
any of the (111) directions. By rotating these axes so that tor both states the new
x; axis 1s along the poiar directions. diagonalized matrices wiil result. The new
dielectric suffness coefficients (indicated by a prime) can be related to rhe old
coefficients [defined by equations (28)-(31)] with the following retavons:

Foand A, Xu = X X22 = Xa: — a3 (32)

I
<

1]

]
>
s

]

<

X33 = X T OXo» X12
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" Friury and Fgypm X1 = X2 = X~ X X33 = Xn ~ 2Xae

| Xi2 = X3 = X5 = 0 (33)

‘ These equations can be used to calculate the dielectric stiffnesses of the ortho-
rhombic and rhombohedral phases parallel and perpendicular to the polar axes.

The dielectric susceptibility coefficients (n,) can be determined from the recip-
rocal of the dielectric stiffness matrices (x,) using the following relation:*

M, = A,/A. (34)

where A, and ) are the cofactor and determinant of the x, matrix. Using this
relation results in the following relations for the dielectric suscepubulity coetficients

(n,):
Pc M =M =M= X M2 =M =105 =0 (35)
fr M = M2 = VX M35 = UXss (36)
Foand A, Ty = Uxue Mo = sy = x55/(X35 — %3s)-
M2 =M5 =0, M= —x23(x} = X3) (37)
= bxe M2 = x5 = L
M2 =M =Ny =0 (38)
Fpamand Fpiery M = Mz = M3z = (X1 — Xi2/(xd1 = 3xuxia = 2xi2)
Mz = M3 = Wiz = (Xf2 — XuXe (X — 3%~ 2x6:)
M = M2 = Uxue n3 = LXG {39)
M2 = Mz3 = M3 =0 (40)
} These equations can be used to calculate the dielectric susceptibilities of each phase

from the coefficicacs of the energy function.

VII. PIEZCELECTRIC PROPERTIES

' Relations for the piezoelectric b, coefficients (= 9°AGi9P 34, were derived from
i Equation (1) for the tetragonal and rhombonedral states as shown below:

Fr bsy = 201P;. by = by = 20025,
i bis=by=QuPs, by =bp=b,=0,=04=0.
\ by = by = bay = bys = bag = b3y = b5 = by = 0 (+1)
Faymand Frery by = b2 = b3y =2Q Py, by = bas = by =0
bia = by3 = by = byy = by = by = 20285,

bis = big = bay = byg = b3y = bys = QuiPs, (+2)
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Since a coupling term of type X,P.8, was not included in Equaton (1). the b,
relations [Equation (42)] for the high and low temperature rhombohedral phases
are of the same form. However. the spontaneous polarizations P, are defined by
different relations for the high and low temperature rhombohedral phases. and
thus different values would result for these coefficients.

The piezoelectric d,, coefficients are defined by Reference 40:

du = bk/nlk ("'3)

Using this relation for the tetragonal and rhombohedral states results in the fol-
lowing relations:

Fr dy; = 28033 QuPs dsy = dsy = 2egm;3Q10:P5,

ds=ds, = e QuP;. d=dn=d;=d,=d,=0.

dy = doy = dyy = dys = dag,= d3s = dys = d3s = 0 (44)
Fpamand Fpry dy = dop = dyy = 280(n Qo + 2m02Q0102) P,

dy; =d\3 = dyy = dyy = dy = dy,

= 2gy[n11 Q12 = M2(Qyy = Q)] P,

diy = dss = dyg = 262042 Ps,

dis = dyg = day = dyg = dyy = dss = go(M + M) QusFs, (43)

1]

The multiplication by the permittivity of {ree space g, in these three equations was
required to convert the dielectric susceptibilities from relative to absolute. Equa-
tions (41). (42). (44). and (45) can be used to calculate the piezoelectric b, and d
coetficients of the tetragonal and rhombohedral phases from the coetficients of the
energy function.

VII. SUMMARY

The applications of compositions of the PZT solid solution system as piezoelectric
transducers, pyroelectric detectors. electro-optic devices. and explosively induced
charge storage devices were described in the introduction to demonstrate the tech-
nological importance of PZT. These applications use PZT in polycrystalline ceramic
form. and thus the properties of these ceramucs are well established in the literature.
However, the mechanisms contributing to these outstanding polycrystalline prop-
erties of PZT are not well understood. because of the complexity of the interactions
within the polycrystalline material.

A first step in the analysis of a ferroelectric polycrystalline materal is to separate
the intrinsic and extrinsic contributions to the properties. The intrinsic contributions
result from the averaging of the single-domain single-crystal properties, while the
extrinsic contributions arise from the interactions at grain or phase boundaries and
from the domain wall or thermal defect motions. Unfortunately. due to the ditficulty
of growing good quality single crystals of PZT. very little single crystal data is
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available. Thus the goal of this project was to develop a thermodynamic phenom-
enological theory to calculate the single-domain properues of PZT This theory
could then be used to separate the intrinsic and extrinsic contributions to the
polycrystalline properties. In addition there are several other applications of this
theory. which will be in the last paper of this series.'?

A two-sublattice theory. where each sublattice has a separate polarization. was
used to account for the ferroelectric and antiferroelectric phases of the PZT system.
An additional order parameter was also included to account for the tilting ot the
oxygen octahedra in the low-temperature rhombohedral phase. The resulting en-
ergy function can be used to model the phase transitions and single-domain prop-
erties of the PZT system. Solutions to this energy function were used to derive
relations for thé energies: spontaneous polarizations. strains. and tlt angles. and
dielectric and piezoelectric properties corresponding to the different phases in the
PZT system.

The coetficients needed to calculate the energies and properties ot the solutions
will be determined in the next three papers in this series.'”~'* Theoretical calcu-
lations and comparisons with experimental data will then be presented in the final
paper of this series.'? Additional details of this theory. including tables of all the
experimental data collected. can be found in Reference 41.
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THERMODYNAMIC THEORY OF THE LEAD
ZIRCONATE-TITANATE SOLID SOLUTION SYSTEM,
PART II: TRICRITICAL BEHAVICR

M. J. HAUN.7 E. FURMAN. H. A. McKINSTRY and L. E. CROSS

Materials Research Laboratory, The Pennsylvania State University, University
Park, PA 16802, USA

(Receved September 16, [988)

Two tricriical ponts, where a phase transition changes from first to second order. were tound to occur
i the lead zirconate-utanate (PZT) solid solution system. High-temperature x-ray diffraction data on
s0l-gel derived PZT powders were used to calculate the cell parameters and spontanecus strain i the
ferroelectric phases. These data were used with addition data from the literature to determine values
of the migher-order dielectric stiffness coefficients. which were then used to locate the tricritical points.
The values of the coefficients are also needed in the development of a thermodynamic theory of the
PZT system.

[. INTRODUCTION

Tricritical behavior, where a phase transition changes from first to second order.
has been shown to occur in the lead zirconate-titanate (PZT) solid solution sys-
tem.!~* The end members lead titanate (PbTiO;) and lead zirconate (PbZrO-)
both have well defined first-order phase transitions from a paraelectric cubic phase
at high temperatures to ferroelectric tetragonal and rhombohedral phases. respec-
tively, at lower temperatures. By forming a solid solution between these first-order
end members a second-order transition region develops in the middle of the phase
diagram.®

The degree of first order behavior has been shown to decrease from lead zirconate
to the PZT 94/6 (94% PZ and 6% PT) composition, where a tricritical point occurs
and the transition changes to second order.! * With increasing titanium content the
second order transition region was found to extend from the tricritical point over
to the PZT 88/12 composition.> Since lead titanate has a first order transition. a
second tricritical point should occur between the PZT 88/12 and lead utanate
compositions.

To provide additional data to locate the second tricritical point. pure homoge-
neous sol-gel derived powders were prepared for several PZT compositions.” The
lattice parameters of these compositions were determined from high-temperature
«-ray diffraction. and used to calculate the spontaneous strain.® By using these data
to determine the higher order dielectric suffness coefficients. the second-order

*Now at E. [. du Pont de Nemours & Co.. Electronics Dept.. Expenimental Station. P O Box
30334, Wilmington. DE. 19880-0334.

;Now at Allied-Signal [nc., Metals and Ceramics Laboratory. P O. Box 102IR. Mornstown. NJ.
07960.
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transition region was found to extend over tc the morphotropic boundary between
the tetragonal and rhombohedral phases.*

In this paper additional data will be presented to show that the second tricritical
point occurs in the tetragonal phase field. The compositional dependence of the
higher-order diglectric stiffness coefficients will be determined from high-temper-
ature x-ray diffraction data, and used to locate the tricritical points. Values of the
dielectric stiffness coefficients are also needed in the development of a thermo-
dynamic theory to model the phase transitions and single-domain properties of the
entire PZT system.” 1

In the next section experimental high-temperature x-ray diffraction data will be
presented. This data will be used to calculate the spontaneous polanzation for
tetragonal and rhombohedral compositions in Sections [II and [V. respectively.
This polarization data will then be used to determing the higher-order dielectric
stiffness coefficients . and to establish the location of the tricritical points. In Section
V the morphotropic boundary will be used to complete the evaluation of these
coefficients, followed by a summary of this paper in Section VI.

[I. HIGH-TEMPERATURE X-RAY DIFFRACTION

High-temperature x-ray diffraction was used to determune the cell parameters of
sol-gel derived lead titanate and PZT powders. The lead titanate data was previously
presented in Reference 1. and used to develop a thermodynamic theory of lead
titanate. X-ray data on PZT 90/10. 8020, 70/30 and 60/40 were previcusly presented
in Reference 6. In this section high-temperature x-ray ditfraction data on sol-gel
derived powder of PZT 32/68 will be presented. The sol-gel procedure used to
prepare this powder was described in Reference 5. The x-ray diffractometer setup
and data analysis procedure that were used were described in References 6 and
L.

The splitting of the 002/200 and 123/312/321 peaks for the PZT 3268 composition
are shown in Figure 1. These x-ray data were used to calculate the cell constants
using the Cohen least-squares refinement method!? as shown in Figure 2. The data
in these figures indicate that the transition from cubic to tetragonal in the PZT 3%/
68 composition is either second order. or only slightly first order. This is more
obvious when plotting the cell volume ( =azcy) versus temperature as shown in
Figure 3. A continuous change in the volume would indicate that the transition 1s
second order. Additional data will be presented later 1n this paper to show that
the cubic ro tetragonal phase transition in PZT 32/68 is probably second order.

The spontaneous strains x, and x, can be calculated from the tetragonal cell
constants ar and ¢y using the following relations:

X, = = % - Ac Xy = 2 - & (1)
ac ag
ac is the cubic cell length extrapolated into the tetragonal region.

Different procedures have been used to calculate the spontaneous strains, de-
pending on the procedure used to determine ac. Haun er al.'' extrapolated the
cubic cell constant into the tetragonal region by assuming that the electrostrictive
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ratio Q,, Q. is independent of temperature. which s a fairly good assumption n
PZT." This ratio can be determined from the ratio of the spontaneous strawmns x,
and v, from Equation (21) in Reference 7:

ro_ Qu

Xy o

[f the Q,,- Q.- rato is known, then a can be determined by combining Equations
(1) and (2):

(2)

Q- = cr = (@ Qn)ar
¢ l - Qu’le

By determining the Q,, Q,, ratio. a. can be calculated and used with the cell

(3)
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constants to calculate the spontaneous strains. Haun er al.'' used a procedure of
extrapolating the cubic cell constant ac data to below the transition to calculate
the Q,, Q.- ratio for PbTiO,. Due to the second order transition behavior ot the
PZT 3268 composition. this procedure was not possible. However. the clectros-
trictive constants of PZT have been recently approximated from a combination ot
single-crystal and polycrystalline data.'* A value of —-3.166 for the Q,, O, rauo
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FIGURE 3 The unit cell volume of PZT 32¢8 plotted versus temperatuce.
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was determined for the PZT 32/68 composition. " This value was used 1n Equation
(3) to calculate a as shown by the data plotted in Figure 2.

The spontaneous strains x, and .x; were then calculated for the PZT 32'68 com-
position from the data in Figure 2 using Equation 1. The results are shown in
Figure 4. along with the lead titanate strain data from Reference 11. The numencal
values of these data are listed in Reference 14. These strain data will be used in
the next section with the electrostrictive constants to calculate the spontaneous
polarization, which will then be used to determine the higher-order dielectric stiff-
ness coefficients.

[I. TETRAGONAL COMPOSITIONS

All of the dielectric stiffness coefficients in the PZT energy function [Equation (1)
in Reference 7} were assumed to be independent of temperature. except the di-
electric stifiness coastant o, which was given a linear temperature dependence
based on the Curie-Weiss law:

_I-%
M eC

C is the Curie constant. ¢, is the permittivity of free space. and T, 1s the Curie-
Weiss temperature. By finding values of T, and C. o, can be calculated as a function
of temperature.

The simplest and usual method of finding values of T, and C is to fit the inverse
of the dielectric constant in the paraelectric state using the Curie-Weaiss law. Un-

(4)
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FIGURE 4 The spontancous strains ¢, and r, plotted versus temperature tor PbTiO. and PZT 32
68 The gata points were calculated from the lattice constant data shown i Figure 2,
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fortunately. very little dielectric data on PZT in the high temperature cubic state
exists. due to the lack of good qual:ty single crystals. Measurements on polscrys-
talline ceramic samples typically give similar values of T, and C as single crystals.
but these measurements are difficult in pure PZT due to the large electrical con-
ductivity at high temperatures. In additicn. considerable discrepancies exist 1n the
measurements that have been made. For these reasons indirect methods were used
to determine T, and C. T, will be determined by fitting spontaneous strain data
as described later in this section. C will be obtained from low-temperature dielectric
data in the third paper of this series.®

The Curie constant acts as a scaling constant in the dielectric preperties and
energies of the phases. The dielectric stiffness coefficients are inversely proportional
to the Curie constant. as shown in Equation (4) for «,. However. the spontaneous
polarnization. strain, and tilt angle are all independent of the Curie constant. Since
the Curie constant was not known at this point. new constants were formed by
multiplying the dielectric stiffness coetficients by the Curie constant. These new
constants can be determined from the spontaneous polarization data independently
of the Curie constant. Equation (4) then becomes:

T - To
280

o,C = (5)
Now if T, can be determined. then the new constant «,C can be calculated.

The spontaneous polarization of the tetragonal state can be related to the di-
electric stiffness coefficients by solving the quadratic relation formed from the first
partial dertvative stability condition {Equation (14) in Reference 7}:

- < 12
oy = [of = ooy

f = Joyy, (6)

Only the solution volving a positive term 1n Equation (6) 1s considered here.
because this solution corresponds to a tree energy mimmum. while the other so-
lution corresponds to a maximum of the free energy.

Multiplying the numerator and denom:nator of Equation (6) by the Cune con-
stant results in the following expression which relates P, to the new «,C. «,,C.
and oy, C constarits:

-, C + [(0,0) = 3a,C«a,,C|'?

3a,,,C

P

ot

(7)
If the cubic-tetragonal transition 1s second order then T, = T.. and the following
relation results from Equations (3) and (7):

Py =aft = (I = B(T = To)|'3h

where a = -0, ,C(30;;,C). and b = 3¢y,,C (e (e, )} (3)

The a and b relations can also be rearranged in terms of the «,,C and «,,C
constants:

ayC = =12, Cab)  «,,C = Li(6g,Cab) 9



THERMODYNAMIC THEORY OF PZT. PART I}
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Since o, C and «,,C are assumed to be independent of temperature. a and b will
also be independent of temperature. It can be deduced from equation (%) that for
a second order transition the spontaneous polarization P; vanishes at the transition
temperature Tc.

The spontaneous strains v, and x; of the tetragonal state are related to P, through
the electrostrictive coefficients [see Equation (21) in Reference 7). Bv substituting
Equation (8) into Equation (21) from Reference 7 the following relations result:

xp=aQp{l - [l - T - Ty (10)
X3 = aQ“ {1 - [1 - b(T - Tc)]l:} (11)

These equations can be used to fit the tetragonal strain data. if the cubic-tetragonal
transition is second order.

If the cubic-tetragonal transition is first order. then 7, = T_. and the sponta-
neous polarization changes discontinuously at the transition. At T two relations
must be satisfied:

0

2 4
e + oy Pie + oy P (12)
0= ap + 20 Pic + 3oy, Pic (13)

where a,- and P, are a, and P; at T,.. Equation (12) was derived from the
requirement that the AG’s of the cubic and tetragonal phases [Equations (38) and
'9) 1n Reference 7] must be equal at 7. Equaton (13) s the first partial derivauve
stability condition [Equation (14) in Reference 7] at T. which must be satistied
so that the stable state corresponds to the minima of the energy funcuon.

From Equation (4). a, at T is:

TC )
.’.E.)C

Substituting this equation into Equations (12) and (13). and solving for the tem-

perature independent coefficients «,; and o, results n:

o ___“(TC'To) o __:Tc‘To
" ggCPe HE T 26,CPie

Multipiying these rzlations by the Curie constant C. equatons result for the new
constants a,,C and «,,,C:

N = (14

(13)

"(Tc - Tu) Tc - T~)
—_ G = ——
eaPic ! Ze,Pic

Substituting Equations (16) and (3) into Equation (7). or subsututing Equatons
(15) and (4) into Equation (6), resulis in the following relation:

12

3 T - T,

2 = pp2 =31t - 7
P} = WP, where W 3 {1 [l HT: - T-))} } o

a,C = (16)

This equation can be used to calculate the spontaneous polarization P, from P;c,
T,. and T - T,. when the paraelectric-ferroelectric transition 1s first order.
Comparing this equation with the second order P, relation [Equation (8)] shows
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that a change in sign occurred after the first term. This is because for a first-order
transition a,, is negative.

Similar relations can be derived for the spontaneous strains x, and x; by subsu-
tuting Equation (17) into Equation (21) from Reference 7:

Xy = Vxe.  where x;c = Q2P (18)

x; = Wxse, where x;c = QuPic (19)

The above equations were used to fit the experimental tetragonal spontaneous
strain data that was determined from high-temperature x-ray diffraction data. In
each equation there are three independent unknown constants [x,-. 7,. and
T - T, in Equation (18): and x;¢. Ty. and T¢ = T, in Equaton (19)]. With three
unknown constants many combinations of the values of these constants will give
similar fits of the experimental data. For this reason a value cf T was first deter-
mined from the experimental phase diagram. which reduced the number of un-
known constants to two. With only two unknown constants, the combination of
values that gave the best least squares fit of the data could be easily found.

Amin er al.¥ fit T, of the experimental phase diagram with the following po-
lynomial equation:

Tc = (211.8 = 486.0x — 280.0x* + 74.42¢°)°C. (20)

where x is the mole fraction PbTiO; in PZT. This equation will be used to calculate
T versus composition for the evaluation of the dielectric stiffness constants n this
section. but a new equation [Equation (42)] will be given n Section [V, which will
be used to calculate T in References 3~10.

Haun er al.!! used a computer program to determine values of Xy¢. X:c. and T,
that gave the best least-squares fit of the lead titanate strain data (shown in Figure
4) using Equations (18) and (19) with T- equal to 492.2°C [calculated from Equation
(20)]. The electrostrictive constants of lead utanate were determined using Gav-
rilyachenko er al.'® room temperature spontaneous polarization value of 0.75 C m*,
and used with the strain data to calculate the spontaneous polarization. as shown
in Figure 5. The values of all of the constants used in these calculations are listed
in Table I.

The same procedure was used to fit the PZT 32/68 spontaneous strain data from
Figure 4. However, for this composition the least-squares error continually became
smaller as the T, — T, difference was reduced. indicating that the transinion was
actually second order. Therefore. Equations (10) and (11) were used to fit this
data. Values of the constants aQ,,. aQ,.. and b were then found that gave the best
fit of the strain data. The spontaneous polarization was calculated by combining
the strain data with the electrostrictive constants from Reference 13. The exper-
mentally obtained polarization and theoretical fit of the data are shown n Figure
5. The values of the constants which give the best fit of the data are listed 1n Table .
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TABLE |

Constaats used to Fit the Spontaneous
Strain Data and to Calculate tne
Spontaneous Polanzation Data tor the
Tetragonal Comgposttions

PHTIO,

T.0°0) 1922
Ta(°C) 1783
Te = T,0°0) 134
e(1073) -{) 362
el 1079) 124
Q10 *m*C?) 39
Q. (10 °m* CH =26
PicC m*) 0373
a, C(104*m*°C C*F) - 10 378
a L C(10¥m*C C'F) 309

PZT 3268
T. = T.0°0) 436 2
20, - 15 196
aQys 4 3904
b(’C-Y 1 0307
Q. (10°°m*C?) ]
Q. (107 m*C?) =243
a (10°° C+m?) -2.0125
a, (10" m*C'C*F) 27224

a,,, C(10¥ m”C C*F) 43091

w
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IV. RHOMBOHEDRAL COMPOSITIONS
The spontaneous polarization of the high-temperature rliombohedral state can be

solved from the quadratic first partial derivative stabulity condition [Equation (16)
in Reference 7}):

—§ (2 = Jeg)'”

P = 2
3 3 (21)
where { = 3(a,, + 1), and £ = 3oy + 6oy + oyas (22

As in the tetragonal case the numerator and denominator of this equation were
multiplied by the Curie constant C to relate P to the new constants:

-¢C = [0 = 9o, CEC'®

P =
) 3&C

{23)

where {C = 3(a;,C + a,,0). and §C = 3,;,,C - 6a,;»C + 0;::C (24

[f the cubic-rhombohedral transition is second order then T, = T . and the
following relation results from Equations (3) and (23):

Pi=afl - {1l -bT~- To)' L
where ¢ = -{C (3.C). and b = 95C[2¢,(¢0)7) (25)
The a and b relations can also be rearranged in terms of {C and ¢C.
(C = -3(2e,Cab)  &C = 1(2e,Cub) (26)

A simular relation can be found for the spontaneous strain x, by subsututing
Equation (25) into Equauon (23) from Reference 7:

e =aQu{l - [l =T - T3 (27)

As in the tetragonal case at T. if the cubic-rhombohedral transition 1s first order.
then a different procedure must be used to evaluate the coefficients. At T, the
energies of the cubic and rhombohedral phases must be equal [Equations (3) and
(10) in Reference 7], and the first partial derivauve stabulity condition [Equation
(16) in Reference 7] must be sausfied:

0 = 3oy ~ (Pie = EPic. and (28)
0 = aye + t{Pic + EP3 (29)

where a,c and P, are o, and P, at T.
Substituting Equation (14) into Equauons (28) and (29) and solving for the
temperature independent coefficients ¢ and § results in:

- _S(TC - T.,) _ 3(TC - o))

s 30
eoCPic ¢ 2e,CPic (>0)

e
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Multiplying these relations by the Curie constant C. equations result for the new
constants {C and £C:

o~ =T = T)) _ 3T - T)

C=—rm - ¥=75= Gb
Substututing Equations (31) and (35) into Equation (23) or substituting Equations
(30) and (4) into Equation (21) results in the following relation:

t2
2 T - Ty
2 = \yp2 =z ; A S L )
P: = w¥pPi.. where ¥ 3 {l + [1 T, S Tn)] } (32)

This equation 1s the same as Equation (17) derived for the spontaneous polarization
of the tetragonal state, except that P; and P, in this case refer to the rhombohedral
phase.

A similar relation can be dernived for the spontaneous strain x, by substituting
Equation (32) into Equation (23) from Reference 7:

xy = Wx,e.  where x,c = Q. P (33)

Either Equation (27) or (33) was used to fit the experimental high-temperature
rhombohedral spontaneous strain data from Reference 6. The transition temper-
ature T was first determined from the fit of the experimental phase diagram
[Equation (20)]. and then values of the remaining two unknown constants were
found that gave the best least-squares fit of the data. The best fit of the PZT 90/10
data was found to be slightly first order. while the best fits of the PZT 30-20. 70
30. and 60740 compositions were second order. The stain data was then used to
calculate the spontaneous polanzation through the electrostrictive constants from
Reference 13. as shown in Figure 6. The values of the constants used in the
calculations are listed in Table II.

V. FITTING THE MORPHOTROPIC PHASE BOUNDARY

In the last two sections constants involving the product of the Curie constant and
the fourth and sixth order tetragonal (a,,C and «,,,C) and rhombohedral ({C and
§C) dielectric stiffness constants were determined from spontaneous strain and
electrostrictive data. a,,C and «,,,C were determined for PbTiO; and PZT 3263.
and ¢C and ¢C for PZT 90/10. 80/20. 70/30. and 60/40 compositions. In addition
to these data, values of {C and &C were calculated for PbZrO;.!” A value of (C
was also determined for PbTiO;."!

From the above data the compositional dependences could be estimated for {C
trom PbZrO, to PbTiO,;, for £C only across the rhombohedral phase field. and for
a,C and «,,C only across the tetragonal phase field. Additional data were there-
fore needed to determine the compositional dependence of all of these constants
across the enure PZT system.

The {C [= 3(ey, + w,5)C] data was plotted in Figure 7 (c) versus composition.
These data were fit with the following equation:

{C = [(a + bx) exp™ + dx + e]l0", (34)
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The data pownts were calculated from the experimental spontaneous strain Jata Reference 6 and the
electrostnictive constants {rom Reference 16. The solid curves are theoretical tis ot the data.

wherea = =9.6,b = —0.012501. ¢ = 12.6.d = 0.42743. e = 2.6213. exp is the
exponential function. and . is the mole fraction of PbTiO; in PZT. This equation
was then used to calculate {C versus composition.

The rhombohedral sixth-order dielectric suffness (§) cannot become negauve
when the rhombohedral phase is metastable, and the stable tetragonal phase under-
goes a second-order transition to the cubic state. The §C [= 3oy + by +
423)C] data from the last section showed that this constant does decrease across

PSS
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TABLE [I

Constants used to Fit the Spontaneous Strain Data and to Calculate
the Spontaneous Polarization Data tor the Rhombohedrai

Compositions

PZT 90/ 10
T(°C) 257 674
T,(°0) 257 633
Tc - T, (°O) 0.019
Xie(107%) 3.5328
Q. (107 m*C?) 4.9
P;c (C/m?) 00329
¢C(10"* m*C. C*F) -0 039390
£C (10 m*C.C*F) 2.7458
PZT 30:20 PZT 70/30 PZT /040
T. = T,(°C) 298 40 334 41 366 16
aQ. {1077 -2 2600 -1 7187 -34730
b(10-2°CY) 22808 2.8542 1) 33338
Qu (107 m*'CY) 517 552 629
a(10=* Cm*) -4.3713 -3.1679 -3 7091
{C(10% m*C/C*F) 1 6992 1 8737 19715
£C(10¥ m*C/iC*F) 35153 35153 1 3454

the rhombohedral phase field towards the lead utanate composition. and may level
off without becoming negative. To keep this constant from becoming negative, §C
was assumed to be equal to «,,C at the lead titanate composition. This is the same
as assuming that a,,;C is equal to six times a,,,C for PbTiO;. This data point was
plotted in Figure 8 (d) along with the rest of the £€C data. which were then fitted
with the following equation:

EC = [(a ~ bx) exp™* = dx - e]lO", (33)

where @ = 16.225, b = —0.088651. ¢ = 21.255.d = -0.76973. ¢ = 0.387. and
x 1s the mole fraction of PbTiO; in PZT. This equation was then used to calculate
§C versus composition.

The morphotropic phase boundary. where the energies of the tetragonal and
high-temperature rhombohedral phases must be equal, was used to extrapolate the
a,,C and «y,,C constants into the rhombohedral phase field. The energies of the
tetragonal and high-temperature rhombohedral phases were defined by Equations
(9) and (11) in Reference 7. Multiplying these equations by the Curie constant
results in the following relations:

Fr  AGC = o,CP} + ay,CPi + o,,CPS (36)
Fausry AGC = 3a,CP} + (CP}{ + &CP3 (37)

Since the Curie constant is the same for the tetragonal and rhombohedral phases.
the product of AG and C for these two phases should be equal at the morphotrepic
boundary.

From the data presented in the last two sections. the paraelectric-ferroelectric
transition appears to be second order on both sides of the morphotropic boundary.
and thus T, = T.. The relation for T, [Equation (20)] was therefore used to

3
n
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calculate T, which is needed to determine «,C versus composition [see Equation
(5)]. Using this procedure to calculate o, C with {C and §C determined from Equa-
tions (34) and (35). the product of the energy AG and the Curie constant for the
rhombohedral state could be caiculated using Equation (37).

A computer program was written to extrapolate the «,,C and «,,,C constants
into the rhombohedral phase field by fitting the morphotropic boundary. The first
step was to make initial guesses for the values of «,,C and a,,,C for PbZrO,. A
quadratic fit of these data and the values of &, C and a;;,C determined 1n Section
[11 for the PZT 32/68 and PbTiO, compositions were then made using the tollowing
equation:

OL“C or a“lC = (a + bx + Cx:) 1013 (38)

The product of the energy AG and the Curie constant of the tetragonal state could
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FIGLRE 8 The product ot the sisth-order dielectric sutfness coetticients and the Curie constant The
dJata poiats were determined from the 2xperimental measurements The solid curves are theoreucal tits
of the data.

now be calculated using Equation (36). The morphotropic boundary was then
calculated from the cross over of the (AGC) products of the two phases. and a
least-squares error with the experimental data was calculated. New values ot «,,C
and o, C for PbZrO, were chosen. and the procedure repeated untl the best least-
squares fit of the morphotropic boundary was obtained. The final fit is shown in
Figure 2 of Reference 10 by the solid curve. The values and final fittings of the
a,,C and a,,,C constants are plotted in Figures 7 and 8. [n Equation (38) the final
constants for a,,C were a = 10.612. b = -22.655, and ¢ = 10.955: and for o, ;C
were a = 12.026. b = —17.296, and ¢ = 9.1790.

This program visually demonstrated how the shape of the morphotropic boundary
could be changed by varying the dielectric stiffness coetficients. Depending on the
values of the coefficients chosen. the phase boundary could be shifted either towards
PbZrO, or PbTiO;, and the shape could be changed from vertical to curved. The
bending of the boundary couid also be made to go towards PbZrO- or PbTiO..

The «,,C constant can be calculated from the «,,C and {C[= 3a,, = «,2)C]
constants:

QRC = éC/3 - CL“C (39)

Using this relation and Equations (3+4) and (38) for {C and «,C. »C was calculated
versus composition as shown in Figure 7.

When «,,C or (C changes sign tricritical points occur. and the cubic-tetragonal
or cubic-rhombohedral transition changes trom first to second order. As shown in
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Figure 7 tricritical points (labeled TCP) occur at the Pb(Zr, _ Ti,)O; compositions
with values of x equal to 0.102 and 0.717. Between these tricritical points the
paraelectric-ferroelectric transition is second order. and first order regions exist
near the end members PbZrO; and PbTiO;. In the first order regions the T, ~ T,
difference and spontaneous polarization at T (P;c) can be calculated from the
following relations derived from .quations (16) and (31):

Fr Py = [-a“C/(ZamC]“Z. Tc—-T,= eo(a“C)z/(ZamC) (40)
Faun Pic = [-LCIQREO))2.  Tc - Ty = g(LO)¥(6£C) (41)

Using Equations (34), (35). and (38) to calculate the constants in these equations.
Pic and T, — T, were calculated as shown in Figure 9.

T data from the experunental phase diagram were used with the preceding
T — T, calculations to deiermine 7, data in the first-order regions. These data
were then combined with the T data from the second-order region. which is equal
to T,, and fit with the following polynomial equation:

Ty

where a = 189.48, b = 843,40, ¢ = -2105.5,d = 4041.8. ¢ = ~38283.f =
1337.8. and x is the mole fraction of PbTiO; in PZT.
T was then calculated from the following relation:

Te =(Te - Ty) + T, (43)

a+ bx*+ cx® + dxt + ex’ + fx5, (42)

0.2 T T T T Y 0.50 T T T
" C (b) i
S ' :
SN 0.25 -
3 e -
Q. s -
0.00L )
15
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FIGURE 9 The spontaneous polanzaton at TclPy¢) [ta) and (b)] and the T - T. difference [(c)
and (d)] plotted versus composition 1n the tirst order regions of the phase diagram.
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where Tpand T — T, were calculated from Equations (40)-(42). T was calculated
from this equation and plotted in Figure 2 of Reference 10 along with the exper-
imental data. Equation (42) and (43) were used to calculate T, and T, throughout
the rest of this series of papers.

VI. SUMMARY

H.sh-temperature x-ray diffraction data on sol-gel derived PZT 32/68 powder were
presented, and used with electrostrictive data to calculate the spontaneous polar-
ization. These data were used with previously published data to determine the
values of the higher-order dielectric stiffness coefficients at several compositions.
The compositional dependence of each coefficient was determined by fitting these
values with an equation. A set of equations was then established that can be used
to calculate values of the coefficients at any composition.

All of the coefficients were assumed to be independent of temperature, except
the dielectric stiffness coefficient «,. which was given a linear temperature de-
pendence based on the Curie-Weiss law. The experimental phase diagram was
extensively used in the evaluation of the coefficients. by requiring that the energies
of the adjacent phases be equal at the boundaries. The first partial derivative
stability conditions were also used as additional relations in the evaluation pro-
cedure.

The fourth-order tetragonal («,,) and rhombohedral («,, - «;.) dielectric sutf-
ness coefficients were found to change sign as a function of composition. indicating
that two tricritical points occur in the PZT system. where the paraelectric-ferro-
electric phase transition changes from first to second order. By extrapolating be-
tween the data points, the tricritical points were found to occur a: Pb(Zr, . Ti,)Os
compositions with x equal {0 0.102 and 0.717. The transition was first order from
the end members to the tricritical points. and then a large second order region
occurs across the phase diagram between the tricritical points.

The tricritical point on the lead zirconate side of the phase diagram was previously
found to occur at the PZT 94/6 composition.- four percent closer to lead zirconate
than indicated by this study. This difference may simply be due to the experimental
error involved in the measurements and theoretical fitting, or may be related to
differences in homogeneity of the powders used (mixed-oxide versus sol-gel).

Haun er al.* indicated that the second tricritical point occurred near or possibly
at the morphotropic boundary. With the more recent data presented in this paper
and a more careful analysis of the previous da:a. th2 second tricritical point appears
to be located at the PZT 28/72 composition as described above. Differenual Scan-
ning Calorimetric (DSC) data on the sol-gel powders prepared in this project also
indicated that the second tricritical point occurs near the PZT 28/72 composition.
The shape of the DSC peaks at T changed from sharp narrow peaks (first order)
to very broad peaks (second order) at this composition. Additional work on pre-
paring homogeneous PZT powders, and then determining the lattice constants as
a function of temperature from high-temperature x-ray diffraction 1s needed to
tocate the tricritical points more precisely.
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THERMODYNAMIC THEORY OF THE LEAD
ZIRCONATE-TITANATE SOLID SOLUTION SYSTEM,
PART III: CURIE CONSTANT AND SIXTH-ORDER
POLARIZATION INTERACTION DIELECTRIC
STIFFNESS COEFFICIENTS

M. J. HAUN.,+ Z. Q. ZHUANG.z E. FURMAN. S. J. JANG
and L. E. CROSS

Materials Research Laboratory, The Pennsvivania State
University, University Park, PA 16802, USA

{Recewved September 16, [988)

Values of the Cune constant {C) and sixth-order polanzation interaction dielectric suffness coetficients
{ayy; and a,.y) are needed for the development of a thermodynamic theory for the entire lead zirconate-
utanate { PZT) sohd solution system. Low-temperature dielectnc data measured on pure homogeneous
polycrystalline PZT samples were used to determune values of these coefficients at several compositions
across the phase diagram. Equations were then fitted to these data to Jdetermine the compositional
dependence ot the coefficients. The Cune constant was found to form a peak in the middle ot the phase
diagram at the PZT 3050 composition.

I. INTRODUCTION

This paper s the third paper in a series of five papers' ~* describing the development
of a thermodynamic theory for the entire lead zirconate-titanate (PZT) solid so-
lution system. Values of the Curie constant (C) and sixth-order polarization 1n-
teraction dielectric stiffness coefficients (a,,; and «,,;) are needed for the devel-
opment of this theory.

Due to the lack of experimental data. the Curie constant was originally assumed
to be independent of composition in the theory developed for the single-cell region
of the PZT system.> Amin er al.% later found from a combrnation of calorimetric
and phenomenological data that the Curie constant was dependent on composition
with a peak forming near the morphotropic boundary between the tetragonal and
rhombohedral phases. The theory was then modified to account for the compo-
sitional dependence of the Curie constant.” The Curie constant data determined
by Amun er al.® extends from lead titanate to the morphotropic boundary between
the tetragonal and rhombohedral phases. Additional data were needed to complete

*Now at E. [. du Pont de Nemours & Co . Electronics Dept . Experimental Stanon. P O Box
30334, Wilmington, DE. 19880-0334.

zVisiung Scienust from the Department ot Inorganie Matenals Science and Engineeniag, Svuth China
Institute of Technology. Guangzhou. The Peuple’s Republic ot China.

3Now at Alhed-Signal Inc.. Metals and Ceramics Laboratory. P O Box UZIR. Mornistown, NJ.
17960.
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the compositional dependence of the Curie constant from the morphotropic bound-
ary to lead zirconate.

In this paper values ol C, a3, and a;,; will be determined as a function of
composition from low-temperature polycrystalline dielectric data. [n the next sec-
tion the results of the low-temperature dielectric measurements will be presented.
These data will then be used in Section III to determine values of C, a,,,, and
a23- A summary of this paper will be presented in Section IV.

II. LOW-TEMPERATURE DIELECTRIC MEASUREMENTS

Additional experimental data were needed to determine values of the Curie con-
stant and a,,, and a3 coefficients. Low-temperature polycrystalline dielectric data
were chosen for this purpose. At low temperatures the thermaily activated con-
tributions to the dielectric properties should freeze out™. The remaining dielectric
properties were assumed to be due to an averaging of the single-domain propertes.

Zhuang et al.? fabricated pure homogeneous polycrystalline ceramic PZT samples
from sol-gel derived powders. The same procedure was used to prepare disc shaped
samples for use in this study. The samples were cut and polished, and sputtered
with gold electrodes. The samples, with thermal-resistance wires attached as leads.
were then shielded in a copper enclosure in an Air Products and Chemicals model
LT-3-110 cryogenics system to cool the temperature to 4.2 K. The dielectric constant
and loss were measured at 1| KHz on a Hewlett Packard 4270A automatic digital
capacitance bridge.

After measuring the dielectric properties on the unpoled samples at 4.2 K. the
same samples were poled with electric fields of 20 to 40 KV'cm for 4 to 30 minutes.
The prezoelectric strain coefficient d;; was measured using a Berlincourt Piezo-d:;
meter to determine the completeness of poling. The poled samples were then cooled
back down to 4.2 K, and the dielectric properties were remeasured. The unpoizd
(£33). and poled (g5, parallel to the poling direction) dielectric constant data are
listed in Table [.

The Bruggeman formula® was used to relate the poled (g,5) and unpoled (g;;)
dielectric constants of the tetragonal and thombohedral polycrystalline samples to
the single-domain constants (&, and &s3):

e = ey — 29(ey + &) + {len — 2(eyy + e53)F + Seyentt?) (1)

ey = Hey + {ef + Seyesnt™?) (2)
e,, and e;; are the dielectric constants perpendicular and parallel to the poling
direction, and 9 is the fraction of 90° or 71°(109°) domain alignment. €, and ¢y,
were assumed to be equal to the dielectric susceptibilities n,, and ny; (actually
g, = 7, + 1) for the tetragonal compositions. and to ny, and ;3 for the chombo-
hedral compositions [see Equations (27) and (29) in Reference 1].

[n addition to the poled and unpoled ceramic dielectric constants, the fraction
of 90° or 71°(109°) domain alignment 9 is required in Equations (1) and (2) to
calculate the single-domain constants. Turik et al.” used an x-ray method to de-
termine 9 as a function of composition. These data were used to approximate
values of ¥ as listed in Table I.

The differences between the poled and unpoled ceramic dielectric constants at
low temperatures (listed in Table I) showed a similar behavior as was seen at room
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TABLE |

The dielectric constant at 4.2 K on
poled (&%,) and unpoled (&,;) ceramic
samples and the fracuon of 90° (or 71,

109°) domain alignment 9

; P
ZuTi £, 5 D

94/6 932 872 0.65
90/10 106.2 101.1 0.65
70/30 139.4 135.3 0.55
60/40 173.2 156.2 0.63
54/46 282.6 232.5 0.50
52/48 3243 303.0 0.34
50150 326 8 328.4 0.30
$0/60 200 6 202.0 0.23

temperature.® !° By poling the samples the dielectric constant decreased tor the
rhombohedral compositions, and slightly increased for the tetragonal compositions.
Turik er al.® attributed these changes from poling as being due to the reduction of
the clamping effect from 180° domain walls. When 180° domains are present. the
dielectric constant is lowered from a clamping effect between these domains. By
poling a ceramic sample virtually all of the 180° domains reorient closest to the
poling direction. and the clamping effect is reduced causing the dielectric constant
to Increase.

However, 90° or 71°(109°) domair reorientation alsn occurs during poling. which
decreases the dielectric constant if €,; is less than €,,. Thus the dielectric constant
will increase or decrease after poling depending on which of these competing
mechanisms dominates. In the tetragonal state the small fraction of the 90° domains
that realign during poling does not quite cancel out the increase tn dielectric constant
trom the reduction of the clamping effect of the 180° domains. and therefore the
dielectric constant increases slightly. In the rhombohedral state a large fraction of
the 71°(109°) domains align during poling and dominate the increase from the
reduction of the clamping effect, causing the dielectric constant to decrease. In
addition, a smaller fraction of 180° domains exist in a rhombohedral ceramic com-
pared to a tetragonal one.!!

Because of the clamping effect, as described above, Equations (1) and (2) were
only used to calculate the single-domain dielectric susceptibilities n,; and n;; for
the rhombohedral PZT 94/6 through 34/46 compositions using the data from Table
[at 4.2 K. This data is listed in Table II. The single-domain dielectric suscepuibilities
of the PZT 52/48, 50/50, and 40/60 compositions will be calculated using a different
procedure in the next section. The single-domain data will then be used to calculate
values of the Curie constant, and the «,,» and a,,, coefficients.

[II. EVALUATION OF THE CURIE CONSTANT AND SIXTH-ORDER
POLARIZATION INTERACTION DIELECTRIC STIFFNESS
COEFFICIENTS

In the second paper in this senes® the compositional dependences of the «,,C.
o, C. LC, and £C constants were determined. These constants together with the
o, C constant can be used to calculate the spontaneous polarization and AG C of
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TABLE 11
Calculations from the low temperature ceramic dielectric data

ZrtTi T Ny C a4,:C a,,-C

or or

U N33 (10° *Cy 10" m*C C*F) {10 m~C C'F)
Rhombohedral
9.4/6 98.0 84.1 2.0031 13 905 ~3 3019
9010 110.2 98.4 2.0823 70625 ~ 18033
70/30 142,66 133.1 2.1648 33549 - 1.3592
60/40  187.5  {46.8 24243 3 1431 -1 3008
5446 338.4 189.4 31714 2.4256 -1 1019

the tetragonal and high temperature rhombohedral phases [Equations (7). (23).
(36). and (37) in Reference 2}. In addition to these constants. the Curie constant
C., and the polarization interactions coefficients a5, &,;>. and «,.; are required to
calculate the second derivative properties, such as the dielectric properties [see
Equations (27) and (29) in Reference 1j.

The «,C constant was calculated from the «,C and ¢(C [=3(at;; = ay2) C]
constants in Reference 2. A combination of the «,-C and «,-;C constants can be
calculated from the «,,C and £C [ =(3a;,, + 6ay;: + ay3;) C] constants with the
following relation:

(6o + @123) € = §C = 3oy, C (3)

Using this equation allowed (6c;;» ~ «,s;) C to be calculated from the values of
the £€C and «,,,C that were determined in Reference 2. but additional data were
still needed to separate the «a,,C and «,,;C constants.

The low-temperature dielectric data presented in the last section were used to
calculate the Curie constant and to separate the dielectric stiffness coefficients «,;,
and a,;,3. To accomplish this the high-temperature rhombohedral equations were
used at low temperatures, where actually the low-temperature rhombohedral phase
is stable, because of the following reasons.

To calculate the dielectric susceptibility coefficients of the low-temperature rhom-
bohedral phase, the polarization-tilt angie coupling coefficients must be deter-
mined, in addition to the dielectric stiffness coefficients {see Equaton (30) in
Reference 1]. The dielectric properties have been experimentaily shown to only
change very slightly at the transition between the high and low temperature rhom-
bohedral phases.'* A fairly good assumption can then be that the dielectric sus-
ceptibulity coefficients of the high and low temperature rhombohedral phases are
equal at the transition between these phases. Using this assumption with the meth-
ods described in this paper and the second and fourth papers of this seres to
determine the other coefficients, the constants needed to calculate the dielectric
susceptibilities of the low-temperature rhombohedral phase can be solved for.

However, when using the low-temperature thombohedral dielectric susceptibility
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equations and the experimental ceramic data at low temperatures in the present
theory (tilt angle coefficients are independent of temperature and only go up to
the fourth order). the resulting values of the Curie constant will not agree with the
available experimental data. A temperature dependence was added to the second
order tilt angle related coefficient {8, in Equation (1) of Reference 1]. but this sull
did not resolve the problem. Probably what is needed. in addition to this temper-
ature dependence, is to add a sixth-order tilt angle term to the energy function.
But if this is done the equations for the spontaneous polar.zation and tilt angle
will change from quadratic to quartic. At this point the additional complexity
resulting from a sixth-order tilt angle term is probably not warranted. and there s
not enough experimental data available to properly determine these additional
constants.

The question now is how can the low-temperature ceramic dielectric data be
used to determine the Curie constant and to separate the sixth order polarization
interaction coefficients, if the low-temperature rhombohedral equations will not
give reasonable results with the present theory. The dielectric properties of the
high and low temperature rhombohedral phases were experimentally found to be
very similar at the transition between these phases. If the dielectric properties of
these two phases remain similar down to low temperatures. then the high-tem-
perature rhombohedral dielectric susceptibilities relations could be used at low
temperatures.

Using the high-temperature rhombohedral relations at low temperatures pro-
duced very reasonable results. A Curie constant of 2 x 10°°C was obtained for
the PZT 90/10 composition. which is in excellent agreement with experimental
single-crystal measurements. ' Thus this indicates that the high and low temperature
rhombohedral dielectric properties are probably similar down to even very low
temperatures (4 2 K). The high-temperature rhombohedral dielectric susceptibility
relations were therefore used for the dielectric properties of both the high and low
temperature rhombohedral phases, which appears to be a fairly good assumption.

The 7y, and m;; data for the rhombohedral PZT 94/6 through 54/46 compositions
were used to calculate the Curie constant, and to separate the «,,> and «,,; constants
from the following high-temperature rhombohedral dielectric stiffness relations:

Cleo[(T = To)ep + 120, CP3 + (302, C + 12a,,C — 2a,5,C) P} (4)

uI?

n5s = Cleo[(T — To)ley + HLCPE + 105CP3)} (5)
These equations were derived from Equations (29). (33). and (40) from Reference L.

Equation (5) was used to calculate the Curie constant from the n3; data in Table
[I. and from values of the {C and £C constants in Equations (34) and (35) listed
in Reference 2. Equations (3). (4). and (5) were then combined to calculate the
o,;2C and «,;C constants using Equations (38) and (42) from Reference 2
determine values of Ty, «,,C, and «a,,,C. The C. «;;-C. and «,;,;C data are listed
in Table II.

The «,,,C data listed in Table II with the lead utanate value from Reference 13
were fit with the following relation:

o 2C = aexp=® + cx + d, (6)
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where a = 58.804. b = 29.397, ¢ = —3.3754. d = 4.2904, exp is the exponential
function. and x is the mole fraction PbTiO; in PZT.

The compositional dependence of the «,,;C constant was determined from the
following relation derived from equation (3):

a;3C = §C - 3, C = by, (7)

where £C and «,,,C were determined from Equations (35) and (38) from Reference
2, and «,;,C was determined from Equation (6) above.The data from Table II and
the calculations from Equatioas (6) and (7) are shown in Figure 1.

The Curie constants of the PZT 52/48 and 50/50 compositions were determined
by substituting Equations (4) and (5) into Equation (1). and using the ¢,§ data
from Table I, along with the dielectric suffness constants calculated from the pre-
viously given equations. Values of n,; and n,; were then calculated from Equations
(4) and (3) and are listed in Table II. This procedure was also used for the tetragonal
PZT 40/60 composition using Equations (27) and (36) from Reference 1 for the
tetragonal dielectric susceptibilities. The values of C. n,,. and nj,; are listed 1n Table
II.

MOLE FRACTION PbTiOy IN PZT
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;5 1n the thombohedra! state plotted versus composition at 4.2 K. The data points are trom Table II.
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calculations after determining the compositional dependence of the coefficients.
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The best least-squares fit of the following relations were used to fit the com-
positional dependence of the Curne constant using the data listed in Table II along
a value of 1.5 x 10°°C :or PbTiOj;:

Forx <0.5: C = [2.1716/(1 ~ 500.05x)> ~ 0.13Lx + 2.01]10°

(8)
Forx =0.5: C = [2.8339/(1 + 126.56x)? + 1.4132]10°

The Curie constant data and fitting from this equation are plotted in Figure 2.
Amin er al.” also found a peak to occur in the Curie constant at the PZT 30:530
composition. although their peak value was somewhat larger than the results pre-
sented here (7.7 versus 4.3 x 10°°C). Tsuzuki et al.'* experimentally found Curie
constant values of 3.8 and 6.0 x 10°°C from single-crystal dielectric measurements
on PZT 50/50 and 51,49 compositions.

The dielectric data listed in Table II are plotted in Figure 3. along with the
theoretical calculations using the constants determined in this paper. The cross
over of the m;, and n;; coefficients on the rhombohedral side of the diagram
resulted from the extrapolation of the constants between the compositions where
the data points occur, and may or may not be a real effect in the matenal. [n any
case the dielectric anisotropy becomes very small in this region. A more detailed
discussion of the dielectric amisotropy will be provided Reterence 4.

v SUMMARY

The dielectric properties were measured on unpoled and poled polycrystalline
samples at 4.2 K. These data were used to caiculate the single-domain dielectric
susceptibility coefficients using the Bruggeman relation. Values of the Cure con-
stant and «,,> and a,,; coefficients were calculated from the single-domain data.
Equations were then used to fit these values to determine the compositional de-
pendence of the coefficients for use in the development of a thermodynamic theory
for the PZT system. As a summary of this paper and the second paper of the
series,* Table [II gives values of the coefficients of the energy function.

The Curie constant was found to form a peak at the PZT 5050 composition.
similar to the compositional dependence of the electrostrictive constants.'” This
type of behavior 1s in agreement with earlier data n the literature.” " ** but at this
point it is not clear whether the peak 1s occurring due to the morphotropic boundary
between the tetragonal and rhombohedral phases or due to some other etfect. The
Cune constant is a constant from the high-temperature cubic state. and thus should
probably not be related to the morphotropic boundary. By studyving the compo-
sitional dependence of these constants in other solid solution systems where
a morphotropic boundary occurs away from the 30/30 composition {e.g. Pb-
(Mg, ;Nb, ;)0,-PbTiO; system] may help to resolve some of these questions.
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THERMODYNAMIC THEORY OF THE LEAD
ZIRCONATE-TITANATE SOLID SOLUTION SYSTEM,
PART IV: TILTING OF THE OXYGEN OCTAHEDRA

M. J. HAUN,+ E. FURMAN,: T. R. HALEMANES and L. E. CROSS

Materials Research Laboratory, The Pennsylvania State University, University
Park, PA 16802, USA

{Recewved September 16. 1988)

V alues of coetficients related to the titing of the oxvgen octahedra in the low-temperature rhombohedral
phase ot the lead zirconate-utanate (PZT) solid solution system are needed (n the development ot a
thermodynamic theory ot the PZT system. [n this paper these coetficients will be determined trom
expenmental spontaneous strain and oxygen octahedral ult angle data.

Values of the ult angle related coefficients B,. 8,,. and ¢ are assumed to be independent of tem-
perature, and are then related to P,. 8,. and T,. where P, and 8, are the spontaneous polarization
and tit angle of the low-temperature rhombohedral phase at the transition temperature T, between
tilted and unuited structures.

P. and 9, are denved from expenmental data for the PZT 90/10 composinion. and used together
with spontaneous strain values at this composttion to determine electrostrictive (Q..) and rotostrictive
(R,) constants. These constants are then in turn used to denve P, and 8§, values tor other PZT
compositions from spontaneous strain vs temperature at each compositton. and in the tinal paper in
this sequence to denve the 8,. 8,,, and & values for these compositions

[. INTRODUCTION

This paper is the fourth paper in a series of five papers! ~* describing the devel-
opment of a thermodynamic theory for the enure lead zirconate-titanate (PZT)
solid solution system. In the low-temperature rhombohedral phase in the PZT
system the oxygen octahedra tilt or rotate about the polar axis. In the first paper
of this series the oxygen octahedral tilt angle was included in the PZT energy
function as an order parameter [see Equation (1) in Reference 1] to account for
the low-temperature rhombohedral phase. In this paper the ult angle related coef-
ticients of the energy function will be determined.

[I. EVALUATION OF THE TILT ANGLE RELATED COEFFICIENTS

The ult angle related coefficients will be determined from the available expern-
mental low-temperature rhombohedral spontaneous strain and tlt angle data. Mul-
uplying the energy of the low-temperature rhombohedral state [Equation (12) in

*Now at E. . du Pont de Nemours & Co.. Electronics Dept.. Experimental Stauon. P O Box
30334, Wilmington. DE. 19880-0334

sNow at Allied-Signal Inc., Metals and Ceramics Laboratory. P O Box 1021R. Momstown, NJ.
07960.

§Now at AT & T Bell Laboratones. Holmdel. NJ 07733.
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Reference 1] by the Curie constant results in the following relation:
Farr AGC = 30,CP} ~ (CP{ - ¢CR}
= 3B,C65 ~ 3B,,C3 - 3dCPH3. (1)
where &C = (v, ~ 2y, = yu)C (2)

{C and £C were defined by Equation (24) in Reference 2.

Equations for the spontaneous polarization P; and tilt angle 8, can be found
from the first partial derivative relations [Equations (17) and (18) in Reference 1J:
=b + [b* = dac]'?

2a '

P%and 65 =

where for P a = &C
b =1(C - (6C)*(28,,C)
¢ =o,C -~ B,CoCi(28,,C) (3)
+c(Br O)(dC)
6C -~ 3B, CH(dCOY3ECR,C/(dC) - (C]

0,C = BC(6OIECB,C (6C) - i (C] (4)

and for 6% a

b

]

c

Values of the «,C. {C. and &C coetficients were determined n the second paper
in this series. Thus the tilt angle related coefficients 8,C. 8,,C. and &C are the
only unknown coefficients in these equations. These coefficients were assumed to
be independent of temperature. and were related to three new constants at the
high to low temperature rhombohedral transition temperature. Tg. using the first
partial derivative stability conditions {Equations (17) and (18) in Reference 1]. and
by equating the energies of the two phases at the boundary [Equations (1) above
and Equation (37) in Reference 2]. This resulted in the following equations:

6C = = 1/b3[2(3e,,C + oxC)(P% — P})

+ (15e,C + 14a2C + 53O0 Py = PY)) (3)
B\C = —dCPL + U8, [(Tg = \yeol Py — P3)
+ 3C(Py —~ Py) = EC(PY - PY)] (6)

Buc = 1'97.[(TR - Tu)’(zic))(Pi{ "'Pi)
+ {CI3 (P — P) + §CI3(PY - P7) - B,CO; — 6CPE 7] (7)

Py and P, are the spontaneous polarization of the high and low temperature
rhombohedral states at Tx. 8, is the tlt angle of the low-temperature rhombohedral
state at T,.

P, can be calculated from Equation (23) in Reference 2 using the constants
determined in Reference 2. Thus by determining T,. P,. and 6, the C. 8,C. and
B,,C constants can be calculated. When calculating these constants, the C constant
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should be found first from Equation (3). This value should then be used in Equaton
(6) to calculate the B,C constant. Finally the values of the &C and 8,C constants
should be used in Equation (7) to solve for the 8,,C constant.

The following least squares fit of the experimental phase diagram was used to
determine the compositional dependence of Tg:

For x < 0.15: Tz = a + bx + cx?

where a = —105.07, b = 2812.6, ¢ = —7665.9
For x = 0.15: Te =a + bx + cx? + dx* + ex?
where ¢ = 5.5465. b = 2388.8. c = -13864., (8)
d = 32282., e = =-32675.

In fitting the data with x = 0.15 an additional data point was added at the PZT
50/50 composition at a temperature of —273°C. This was required to keep the high
to low temperature rhombohedral boundary from crossing the morphotropic boundary
at low temperatures. The fit of the experimental data using these equations s
shown in Reference 4 in Figure 2.

Glazer er al.’ determined the spontaneous tilt angle for the PZT 90/10 compo-
sition at 25 and 60°C. The values of the tlt angle reported represent the rotation
about the cubic [111] direction. In the three-dimensional energy function used in
this theory components (8,) of the resultant tilt were included. Thus the component
tilts were first calculated from the resultant tilts that were reported in the literature.
The following relation was derived to relate the component tilts (6;) about each
orthogonal axis to the resultant tilt (85) about the body diagonal:

cos B; = (2 - cos bs) (9)

Another relation was also found to give similar results as Equation (9) for small
angles:

31 3 93 = 95 (10)

Equation (10) was used to calculate the component tit (8;) from Glazer et al.’s
data.

This data was then used to determine the P, and 8, constants for the PZT 90

10 composition that gave the best least-squares fit using Equation (4) combined
with Equations (5)-(8). The resulting values of P, and 8, are listed in Table [.

TABLE [
Values ot £ and 8,

2rTi P oCm) B, tdeg )
90/10 0275 132
30/20 0271 199
030 0280 149
oU/40 - 0 392
50050 0 380 -
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The expernimental data and the fit using these constants 1s shown n Figure 3 in
Reference 4.

The rotostrictive R,, constant was used to fit the low-temperature rhomoohedral
spontaneous strain x, data (from Reference 6) for the PZT 90,10 composition using
Equation (24) from Reference 1, and the values of P, and €, determined above.
Using the value of the electrostrictive constant Q. of 0.049 m*'C- from Reference
7, resulted 1n a poor fit of the experimental data. However, a good fit was obtained
by varying both the Q. and R., constants. The best least-squares fit resuited in
Q.. and R, values of 0.0433 m*C? and — 1.93 x 10~* deg~?, respecuvely. The
experimental strain data and the fit using these values is shown in Figure l(a).

The change in the Q. constant from high to low temperature rhombohedral
phases may indicate that the tiiting of the oxygen octahedra influences the clec-
trostriction. resulting in different electrostrictive constants in these two phases.
Another possible cause of this could be that the tilt angle coefficients are temper-
ature dependent and/or that a higher order tilt angle coefficient 1s needed (8° term).
However. to not complicate matters any more than they already are, the Q;; and
R, constants of the low-temperature rthombohedral state were assumed to have
the values given above independent of temperature and compositton. The values
of the electrostrictive constants of the high temperature thombohedral state were
still kept the same as given in Reference 7.

Using the same values of the Q,; and R,; constants given above for the PZT 90/
10 composition. values of P, and 9, were found that gave the best least-squares
fit of the experimental spontaneous strain data for the PZT 30,20 composition.
The values are listed in Table [. The experimental data and tit using these values
are plotted in Figure 1(b).

The spontaneous strain x, was measured at two temperatures (n the low-tem-
perature rhombohedral state for the PZT 70,30 composition. Since there were only
two experimental data poiats, a procedure was used to combine these data with a
single ult angle value at 9K that was measured by Amun er al.® for the PZT 60/40
composition.

The first step was to make an initial guess at a value of P, for the PZT 70/30
composition. This value of P, was used with the P, values listed in Table I for the
PZT 90/10 and 80/20 composition to solve for a quadratic compositional dependence
of P, (three unknown constants and three data points). This equation was used to
extrapolate a value of P, to the PZT 60/40 composition. which allowed a value of
8, to be found that fit the tilt angle data at 9K. This value of 8, was used with the
8, values listed 1n Table [ for the PZT 90/10 and 80/20 compositions to solve for

TABLE UI
Values of the Tult Angle Related Coetfictents at 25°C

Mole Fraction PbTiO, 1in PZT

01 02 03 04
8, (10° J/m* Deg-) 5618 3 395 1343 2979
By, (10° J/m® Deg®) 2.506 1674 ! 682 1174

& (10° nvF Deg?) -9.626 -6 423 -6.302 -31382
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FIGURE ! The spontancous strain v, in the low-temperature rhombohedral state plotted versus
temperature for the PZT 90/10. 80/20. and 70:30 compositions. The data points are from Reference 6
The soltd curves are the theoreuncal fits of the data.

a quadratic compositional dependence of 8,. This equation was then used to cal-
culate a value of 6, back at the PZT 70/30 composition. This value was used with
the initial guess of P, to determine the spontaneous strain x,, and to calculate the
least-squares error with the two data points. Another guess of P, for the PZT 70/
30 composition was then made, and the entire procedure was repeated until the
values that gave the best least-squares error were found.

A problem developed from the procedure described above: P, became less than
P,; for compositions near PZT 60/40. The difference in the values between P, and
Py decreased from around PZT 80/20 to PZT 60:40. which seems to be 1n agreement
with pyroelectric measurements.” However. it was felt that P, should probably not
become less than P, (the polarization should increase when going to the low-
temperature rhombohedral phase). Thus an additional manipulation was used to
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keep P, from becoming less than P,. To allow the difference between P, und P,
to decrease as the titanium content increased, but to keep this difference from
going to zero within the stability region of the low-temperature rhombohedral
phase. an additional P, data point was included n determining the compositional
dependence of P,. This value was arbitrarily chosen by letting P, become equal
to Py at the PZT 50/50 composition. This effectively moved the composition where
P, became equal to P ; into a metastable region.

This value of P, at PZT 50/50 (listed in Table [) was then used with the previous
values of P, for the PZT 90/10. 80/20. and 70/30 compositions to determine the
compositional dependence of P, by fitting the data with a cubic polynomial equation
(four unknowns and four data points). This equation was used to calculate a P,
value back at the PZT 60/40 compositions. Using this value a new 8§, value for
PZT 60/40 was found by refiting the experimental tilt angle data poiwnt at 9 K.
This value cf 8, for PZT 60,40 was then used with the previous values of 8, for
the PZT 90/10, 80/20, and 70,30 compositions to determine the compositional
dependence of 8, from a cubic polynomal fit.

The final values of P, and 8, used in the fitting are listed in Table I. and plotted
in Figure 2. The cubic compositional fits, also piotted in Figure 2. of these data
are:

Y
3

P oand 8, = a = bx = ¢cx* - dx,

where for P.:a = 0.28079

b = —-0.030117

c = —-0.46130

d = 1.8367 (i)
and for 8,: a = 0.91340

b = 12.967

¢ = ~40.255

d = 11417 (12)

The expenmental spontaneous strain data and final fit for the PZT 7030 com-
position are plotted 1n Figures l(c). The experimental tilt angle data point and
tinal fit for the PZT 60740 composition is plotted n Figure 5 in Reference 4.

V/ith the compositional dependences of Tx. P,. and 8, determined from Equa-
tions (8), (11), and (12). the ult angle related constants $,C. 3,.C. and &C can be
calculated from Equations (5)-(7).

[II. SUMMARY

The ult angle related coefficients, 8,C. 8,,C. and ¢C. were related to three new
constants. Iz, P, and 8, at the transition between the high and low temperature
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FIGUREZ The spontaneous polanizauon (P, ) and ult angle (9, ) of the low-iemperature rhombobhedral
state at T, plotted versus composition The data points are from Table [ The sohid curves are tus ot
the data using Equations (11) and (12)

rhombohedral phases. The transition temperature between these phases. Tz, was
determined trom the phase diagram. Values of the spontaneous polarization and
ult angle of the low-temperature rhombohedral phase at Tg. P, and 8,. were
determined from experimental spontaneous strain and tilt angle data. These values
were then fit with equations to determine the compositional dependence ot P, and
.. These equations will be used in the last paper in this series to calculate the
values of B,. By;. and & for theoretical calculations of the phase stability and
properties of the low-temperature rhombohedral phase. As a summary of this paper
Table [I gives values of these constants at four PZT compositions.
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THERMODYNAMIC THEORY OF THE LEAD
ZIRCONATE-TITANATE SOLID SOLUTION SYSTEM,
PART V: THEORETICAL CALCULATIONS

M. J. HAUN,7 E. FURMAN.: S. J. JANG and L. E. CROSS

Materials Research Laboratory, The Pennsylvania State University,
University Park, PA 16802, USA

(Recetved September [6, 1988)

[n this final paper of a sequence of five papers presenting details ot a thermodynamic phenomenology
for the whole PbZrO, PbTiO, solid solution family. the constants denived in the earhier papers are
used to calculate the temperature and composition dependence ot the Elastic Gibbs Free Energy AG,
at zero stress. the spontaneous electric polanzation and spontaneous tilt of the oxvgen octahedra in a
single domain, the amisotropic weak field dielectric permituvity and the ptezoelectric constants tor
composttions all across the phase diagram.

These data can be used to determine the ntninsic component of the behavior of any pure lead
arconate  lead titanate n any part of the phase field and at any temperature. and thus can torm
first step (n the separatton of the expenmentallv observed properties wito .heir intnnsic (single domain)
component and therr extrinsic domain and defect related responses

The function proposed 1s certainly not the final viord for PZT. and will clearly be subjected to
continuous modification and improvement as new and better experimental data becomes available The
purpose of the exercise has been to correlate a very wide panoply of expenimental data with a single
tunction, and to extract from it the constants which would be directly accessible if single domain single
crvstals could be grown at the interesting PbZrO,  PbTiO. compositions

[ INTRODUCTION

This paper is the final paper in a series of five papers! ~* describing the development
of a thermodynamic theory for the entire lead zirconate-titanate (PZT) solid so-
lution system. In this paper theoretical calculations will be made using the equations
that were derived in the first paper! of the series. and the values of the coefficients
determined in the second. third, and fourth papers.>~* The anuferroelectric cal-
culations will be made using the coetficients that were determined in Reference 3.

The free energies of each phase will be calculated in the next section and used
to determine the phase diagram. In Section III the spontaneous polarization and
ult angle will be calculated. The dielectric and piezoelectric properties will then
be calculated 1n Sections IV and V., followed by a summary and discussion of the
tuture applications of this theory.

*Now at E. I. du Pont de Nemours & Co . Electronics Dept.. Expenimental Stauon. P O Box
30334, Wilmington, DE. 19880-0334

zNow at Alhied-Signal Inc.. Metals and Ceramics Laboratory. P O Box [021R, Mornstown. NJ.
07960.
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[I. PHASE DIAGRAM

In the second paper of the series. products of the dielectric suffness coefficients
(a,) and the Curie constant (C) were shown to be independent of C. These new
constants (a,C) can be used to calculate products of the tree energies and the Curie
constant (AGC), which are also independent of C. Since the Curie constant 1s the
same 1n all of the solutions of the energy function, the AGC products can be used
to determine the phase stability independently of the effect of the compositional
dependence of C.

In Figure | the product of the energies and Curie constant (C) are plotted versus
composition at three temperatures. The solution with the lowest AGC product
corresponds to the stable phase. and a phase transiion occurs when the curves
cross. At 25°C [Figure 1(c)] the tetragonal solution has the lowest AGC on the
lead uitianate side ot the figure. and s thus the stable phase Moving across the

| ]

(a) 125°C

>
e___

FR(HT) |

1
————

PRODUCT OF FREE ENERGY AG
AND CURIE CONSTANT C (10'%4 °C/m3)

MOLE FRACTION PbTiOy4 IN PZT

FIGURE | The product of the free ¢nergy AG and Cunie constant plotted versus composition tor the
different solutions of the energy function.
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tigure towards lead zirconate the tetragonal phase remains stable to the dashed
line labeled 5. At this point the AGC of the high-temperature rhombohedral so-
lutton becomes less than that of the tetragonal phase. and a phase transition occurs
between these phases (the morphotropic phase boundary).

Continuing across the figure. the high-temperature thombohedral phase remains
stable to the dashed line labeled 4, where a transition to the low-temperature
rhombohedral phase occurs. This phase is then stable until the dashed line labeled
2 is reached, and a transition to the antiferroelectric orthorhombic phase occurs.
At higher temperatures an additional region of high-temperature rthombohedral
phase develops between the low-temperature rhombohedral and antiferroelectric
orthorhombic phase fields. The low-temperature rhombohedral phase field also
becomes narrower as the temperature is increased.

The AGC curves for the low-temperature rhombohedral and anuferroelectric
orthorhombic phases shown in Figure | were only drawn over the regions where
these phases were stable. The compositional dependence of the antiferroelectric
orthorhombic phase was determined by equating the energies of this phase with
the high-temperature rhombohedral phase at the transition between these states
(described in Reference 5). Since this transition only extends over a narrow com-
positional region. the above method will only apply over this region. Thus the
energy of the antiferrcelectric orthorhombic phase should only be calculated within
this region.

In the case of the low-temperature rthombohedral phase the AGC can be cal-
culated over a very small region into the adjacent phase fields. at which point
either the spontaneous polarization becomes imaginary. or the low-temperature
rhombohedral phase undergoes a metastable phase transition to the cubic state.
At this point additional work needs to be conducted to more completely understand
what 1s actually happening. This is particularly im>ortant in gaining a better under-
standing of the change in the spontaneous polarization trom the high to low tem-
perature rhombohedral phases. as will be discussed in more detail 1n the next
section.

Calculating the AGC product of the ferroelectric orthorhombic phase provided
an independent check on the values of the coefficients of the energy function. As
shown in Figure | this phase was found to be metastable across the phase diagram.
indicating that the ratios of the coefficients are at least in the right range.

By plotting the composition versus temperature where the AGC products of the
solutions cross, the phase diagram is obtained as shown in Figure 2. The data points
are from the experimental phase diagram.® and the solid curves are from the
theoretical calculations. The excellent agreement between the expenimental data
and theorezical calculations is to be expected, because the data was used to de-
termine values of the coefficients in such a way as to cause the energies of the
adjacent phases to be equal at the transition. However. this agreement shows that
the energy function and values of the coefficients that have been determined will
quantitatively model all of the known phase transitions of the PZT solid solution
system.

The inflection point in the transition temperature T between the cubic and high-
temperature rhombohedral phases near the PZT 90/10 composition (see Figure 2)
appears to be due to the tricritical behavior. The Curie-Weiss temperature T, should
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FIGURE 2 Superposition of the theoretical and experimental phase diagrams The data pouwnts are
from the experimental phase diagram.” The sohd curves are the theoretical caiculations

form a continuous function with a continuous slope across the phase diagram.
because 1t 1s determined from the cubic phase. In the second-order region T 1s
equal to T, but in the first-order regions T, becomes less than T-. The T- - T,
difference increases rapidly over a narrow compositional region, from zero at the
tricritical point at 42°C for lead zirconate (see Figure 9 in Reference 2).

A question now arises as to why a simular change in T s not seen at the second
tricritical point near the PZT 28/72 composition. This may be because the
Tc — T, difference only changes from zero at the tricritical point to 13.4°C for
lead utanate, and this smaller change occurs over a much wider compositional
range. In addition there is not enough T- data on the phase diagram in this region
to really be able to notice this type of change in T-. Additional high-temperature
x-ray diffraction work 15 needed to more precisely locate the second tricritical potnt.
In the process of this work 1t would be interesting to try and see 1if T does change
in a similar (but smaller) way as occurs on the lead zirconate side.

[II. SPONTANEOUS POLARIZATION AND TILT ANGLE

Figure 3 shows the calculated spontaneous polanzation plotted versus temperature
for five tetragonal PZT compositions. The first order transitions of the PbTiO; and
PZT 20/80 compositions can be seen by the discontinuous changes in the polari-
zation at T.. The other three compositions have second order transitions causing
the polarization to change conunuously at T.. The dielectric stiffness coetficient
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FIGURE 3 The theorencal spoataneous polanzation P, plotted versus temperature tor tive .ctragonal
COMpOSIIONS.

«,, changes sign at a tricritical point between the PZT 20/80 and 30/70 compositions
causing the transition to change from first to second order. This tricritical point
was estimated to occur at the PZT 28/72 composition from an extrapolation of oy,
presented in Reference 2.

The calculated spontaneous polarization data shown in Figure 3 are in good
agreement with the available experimental data. The value of 0.75 C'm* at 25°C
for lead titanate s equal t¢ Gavrilyachenko er al.'s” experimental single-crystal
measurement. The polarization values for the PZT 40/60 composition are shghtly
larger than the single-crystal measurements from 25 o 200°C of Tsuzuk: er al.®
They commented that the polarization was not completely saturated in their hys-
teresis loops, which would result in lower values of the polarization. The close
agreement between the calculated polarization and experimental measurements
indicates that the proper values of the electrostrictive constants were used.

The spontaneous polarization of four thombehedral compositions with the high
to low temperature rthombohedral phase transition is plotted versus temperature
in Figure 4. The resultant polarization (= 3"2P;) along the [L11] direction was
plotted in this figure. The small first order change in the polanzation of the PZT
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FIGURE 4 The theoreucal resultant spontaneous poiarization P, (3'*P.) plotted versus temperature
for four compositions with the high to low temperature thombohedral phase transition

90/10 composition at the high-temperature rhombohedral to cubic transition (7)
can be seen in Figure 4(a). The other three compositions [Figures 4(b)-(d)] all
have a second order transition at T This is because the fourth order rhombohedral
dielectric suffness (c;, ~ a,») is slightly negauve for the PZT 90/10 composition.
and then changes sign at a tricnitical point (close to PZT 90/ 10) and becormes positive
for the other three compositions.

The high to low temperature rhombohnedral phase transition ts first order for all
compositions, as can be seen in Figure 4 by the discontinuous change tn rhe po-
larization at this transition. This discontinuous change in the polarization increases
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from PZT 90/10 to 80/20. but then decreases as the titanium content 15 increased
turther. and becomes very small for the PZT 60/40 composition. This may explain
why Zhuang er al.® found from pyroelectric measurements that the polarization
only slightly changes through the high to low temperature thombohedral transition
tor the PZT 70/30 and £0/40 compositions. but a large change occurs tor the PZT
90710 and 94/6 compositions.

The spontaneous polarization data for the PZT 90/10 composition [Figure 4(a)]
is in fairly good agreement with the single-crystal measurements by Clarke and
Glazer.'? Some of their experimental data in the high-temperature rhombohedral
region was used to determine the electrostrictive ., constant for this composition.
and thus good agreement occurs n this region. However. their data showed a
decrease in the polarization on cooling in the high-temperature rhombohedral state
close to the transition to the low-temperature phase. possibly due to a leakage of
charge durning theiwr measurements. In this region the theoreucally calculated po-
larization continues to increase as the temperature is decreased.

The spontaneous tilt angle was also calculated versus temperature for several
compositions as shown n Figure 5. The resultant tilt angle about the cubic [111]
direction (= 3!°8,) was plotted. The data points are the only available experimental
values of the tilt angle. and were determined from neutron diffraction bv Glazer
et al.'' and Amin et al.'* These data were used in determining values for two of
the coefficients (see Reference 4). and thus the theory and experimental data should
agree. The theoretical calculations can be used to determine values ot the ult angle
at other compositions and temperatures. as shown in this figure.

The spontaneous tilt angle was also plotted in Figure 6 versus compositton at
several different temperatures. The curve labeled 8, represents the ult angle at
the high to low temperature rhombohedral transition (Tg). The discontinuity in
the slope of the curves at the PZT 8513 composition occurs due to the relations
that was used (o fit Tz [Equartion (8) in Reference 4].

Figures 4 and 3 show that the spontaneous polanization and ult angle increase
very rapudly after transforming to the low-temperature rhombohedral phase. es-
pecially the compositions with greater titanium content. This may indicate a lim-
itation of the present theory. For the PZT 70/30 and 60/40 compositions the dis-
continuous change n the polanzation at the high to low temperature rhombohedrai
transttion 1s very small compared to the sudden increase in polarization that occurs
just below the transition. The increase n polarization in the low-terzperature rhom-
bohedraj phase is even more noticeable when the polanzation is plotted versus
composition at different temperatures as shown in Figure 7. [f the spontaneous
polanzation as a function composition does actually increase in the low-temperature
rhombohedral phase as much as is shown n this figure, then it seems that the
previous experimental measurements of the polarization on ceramic samples would
have found a similar effect.

The polarization should increase going to the low-temperature rhombohedral
phase. but the increase calculated from this theory seems to be too large. Two
possible explanations of this large increase in polanzation (n the low-temperature
rhombohedrai phase will now be described.

The first possibility is that this large increase may actually occur. and that the
previous measurements on ceramic samples mussed this effect. because not enough
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FIGLRE 7 The theoretical spontaneous polanzation plotted versus composition. The curves on the
rhombohedral side of the tigure represent the resultant spontaneous polarization P (3' Py

measurements were made. The effect of the morphotropic boundary on the ceramic
data. where a coexistence of tetragonal and rhombohedral phases occurs. may have
also made it more difficult to measure the polarization in the narrow region where
the high-temperature rhombohedral phase is stable. Additional polanzation meas-
urements on homogeneous ceramic samples would be useful 1n trying to determine
polarization changes in this region.

The second possibility, which seems more likely, is that the present theory does
not adequately model the spontaneous polarization in the low-temperature rhom-
bohedral phase for the compositions with greater titanium content. This could be
due to the assumptions made in determining the coefficients. For example, the Q..
and R, constants were assumed to be independent of composition and temperature
in the low-temperature rhombohedral phase. The values of these constants were
determined at the PZT 90/10 composition, and then used for the other compositions.
The calculated polarization in the low-temperature thombohedral phase ot the PZT
90/10 composition does not have the large increase that occurs in the PZT 70/30
and 60740 compositions. Therefore, it seems likely that the Q,; and R., constants
are dependent on composition. and if this was accounted for the large increase 1n
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polarization in the PZT 70/30 and 60/40 compositions would be smaller. However,
at this ume there is not enough experimental data available in the literature to
determine these compositional dependences. Additional tilt angle data obtained
from neutron diffraction would possibly solve this problem.

Another significant change could be made to the present theory by adding a
temperature dependence to the second-order tilt angle related coefficient (8,). and;
or a sixth-order tilt angle term. Again the problem with this is that there is not
enough data to properly determine all of these coefficients. The addition of a sixth-
order tilt angle term will also greatly complicate the theory. because the equations
for the spontaneous polarization and tilt angle in the low-temperature rhombo-
hedral phase will change from quadratic to quartic.

The above discussion has shown that there may be some limitation to now well
the present theory can quantitatively calculate the spontaneous polarization of the
low-temperature rhombohedral phase for the compositions with greater titanium
content. Due to the lack of tilt angle data and 1n order to avoid complicating the
theory significantly more than italready s, the present theory is probably the best
that 1t can be at this time. and 1s probably adequate for most applications.

IV. DIELECTRIC PROPERTIES

The calculated dielectric susceptibility coefficients of PZT 50,30 were plotted versus
temperature in Figure 8. In comparison to the properties of PbTiO; (see Figure 3
in Reference 13). the dielectric susceptibilities and anisotropy have become much
larger. The transition at T is second order for PZT 30/50. while PbTiO; 1s first
order. The LGD phenomenological theory of a second-order transition predicts
that the dielectric susceptibility becomes infinite at T¢.

The compositional dependence of the dielectric suscepubility coefficients at 25°C
1s plotted in Figure 9. A peak occurs in these coefficients at the PZT 50/50 com-
position due to the peak that formed in the Curie constant (see Figure 2 in Reference
3). The increase in dielectric anisotropy (m,, m3;) that occurs from PbTiO, to the
PZT 30/50 composition is due to the change in the ratios of the dielectric suffness
coefficients (at,o/atyy, @12/, and a,.5/ay,y,) as a function of composition.

On the rhombohedral side of the peak the anisotropy decreases and 7, even-
tually even becomes less than m3;. This effect is at least partially due to compo-
sitional dependence of the ratios of the dielectric stiffness coefficients, but may
also be due to an internal pressure that may develop within the perovskite structure
when a larger zirconium ion is replaced by the smaller utanium ton. Amn et al.'*
showed that for the PZT 50/50 composition the application of hydrostatic stress
would cause the anisotropy to decrease. and thus this effect might partially account
for the small dielectric anisotropv on the PbZrO; side on the PZT system. Using
the present theory of PZT the effect of mechanical boundary conditions on the
properties and phase stability should now be investigated 1n more detail across the
entire PZT system.

The dielectric susceptibility coefficients of two rhombohedral compositions. PZT
60/40 and 90/10, were plotted versus temperature in Figures 10 and 11. A similar
change in the behavior cf the dielectric anisotropy occurs from PZT 60/40 to 90/
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10 as occurred from PZT 50/50 to PbTiO,. For PZT 90/10 and PbTiO; (see Figure
3 in Reference 13) the dielectric susceptibility parallel to the polar axis (n:; or nis;)
1s larger than the perpendicular suscepubility (7, or w;,) at high temperatures.
but smaller at low temperatures.

At high temperatures close to T for rhombohedral compositions close to the
morphotropic boundary (Ti content > 0.45) a problem develops when calculating
the dielectnic susceptibility coetficient n;, using the coefficients from References
2 and 3. At a temperature below T the n;, coefficient will increase to nfinty,
and then becomes negat:ve between this temperature and 7. This 1s simply due
to the values of the coefficients used. and indicates that 1n this region these values
are not quite night. Because of this problem. care should be taken in calculating
the rhombohedral dielectric susceptibilities at high temperatures for compositions
near the morphotropic boundary. Considering that all of the coetficients were
assumed to be independent of temperature. except . and that some of the coef-
ficients were determined at T (232-492°C) and others at 4.2 K. it is amazing that
everything works as well as 1t does, and that more problems have not occurred.
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Away from this region the calculated dielectric properties are in fairly good
agreement with the available experimental data. Haun er al.'* showed that the
calculated dielectric susceptibility coefficients and amsotropy of PbTiO, were in
good agreement with Fesenko er al.’s'* experimental single-crystal data at low
temperatures, where the defect contributions to the experimental measurements
had “frozen out™. The theoretically calculated dielectric properties near the mor-
photropic boundary have similar values as the experimental measurements on single
crystals by Tsuzuki er al.® Good agreement was also found between the calculated
dielectric properties and Clarke and Whatmore's'® PZT 90/10 single-crystal meas-
urements.

V. PIEZOELECTRIC PROPERTIES

The calculated piezoelectric voltage coefficients g, (assumed to be equal to the b,
coefficients) for the PZT 50/50. 60/40. and 90/10 compositions were plotted versus
temperature in Figures (12)-(14). The g, coefficients plotted in these figures are
based on the cubic axes. Thus the x, axis is along the polar axis for the tetragonal
coefficients. but not for the rhombohedral coefficients.

Since the electrostrictive constants were assumed to be independent of temper-
ature, the negative temperature dependence of the g, coefficients was caused by
the temperature dependence of the spontaneous polarization. The PZT 9010 com-
position has a first-order change in the spontaneous polarization. which causes
discontinuities in the g, coefficients at T. The PZT 50/50 and 60/40 compositions
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undergo second order transitions, and thus the g, coefficients change continuously
from a value of zero at T.

The compositional dependence of the g, coefficients at 25°C is plotted in Figure
15. Since the electrostrictive constants were given a compositional dependence (see
Figure 2 in Reference 17). the compositional dependence of the g, coefficients
depends on the electrostrictive constants and the spontaneous polarizaiion (see
Figure 7). The result is that the g, coefficients change with composition as shown
in Figure 15. The compositional dependences of the g, coefficients are much smaller
than that of the d,, coefficients, which will be presented next.

The piezoelectric charge coefficients 4, of the PZT 30/3C composition were
plotted versus temperature 1n Figure 16. The posiuve temperature dependence of
the d, coefficients was caused by the strong temperature dependence of the di-
electric susceptibility coefficients. In Figure 17 the d, coetficients are plotted versus
composition at 25°C, showing the large peak in these coefficients near the mor-
photropic boundary. The large increase of the n,, coetficient near the morphotropic
boundary (see Figure 9) caused a large increase to also occur in the d,; coefficient.
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For the rhombohedral compositions the 4, coefficients were calculated based on
the original cubic axes, resulting in four independent nonzero coetficients. The
relations for the rhombohedral coefficients are more complicated than those for
the tetragona! coefficients, because two terms are involved in three of the tour
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relations [see Equations (44) and (43) in Reference 1]. These two terms are often
competing: one term being positive. while the other 1s negative. In addition the
n,; coefficient can be positive or negative depending on the composition and tem-
perature.

The d, coetficients are plotted versus temperature tor two rhombohedral com-
posttions, PZT 60740 and 90/10. in Figures 18 and 19. The d,; and d,; coefficients
form similar shaped curves for both compositions. but the d;, and d,, coefficients
have definite differences.

For the PZT 60740 composition the d,, coefficient is negative at all temperatures.
and becomes more negative with increasing temperature. The d,, coetficient of the
PZT 90/10 composition is slightly negative at low tempratures. and then becomes
positive at about - 100°C, and continues to increase with increasing iemperature.
These diffeences are due to the n,, coefficient. which 1s negative for the PZT
60/40 composition. and positive tor the PZT 90/10 composition (except at low
temperatures where it changes sign and becomes negatve).

The d,, coefficient of the 60/40 composition 1s negative. and becomes more
negative with increasing temperatare. For the PZT 90/10 composition the d-, coef-
ficient 1s negative at low temperatures. becomes more negative with increasing
temperature, and then suddenly increases and becomes positive just below T
This behavior 1s due to the changes that occur 1n the value of the ;. coetficient.
and also due to the two terms in the dy, relation. which are of opposite sign with
one dominating at low temperatures and the other at high temperatures.

The rhombohedral 4, coefficients described above are based on the onginal cubic
axes. What needs to be done in the future s to rotate the axes. so that the new x,
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axis 1s along the rhombohedral polar direction. This would reduce the number of
independent nonzero coefficients to three (d;;. ds,. and d,5). similar to the tetra-
gonal d,, matrix. and thus simplify the analysis of these coefficients.

The calculated d, coefficients have similar values as the experimental ceramic
data near the morphotropic boundary. The only available single-crystal data was
measured by Gavrilyachenko and Fesenko' on lead titanate. Their data were
compared with the theoretical lead titanate calculations in Reference 13. Fairly
good agreement was found. especially for the d;, coefficient.

VI. SUMMARY AND FUTURE APPLICATIONS OF THE THEORY
OF PZT

The applications of compositions of the PZT solid solution system as piezoelectric
transducers. pyroelectric detectors. electro-optic devices. and explosively induced
charge storage devices were described 1n the first paper of this series to demonstrate
the technological importance of PZT. In these applications PZT is used in poly-
crystalline ceramic form, and thus the properties of these ceramics are well estab-
lished in the literature. However. the mechanisms contributing to these outstanding
ceramic properties of PZT are not well understood. because of the number of
contributing factors and complexity of the interactions within the ceramic.

A first step in the analysis of a ferroelectric ceramic material :s to separate the
intrinsic and extrinsic contributions to the properties. The intrinsic contributions
result from the averaging of the single-domain single-crystal properties. while the
extrinsic contributions arise from the interactions at grain or phase boundanes and
from the domain wall or thermally induced defect motions. Unfortunately. due to
the difficulty of growing good quality single crvstals of PZT, very little reliable
single-crystal data 1s available. Thus the goal of this project was to use a ther-
modynamic phenomenological theory to calculate the single-domain properties of
PZT. The results of this theory could then be used to separate the intrinsic and
extrinsic contributions to the ceramic properties. In addition there are several other
applications of this theory. which will be described later in this summary.

[n the first paper of this series a modified elastic Gibbs free energy function was
expanded in powers of the ferroelectric and antiferroelectric order parameters. An
additional order parameter was also included to account for the tilting of the oxygen
octahedra in the low-temperature thombohedral phase. The resulting energy func-
tion can be used to model the phase transitons and single-domain propertes of
the enure PZT system. Solutions to this energy function were used to denve
relations for the energies; spontaneous polarizatiens. strains. and tilt angles: and
dielectric and prezoelectric properties corresponding to the different phases in the
PZT system.

All of the coefficients of the energy function were assumed to be independent
of temperature, except the ferroelectric and anuferroelectric dielectric suffness
coetficients «, and o,. which were given linear temperature dependences based on
the Cune-Weiss law. The experimental phase diagram was extensively used in the
evaluation of the coefficients. by requiring that the energies of the adjacent phases
of a phase transition must be equal at the transitton. The first partial denvauve
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stability conditions were also used as additional relations i the evaluation pro-
cedure.

Without single-crystal data. the development of this theory was complicated and
involved indirect methods of determuning the coefficients of the energy funcuon.
Additional experimental data were needed to determine the compositional de-
pendence of the coefficients. A sol-gel procedure was used to prepare pure ho-
mogeneous PZT powders across the phase diagram to be used in collecting addi-
tional PZT data. The lattice constants versus temperature were determined from
these powders from high-temperature x-ray diffraction. and used to calculate the
spontaneous strain.” 3! The sol-gel derived powders were also used to fabricate
ceramic samples tor dielectric, piezoelectric. elastic, pvroelectric. and electrostric-
tive measurements.’ " %0 2! 22 These data were very important tn completing the
evaluation of the coefficients of the energy function.

The compositional dependence of the cubic electrostrictive constants across the
PZT system were determined from a combination of single crystal and ceramic
data usinig series and parallel averaging relations (analogous to the Reuss and Voigt
methods of averaging the elastic constants).'” An interesung result of this work
was that the electrostrictive constants form a peak at the PZT 50/50 composition.
In addition, the ratios of the electrostrictive constants change with composition in
such a way as to explain the compositional dependence of the electromechanical
amsotropy found in PZT ceramics.> The electromechanical anisotropy 1s very large
tn compositions near the end members PbTiO; and PbZrO;, but becomes very
small for compositions in the center of the phase diagram near the morphotropic
phase boundary.

In the second paper of this series the electrostrictive data were used with the
spontaneous strain data to calculate the spontaneous polarization. which was used
to determine values of the higher-order dielectric stiffness coefficients. In the third
paper of this series low-temperature ceramic dielectric data were particularly im-
portant 1n determining the compositional dependence of the Curie constant. and
in separating the sixth-order polarization interaction coefficients (c,,- and «,,;).
The ult angle related coefficients were determined in the fourth paper of the series
from spontaneous strain and tlt angle data. The compositional dependence of the
antiferroelectric orthorhombic free energy was determined by combining data from
a separate theory developed for PbZrO; with the requirement that the energies of
the high-temperature rthombohedral and antiferroelectric orthorhombic phases must
be equal at the transition between these phases.’

After determining values of the coefficients at several different compositions as
described above, the compositional dependence of the coefficients was determined
by fiting an equation to these values. A set of equations was then established that
can be used to calculate values of the coefficients at any composition.

Using these equations the phase stability. spontaneous polarization. tlt angle.
and dielectric and piezoelectric poperties were calculated. The theorencally cal-
culated phase diagram was shown to quantitatively model the experimental phase
diagram. An independent check of the coefficients was also made by calculating
the free energy of the ferroelectric orthorhombic state. which showed that this
phase was metastable across the phase diagram in agreement with the experimental
diagram. The spontaneous polanzation and tilt angle wera calculated for several
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compositions across the phase diagram. These calculations were 1n good agreement
with the available experimental single-crystal data. The dielectric and piezoelectric
properties were also calculated and found to be 1n good agreement with the ex-
perimental data. As a summary of these calculations. the theoretical properties of
PZT at 25°C are listed in Table L.

Some limitations of the present theory were found. Due to the lack of experi-
mental data for the low-temperature rhombohedral phase. especially tilt angle data,
some assumptions were necessary tn determining the compositional dependence of
the tilt angle related coefficients. In addition these coefficients were assumed to
be independent of temperature. and only tilt angle terms up to the fourth power
were ncluded. With these assumptions. the calculations of the spontaneous po-
lanzation. tilt angle. and dielectric properties were still 1n fairly good agreement
with the experimental single-crystal data at the PZT 90/10 composition.

The problems developed in the calculations for compositions with greater uta-
nium content. The spontaneous polarization calculated 1n the low-temperature
rhombohedral phase for the PZT 70/30 and 60/40 compositions tncreased more
than would be expected. Another problem was found when calculating the dielectric
susceptibility (negative values resulted) in the high-temperature rhombohedral phase
at temperatures near 7 and at compositions close to the morphotropic boundary.
However, away from this small region .he dielectric properties could be calculated
in good agreement with the available experimental data.

The present theory could be improved as add **onal experimental data becomes
available. [n particular, additional spontaneous strain data on very homogeneous
powders are needed to more precisely locate the tricritical point on the lead titanate
side of the phase diagram. Strain data for compositions close to lead zirconate are
al<o needed to determine the compositional dependence of the antiferroelectric
coefficients. Finally. additional ult angle data are needed to more accurately de-
termine the tit angle related coefficients.

[n this series of papers a single energy function and set of coetficients was
presented that can be used to model all of the known phase transiions 1n the PZT
solid solution system. This theory can also be used to calculate the single domain
properties of PZT. In addition to the properties already calculated.the theory can
be used to calculate the elastic compliances at constant electric field. the dielectric
suscepuibilities at constant strain (the dielectric susceptibilities calculated 1 this
paper were at constant stress), and thermal properties such as the entropy change
and latent heat at a transition.*® =" This theory can now be used for several different
applications.

One application that this theory has already been used for was to help explamn
the large electromechanical anisotropy that occurs tn PbTiO; ceramucs. but not in
single crystals. By averaging the single-crystal constants obtained from this theory.
a large electromechanical amisotropy was found to occur due to the particular values
of the single-crystal electrostrictive ratios of PbTiO,.>* Other compositions in ce-
ramic form. such as PZT 50/50. have small electromechanical anisotropy. because
the values of the single crystal electrostrictive ratios have changed.

The ntrinsic and extrinsic contributions to the properties of polycrystalline PZT
ceramics can now be separated with the results of this theory. By using simple
averaging relations the intrinsic contributions to the ceramic properties can be
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calculated from the theoretical single-domain properties. By then comparing these
properties with rhe experimental measurements oa ceramic samples. the extrinsic
contributions can be determined. Comparisons with [ow-temperature and high-
frequency measurements on ceramics will be particularly useful in determining the
conditions necessary for these extrinsic cuntributions to “freeze out” as temperature
decreases and “relax out” as irequency increases. After separating the extrinsic
contributions, comparisons of these results “hould be made with the calculations
from other theories. such as that by Arlt and Peusens.-® where the domain wall
contributions to the dielectric constant of BaTiO, ceramics were calculated.

This theory can also be used to study the effects of electrical and mechanical
boundary conditions on the properties and phase stability. which should also lead
to a better understanding of ferroelectric polycrystalline materials where the bound-
ary conditions may vary from grain to grain. Amin er al.' *° studied these etfects
using the earlier phenomenological theory that was developed for the morphotropic
phase boundary region.*® They found that the application of an electric field would
eastly transtorm the rhombohedral state to the tetragonal state. but that by applying
a field to the tetragonal state would not transform it to the rhombohedral state.
They concluded "that this may be part of the reason there is a rapid escalation of
coercivity against poling in the tetragonal phase compositions.” Amin ¢z al.** also
studied the effect of hydrostatic pressure on the properties and phase stability. ard
found that tor morphotropic boundary compositions the rhombohedral phase can
easily be transformed to the tetragonal phase from applied hydrostatc pressure.
Additional studies of the effects of electrical and mechanical boundary conditions
should now be continued using the more complete theory of PZT that has been
presented here.

The energy function developed for PZT was based on the elastic Gibbs tree
energy. which resulted in dielectric stiffness coetficients under constant stress con-
ditions. [f the Helmholtz free energy had been used. then the dielectric sutfness
coetficients would be under constant strain conditions. The fourth-order dielectric
stiffness coefficients from these two energy functions can be related through terms
involving the electrostrictive and elastic constants.*®*! Since the fourth-order di-
electric stiffness coefficients changed signs with composition and caused the tn-
critical behavior to occur. it would now be useful to compare these coetficients
with the coefficients from the Helmholiz function to determine if the tricnucal
behavior 1s due to the electrostiictive coupling. or due to the intrinsic behavior of
the material. By comparing the coetficients of the energy functuons additional
understanding of the pnase stability may be gained.

With the phenomenological theory developed for the PZT system. extensions
tnto more complex svstems, such as lanthanum modified PZT (PLZT). can now
be attempted. This should be important. because for most technological applica-
tons PZT is modified with other 1ons. Extending the PZT theory into the PLZT
system should also be useful in furthering the understanding of relaxor tvpe ter-
roelectric materials.

[n addition to the applications described above. the phenomenological theory of
PZT will provide a method of collecting all of the dielectric. piezoelectric. elastic.
and thermal data into an organized and easily tractable form. The methodology
outlined in this series of papers can be used similarly for any solid solution system
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which has the same order parameters as PZT. Hypotheucal phase diagrams with
desired properties can be constructed. and then compared with existing systems to
find candidates for further study.
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Electrosirictive Properties of the Lead Zirconate Titanate

Soild-Solution System

Michael J. Haun."* 2.Q. Zhuang,’ E. Furman,’ Sei-Joo Jang,* and L. Eric Cross*
Materiais Research Laboratary, The Pennsylvania State University, University Park, Pennsyivaniq 16802

Values of the elactrostrictive coastants for the lead zircouste
titanate (PZT) soiid-solutica system were required to com.
plete the developmect of a thermodynamic phenomenologica
theory of PZT. The electrostrictive {J); constant was meas-
ured as a {unctioa of composition on polycrystalline ceramic
PZT sampies. These data were used with additional single-
crystal and ceramic data from the litsrature (0 approximate
the compositional dependence of the electrostrictive constants
of the PZT system. Series and parallel equations, analogous
to the Voigt and Reuss models for the elastic constants, were
used to relste the cersmic and singje-crystal data, and to pre-
dict the upper 2nd lower bounds of the ceramic electrostric.
tive constants from the single-crystal constants. [Key words:
lead zirconate titanate, electrical ceramics, polycrystailine
materials, electronic properties, solid solutions.]

1. Introduction

OMPOSITIONS 1 the lead zirconate titanate (PZT) solid-

solution system have becn widely used in prezoelectne trans-
ducer applications 12 polycrystalline ceramic form.' However,
considerable difficulty has beea encountered when attempting to
grow single crystals of PZT.? Without single-crystal data wdwrect
methods have been required to determune the coefficients of 2
thermodynamuc energy function for the PZT system.’™

[n one particularly important indirect method, spontancous
strain and electrostnicive data were used to calculate the spon-
taneous polarization.”* Because of the lack of experimental
electrostncuve data on PZT, the electrostnctive cunstants were
assumed to be ndependent of composition and temperature. Zom
et al.’ used an X-ray techmque 10 measure the compositon and
temperature dependence of the electrostnctive constants of crystal-
lites in PZT (modified with strontium, barium, and niobium) ce-
ramis samples with compositions near the tetragonal-rhombohedral
morphotropic phase boundary. They found that the electrosiric-
tive constants were independent of temperatuce, but dependent
on composition,

The purpose of this study was to further investigate the compo-
stion and temperature dependence of the electrostncuve con-
stants 1 the PZT system. In the next section calculations of te
tsmperature dependencs of the clectrostrictive constants ior three
PZT compositions will be presented. In Section I the resuits
of experimental mezsurements of the compositional dzpendence
of the ceramic electrostrictive 0,y constant will be described
(throughout the paper 2 bar over a symboi will be used to refer to
polycrystalline ceramic constants, and a symbel without a bar
will refer to single<crystal constants). In Section !V senes and
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paralle] averaging relations, analogous to the Voigt and Reuss
methods of averaging the elastic constants,® will be used to caicu-
late the single-crystal electrostrnictive constants of two PZT com-
positions from a combination of single-crystal and ~eramuc data.
The data from Sections {IT and [V will then be used in Section v
with additional data from the literature to approximate the com-
positional dependence of the electrosmctive constants of PZT, Fi-
nally, a summary of this study will be presented in Section VI.

[I. Temperaturs Dependence of the Electrostrictive
Constants of PZT

The temperature dependences of the electrostnctive constants
of perovskite ferroelestnics were previously studied. Jang' and
Uchino et al.* found that the single-crystal electrostnctive con-
stants @y, and Q3 of P(Mg,,ND;)O, are independent of tem-
perature, within tse limits of their expenimental error. Zom er al.’®
found that from 150° to 200°C the electrostrictive constants Q.
Qu. and Q. of crystallites in Pbo 435 ;B2 0s(Zro 6 Tio 188NDg 62) Oy
ceramic were independeni of temperature, again within the limuts
of the experimental error. [n addition, Meng ef al.” feund that the
Q. and J,; constants of ceramuc PLZT were virtually indepen-
dent of temperature. From these measurements the electrostnc-
tive constants of perovskite ferroelectrics appear to bde fairly
independeat of temperature. In this section additonal calculations
from published data will be presented to further demonstrate that
the electrostrictive constants of PZT compositions are only
shghtly temperature dependent.

The temperature depsndence of the spontaneous polanzatcn
and strain will be used o calculate the elecrostctive constants
for PbTIO,, PZT 40/60 (40% PHZrO, and 60% PHTIO,). and
PZT 90/10 using the following tetragoral and rhombohedral
telanons:’

Tetragonal
X =5y = QP tia)
xy = QuP} b
X, =xy3x,30 1o
Rhombohedral
xo=x = xy = (Qy + 2Q0P) t2al
X=X = 26 = QuP} A
Thex, ¢ = 1,2,. ..6) are the spontanecus strains in reduced

notation. Qy,. Qyz, and Q.4 are the cubic electrostrcuve constants.
P, 1s the component of the spontaneous polanzauon w e x, d-
rection and is equal to the spontaneous polanzation (Ps) n the te-
tragonal phase. In the rombehedral phase P; = 3"°P,.
Equations (1) and (2) were derived from the Devonshure form
of the elastic Gibbs free energy function under zero stress con-
dintons® and can be used to calculate the electrostrictive con-
stans from experumental spontanenus polanzauon ana sorun Jdaia.
Equation (2) represents the spontaneous sirain relations for the
h.gh-temperature thombohedral phase ia the PZT system. The
low-temperature rhombohedral phase will not be dealt with in
this paper (see Ref. 4 for strain relauons for this phase). Equa-
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gon (1) will be used for the PoTIO, and PZT 20,60 compositions.,
which have tetragonal structures n the ferroefectce state Egua-
gon (2) wul be used for the thombohedral PZT 90/10 composinoa.
The only direct expenmental data available on the temperature
dependence of the spoataneous polanzaton of single-crystal Pb-
Ti0, was calculated by Remeika and Glass® from pyroelecmic
measurements. They found the room-temperature 75 valye to be
0 56 C/m" using hquid electrodes and a pulsed field wchmquc
This value s smaller thea Gavnlyacheako ef al.'s' value of
075 C/m* For use 1a calculating the electrostrictive con-
stants. Remeika and Glass's dats were corrected to agree with
Gavnlyachenko er al. 's value using the following relauon:

Py = (AP + 0 17 C/m")(0.75/0.56) (3)

AP was the change 1n polanzstion that Remeika 2nd Glass calcu-
lated from therr pyroelectne measurements, and 0.17 1s thew Py
vajue at Te.

Haun er af. ? calculated the spontaneous strawns x, and x;, of the
tetragonal stucture of PoTiO; from tugh-temperature X-ray dif-
fracuon cell constant data by assumung that the electrostnctuve
constants were ndependent of temperature. The following pro-
cedure was used 1o recaiculate the spontaneous saains tndepend-
ently of the electrostrictive constants. Using the data from
Ref 12 the first step was to use a linear extrapolaton of the cubic
cell constant down 1 temperature to the first four sets of tetrago-
nal ceil constant data. The spontaneous strains x, and x, were
then calculated at these four temperatures using the following

equatons from Ref. 12:
ar = a¢ cr ~- ag

5 B — Xy = ; <
ac ac

(4)

wiiere gy and ¢, are the tetragonal ceil constants, and a/ 15 the
extrapolanon of the cubic cell constant. These four sets of <tran
data were fitted with the foilowing theoreucal relatons (Eqs. (17
and (18) frum Ref. 12).

X, = Xy, Xy 3 dixy 15)

S PO N
3 HTe - 6]
T and § are the Cune and Cune~Weuss temperatures, and 1,
and xy, are the spontancous «Tans of the tewagonal stare 8 T, 7
was set equal 0 492.2°C (Ref, 12), and 2, x4, and 1y were de-
termuned from the best least-squares {it of the dasa.

Using the constants obtuped from this fiting ¢ spontancous
strain was extrapolates down to lower tempernatures and used
with Remeka and Glass s corrected polanzagon data (described
atove) 1o caicuiate the temperature dependence of the electro-
stnetive @y and Q) coastants of PSTiO,, as shown un Fig '(a)
Only a slight emperature dependence was found up to about
JOO°C The larger wcrease of the elecrrostnetive constants above
J00°C was probably due to the larger error in polanzation and
strain data near T where large changes occur 1a these quanu-
ues. The depolanzation of the sample zbove 300°C is likely to
cause an increase in calculated ciectrostnctive constants The
values of the percent change 1g8 @y, @, ~@.1/ @2, and @,
(=@ + 2Q,,;) for PoTiO, from 0° to 100°C ar listed 1n Table I.
All three constants change less than 2%/109°C, and the ratio

-Qu/Qy c‘xanges only 0.37%/100°C.

Tsuzuki er al. " determuned the spontancous polanzanon versus
temperature on a PZT 40/€0 single cryswal from fenicelecine
hysteresis loop measurements. These data were '1sed with
spontaneous stran data from Amun ef al.’ to calculate the tem-
perature dependance of the electrostricuve constants Q;; and Q,,,
as shown w Fig. !(b). Since these strain data were calculated us-
ing the cubed root of the tetragonal volume as the extrapolauon
of the cubic cell constant (problems develop whes using tus pro-
cedure; sec Ref !2 for details), they were first corrected using
the value of the @12 rut1o that was Jetermuped 1 Sectica V of
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Fig. 1. Single-crystal elecirostncuve constants dliotted
versus temperature for (a) PbTi0,, (b) PZT 40, 60. and
(c) PZT %0/10.

s paper. As can be seen in Figure 4 1(b), the eiectrostnctive
constants of PZT 40,60 are only shightly temperature dependent
This dependence agamn becomes stror:ger at temperatures ap-
proachung Te, probably because of the larger error in this region
The % change/100°C 1s listed 1 Table [. The value 1s larger than
that oc PbTIO,, but sull should be considered small.

Clarke and Glazer* determined the temperature dependence of
the spontanecus polanzanon of PZT 90/10 single crystals from
hysteresis loop measurements. They also measured the rhombo-
hedral cell constants using high-temperature X-ray diffraction. The
spontaneous strain x, {=(90 -~ a,),; 0] was calculated from thewr
thombobedrai angle (a,) data and used with the polanzaton data
to calculaie the electrostricuve Q,, constant i the high-tempera-
ture thombohedral state, as showa in Fig. 1(c). From 140° 10
190°C the Q. constant was vurtually wndependent of temperature
with only a 0.47% change/ 100°C from a linear it (Listed in
Table 1). Above and telow the plotted teinperature range the Q.
increased sigmificantly as the temperature approached the tra~si-
tons to the cubtc phase at ugher tempetatuces, and the low-tem-
perature rhumbohedral phase at lower temperatures  This s agas
believed 1o be due to the [arger expenmental crror in the meas-
urements at temperatures close to the transiuons.

From the cata n Fig. | and Table [, it can be concluded that
the electrostnicive constants of PbTiO, and PZT compositions
are only shightly temperature dependent in agreement with the
data in the literature on perovskite ferroelectncs

Table [. Temperature Dependence of the Electrosirictive
Coastants of PZT

Composivon Constam Temp nange (*O) % change mf_.
PbTIO, Qu 0~ 100 14
PleO, "'Qu O-I(X) ] 8
PbTiO, @ 0~-100 10
PbTiO; "Q“/Qu 0‘~lm 0 37
PZT 40/60 Qn ~Qu 25-150 52
PZT 90/10 Qu 140~ 150 047




Tebie {I. Expenmentui Values of the
Ceramic PZT Electrosinictive J . Consant

T Q.. m' Ch
S0/1¢ -0 0060
70/30 -0 0075
60/40 -0 0090
§2/48 -0 0158
50/50 ~0 0228

[Il. Experimental Messurements of the Ceramic Jy
Constant

As descnibed in Section [, the values of the single-crystal electro-
stnctve constanis as a function of composition are required for
the daveiopment of a thermodynamuc theory of PZT. Because of
the difficuity of growing single crystals of PZT, very few single-
crystal electrostncuve data exist. Some electrostnictive data were
measured on ceramuc PZT samples,® but these data are confhict-
ing and do not provide a complete picture of the electrostncive
properties of PZT. To provide additional data to determine
the compositional dependence of the electrostnctive constants
the PZT system, the Q;; constant was measured on & series
of ceramic samples. These measurements will be descnibed in
this section.

Pure homogeneous PZT ceramuc samples were fabricated from
sol-gel-denived powders as described in Ref. 16. Thun rectangular-
shaped samples with dunensions of 10 by 4 by 0.3 mm were cut
from sintered disks, and sputtered with gold electrodes. The elec-
trostrictive strain and polanzation were measured simuliancously
under a cycling electme field at a frequency of 0.1 Hz. A vanable
frequency modified Sawyer-Tower cireust”” was used to measure
polanzation—electric field hysteresis loops, which were then used
to determine the polanzation as a function of applied electnc
field. A polyimde-based foil strain gage' was carefully bonded
to the samples with a polyester adhesive.' The gage resistance
was measurent using a dc bndge type dynamuc strain amplifier. **
The transverse strain level, x;, was then recorded on a stmp chart
recorder as a function of electric field.

The electrosticuve ), constant was calculated from the slope
of the transverse strain plotted versus the square of the polanza-
ton using the method descnbed i Ref. 9. The resuiting Q) val-
ues for five PZT compositions are lhisted 1n Table U and plotted
.ater o tis paper i Fig. 3(b). The Q,; constant increased stightly
from PZT 90,10 to 60,40, and then a large increase occurred
near the PZT 50,50 composition. Zomn et al.’ found sumular re-
sults for Pbg 43565 1:B2g 0s{Zs, Tio s~ NDo }Oy composiions with
t ranging from 0.45 to 0.65, where the Q,; constant, as well as
Jie @, <onstant, increased with increasing atanium content.

IV. Calculadon of the Single-Crystal Electrostrictive
Constants for PZT 50/50 and 90/10

The ceramic Q,; data presented in Section (I were used with
1dditional data from the literature to determune the single-crystal
electrostnctve constants using senes and parallel averaging rela-
nons PZT 50/50 and 90/10 were the only compositions where
enough electrostnctive data were available to use thus procedure.
The methods used to calculate the constants for these composi-
uons will be descnibed 1n this section,

Senes and parallel electrosmctve averaging relations, analo-
gous 1o the Voigt and Reuss methods of averaging the elastc
constants,® were presented 1 Ref 18 These equations relate the
polycrystalline Q,,, Q.;, and (., constants to the single-crystal
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Tabte [If. Singlk-Crystal Electrostrictive Coanstants
Compontica Q. m*Ch Q,; m Ch 2u m Ch

PhTIO, 0.089* -0 026* 00675

PZT 50/50 0 0966 -0 0460 00819

PZT 90/10 0 0508 -0 0154 0 049G

‘From Ref 12 From Ref 22.

constants. However, because a polycrystalline matenal is iso-
tropic, the J., equation is related to the 1 and @, relations, and
thus only two independent equations exist for the senes or peral-
lel models. For tus reason, if values of the polycrystalline Q,,
and Q); constants are known, then a single-crystal constant ae
some relation nvolving the single-crystal constants will also have
to be determined o be able to use these averaging equations to
solve for the single-crystal Q,,, Q,;, and Q. constants.

The following procedure was used to calculate the single-
crystal constants of PZT 50/50 using the ceramic J,; value of
-0 0228 m*/C* from Table H, and addinonal informauon from
the literature. Zhuang er af '* measured the ceramic prezoelecmc
dyy and dy charge coefficients and found that the dyy/dy, ratio
was =2.2 for the PZT 50/50 composiuon. The ceramic d’,./@u
ratio has 2 value of ~2.2, assurung that the boundary conditions
are the same for the dyy and d,, coefficients (see Ref. 18 for more
details concerung thus assumpuon). If the ceramuc 0,/ @ rato
1s close to ~2, then the single-~crystal Q,,/Q,; ratio wil! also have
a value close to —2 when using either the senes or parailel
models." Zom er al.* expenmentally found that the Q,,/Q,; ratio
was approximately -2 for PZT compositions (modified with
strontium, banum, and mobium) close to the teragonal-rhombo-
hedral morphotropic boundary.

Using the ceramic §,, value of —0 0228 m*/C? and a ceramic
011/Q; ratio of 2.2, the single<crystal Q,,/Q,; rato was vaned
to obtain reasonable values of the single-crystal constants using
the senies and parallel models. This procedure resulted in 2
single-crystal Q,,/Q,; rato of —2.1, and the same single-crystal
Qu and Q,; constants when using either mode!, but different Q..
values. The sertes model gave a Q,, of 0.0532 m*/C?, while the
parallel model resulted 10 2 value of 0.1106 m‘/C*. The average
of the two models was taken 2s the Q,, for this composition and
1s listed 1n Table OI aiong with the resulung Q,, and Q,; values.

The senes and parallel models were also used to determune the
single-crystal constants for the PZT 90/10 compesition using
the cerarmuc ,; value of —0.006 m*/C? from Table II. and add:-
nonal data from the literature. A single-crystal Q. constant of
0049 m*/C* was calculated in the high-temperature rhombohe-
dral state from Clarke and Glazer's" spontaneous polanzation
data, and Haun er al. 's® spontaneous straun x, data. Ujyma er al.”
calculated the hydrostat ; siectrostncuve g, (=0, + 2@,y con-
stant for ceramuc PbZrQ, as a funcrion of temperature and defect
concentration from measurements of the pressure Cune constant
(linear slope of the wverse dielectric constant of the cubic phase
versus pressure). They found that the , decreased with increas-
ing iemperature above T¢. Assumung that tus emperature depen-
dence was due to thewr measurements close (o T¢, a value of Q,
of 0.02 m*,/C? was chosen from their lughest temperature meas-
urement above 7 on a defect-free sample. The PZT %0/ 10 com-
position was also assumed to have thus value of {J,

Using the above values of the single-crystal Q. and ceramic
0.; and J, conctants, he single<crystal elecrosmcuve constants
of the PZT 90, 10 composinon were caiculated from the series and
parailel models. The ceramuc J,; constant and ceramuc Qyy, O
(calculated from J,; and {,) ratio were fixed, while the single-
crystal Q,,/Qy; ratio was vaned unul the average of the senes and
parallel Q,’s was equal to the expenmental value. Because the
Qu/Qu and §,,/Jy; ratios were used in the senes and parallel
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models. the same values or @Q,, and @,; result with different
Qu's The senes model gave 2 Qu value of 0 0385 m*/C?, whule
the parailel model gave a value of 09592 m*/C? The average of
these two values was used as the Q for the PZT 9/ 10 composi-
non and s listed 1n Table III along with the resulting @, and
Q. values.

V. Compositional Dependence of the Electrostrictive
Constants of PZT

In this section the single-crystal electrostrictive constants
determuned 1n the last section for the PZT 50/50 and 90/10 com-
positions will be used with previously determined PbTiO, con-
stants' & to approximate the composiional dependence across
the PZT solid-solution sysiem. The values of the constants
for these three compositions are listed in Table II1. These data
indicate that all three constants Qy,, @i, and Q. have larger
values at the PZT 50/50 composition than at the PbTiO, or
PZT 90/10 coinpositions.

The foilowing Cauchy-type equation was used to fit the Qy,,
Qu, and Q. data:

a
2 ———— o 4r - 16)
< Iv-b(x-c)zf ¢

where a, b, ¢, 4, and ¢ are constants, and x 15 the mole fractuon
of PbTi0, in PZT. The constant ¢ was set equal w 0.5 to cause
the peaks to form at the PZT 50/50 composition. Values of
the a, d. and ¢ constants were found by fitting the data listed 1n
Table OI. The b constant was used to control the shape (width) of
the peaks. A value of 200 was found to give farly good upper
and lower bounds (series and parallel models) around the ceramue
@, data listed 1n Table I (see Fig. 3(b)).

The resulung values of the five constants for Qy;, Q12, and Qu
are listed 1n Table [V These values were used to calculate the
;ompositional dependence of the electrostricuve constants using
Eq (6}, as shown 1n Fig 2(a). At this time the cause of the
increase of the electrostrictive constants a the ceater of the
phase diagram s not understcod. However, this behavior gives
farly good agreement with other expenmental data. The anoma-
'rus hehavior may be related to the tetragonal-rhombohedral
morphotropic boundary, or possibly due to some type of crdenng
that occurs in the PZT suucture 2t the PZT 50/50 composiuon.
{n additton to the peaks wn the electrostnicive constants, and the
well-established peaks wn the dielectne and piezoelestric proper-
ties near the morphotropic boundary, the Curie coustant has aiso
been found to form a peak i thus region. > Studying these propernes
in other solid-solution systems, such as the PB(Mg,,,Nby,)0y=
PbTiO, system where the morphotropic boundary occurs well
away from the 50/50 compositon, may lezd to & befter under-
standing of this behavice,

The Q, constant and ~Q,,/Q); ratio were also calculated and
plotted versus composition wn Figs. 2(b) and (c). The ~Q,,/Qn
ratio also forms a pesk at the PZT 50/50 composiuon with the
peak value approachung 0.5. The —Q,/Q,, rano 1s analogous to
Porsson’s ratto. which 1s equal to —s5,3/sy,, where the 1, are the
elastic compliance coefficients. When the value of Poisson’s ratio
approaches 0 5, the matenal becomes mechamically incompress-
ible. In a3 sumular way, when the =Q,,/@,, rato approaches 0.5,
the hydrostatic electrostncuve constant becomes very small (see
Fig 2(b)), and 1t 1s difficult to produce a volumetne electrostic-
uve strain 10 the matenal,
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Fig. 2. Electrostnicuve constants and raties piotted versus
composition. The single<crysial constants @,,, =@z Qu, and
Q» are plofted 1 (2) and (b). The single<rysial ~Q,,/Q,; and
cenamic -Q,/Q,; ratios (upper and lower lumuts labeled | and
2) are ploied 1a (). The data pownts in (a) are from Tabie (il

Haun er al."™ showed that as the singlecrystal —Q,y/ Q) rato
increases, the ceramic -,y 0, rauo wul also ncrease, when
using cither the senes or parallel models. Thus effect is shown in
Fig. 2(c). where the ceramic ~0,;, @, ratio 1s plotted versus
composition for the senes and parallel models. The single-crystas
-Q.2/Que ratio also influences the ceramic ~Q,y, Q) rano. but ha-

iule effect when the singlecrystal —Q,, Q,, ratio approaches 0 5 °
The piezoelectric amsotropy (~d,y/dyy) w PZT ceramucs is o
considerable tmportance 1 hydrophone and medical uitrasons
imaging applications, where a large piezoelectric anusoopy s
desired for increased hydrostatic sensiavity ** The prezoelectnc
ausogopy 18 PZT ceranucs 1s much larger for compositions near
the end members PbT0, and PoZrO, than for compositions 1n the
center of the phase diagram near the morphotropic phase boundary
The values of the single-crystal electrostnctive ratios ~Q1y/ @Qu
and —Q,3/Q. have been shown to be related to the large prezo-
electne amsotropy that occurs 1n ceramuc PbTiO,." This same
type of analysis can cow be extended across the PZT system
using the electrostricuve data plotted n Fig. 2. The change i the
single-crystal electrostncuve rattos across the PZT system con-
tnbutes to the change 1n piezoelectne amisotropy that occurs.
The dielectnic anisowropy and degree of polarizanou have aiso been
shown to be related to the ceramuc piezoelectne amsotropy *
The single<crystal electrostrictive constants were also used to
calculate the compositional dependence of the upper and lower
limits of the ceramic constants using the series and parailel
models, as shown n Fig. 3. The ceramic 01, data ponts shown
1o Fig. 3(b) are from Table Il and were used to determine the

Table [V. Values of the Constants Used in Eq. (6) to Calculate the Compositional Dependercs
of the Electrostrictive Constants of PZT

Consuant a b ¢ d e
Qu 0.029578 200 0.5 0.042 796 0 045624
Qu -0.026 568 200 0S5 -0.012093 -0.013386
Qu 0.025 325 200 0S 0 020857 0 046 147
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Fig. 3. Uppar and lower limits of the polycrysialline ce-
ramuc elecrostrictive constants plotted versus compositon.
Sertes and parallel modeis were used to calculate the
curves labeled | snd 2. respectively The data points
shown 1wt (b) are from the ceramuc measurements listed 1n
Table [.

value of the b constant (listed 1n Table V) that caused the senes
and parallel models to give upper and lower bounds around the
data, as descnibed earlier in thus section. Larger peaks occurred i
the limuts of the ceramuc Q,; constant compared to that of the
and @. constants. The upper and lower limuts of the a,, constant
for PbZrO, are o good a:%rccmem with expenmeatal ceramic
measurements by Roleder.

V1. Summary

The elecrostnctive constants of PZT were showt to be only
Jightly iemperature Jependent. The electrostncnve Jy; constant
~as measured as a function of composiuot 0 pure hormogeneous
PZT ceramic samples fabnicated from sol-gel powders. These
data were used wuith additional singlecrystal and ceramic data
from the lLiterature to approximate values of the single-crysual
electrostnctive constants using senes and parallel models, analo-
gous to the Voigt and Reuss models for the elasuc constants.

Equations were then used to it the composittonal Jependence
of the single-crystal and ceramuc Q; data. These equanions were
Jsed to approximate the single-crystal electrosmctive constants
as a funcuon of composition. A peak was found 0 occur in the
electrostrictive constants in the center of the phase diagram. Addi-
nonal research s needed to understand the cause of this anoma-
lous behavior.

The change i the ratios of the single-crystal electrostncuve
constants as a function of composition can be used to explain
"he large electromechamical amisotropy that occurs i ceramic
samples with compositions near the end members PbTiO, and
PbZrQ,, but does not occur 1 ceramuc samples with composi-
tions 1n the center of the phase diagram near the morphotropic
phase boundary.

A thermodynamic theory for the entire PZT system has re-

cently been completed using the vaiues of the etectrostncnive con-
stants that have been presented in Uus paper -
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Modeling of the Electrostrictive, Dielectric, and
Piezoelectric Properties of Ceramic PbTiO,

MICHAEL J. HAUN, EUGENE FURMAN, SEI JOO JANG, a~p "ESLIE E. CROSS. rFELLOW. EEE

4bstract—The upper and lower limits of the electrostictive con-
stants, dielectric permittivities, spontaneous polarization, and piezo-
electric coefficients were calculated for ceramic PbTiO, from theoret-
ical single~crystal constants. Experimental ceramic data feils between
these upper and lower limits. The large piezoelectric anisotropy ds,, 43,
of ceramic PbTiO, was shown to be related to the single<rystal PbTiO,
electrostrictive amisotreptes Q,, /Q,: and Qu,/Q,;. The possibility of a
change 1n sign of the ceramuc 4., coefficient due to a slight variation
the single<crystal electrostrictive anisotropies was discussed. The sin-
zfe-crystal and predicted ceramic hydrostatic electrostrictive constants
w.re found to be equal. Using this result the ceramic hydrostatic 2,
coeffictent 1s always smaller than the single-crystal z,, but the ceramic
hydrostatic d, coeflicient can be either larger or smalier than the single-
crystal 4, depending on the dielectric anisotropy (<, ¢ 1 of the single-
crystal.

[. INTRODUCTION

EAD TITANATE has been extensively usedasane

member of ceramic solid solution systems with im-
portant piezoelectric properties [1]. One particularly in-
teresting property 15 the large prezoelectric amsotropy
tdx dy, ) that has been achieved in modified lead titanate
ceramics. but not present n the single crystal. These ma-
terals are of interest in high-frequency ultrasonic trans-
ducers applications {2]

Tunk er al (3] showed that this large ceramic piezo-
2lectric anisotropy could be obtained by averaging the
single-crystal piezoelectnic coefficients. They concluded
that the small single-crystal dielectric and piezoelectnc
anisotropies of PbTiO, lead to large ceramic ptezoelectnic
anisotropy Wersing er al. [4], [5] combined Lucham-
nov's [6] averaging equations with Devonshire’s {7] sin-
¢gle crystal reiations to calculate the ceramic piezoelectne
coefficients from the single-crystal dielectnic permittivi-
ties, electrostnetive constants and spontaneous polanza-
tion. The ceramuc dy coefficient was found to disappear
tor a particular ratio of the electrostrictive coefficients and
1 certain degree of polanzation [5].

The purpose of this study 15 to further understand the
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oehavior of PbTiO; by calculaung the ceramic electro-
strictive constants, dielectric permittitivities, spontaneous
polanzation, and piezoelectnc coefficients from the sin-
gle-crystal constants that were recently determined from
a Devonshire type phenomonological theory {8]. The up-
per and lower limits of the properuies will be calculated
using simple averaging relations. These caiculations will
then be compared with expenimental data.

II. ELECTROSTRICTIVE CONSTANTS

The upper and lower imuts of the ceramic elastc con-
stants can oe calculated from single-crystal values using
the Voigt and Reuss methods of averaging [9]. Voigt de-
termuned the suffness of the ceramic from the space av-
erage of the suffnesses of the crystailites, while Reuss
found the ceramic compliance from the space averages of
the compliances of the crystallites. Hill [9] showeg that
both of these models are only approximate and that the
true vaiues should fall between these bounds. In most
cases, the expenmental values do fall between the Voigt
and Reuss limits. Electrostriction is also a fourth rank ten-
sor with sumilar matrix to tensor conversion as the elastic
constants. and thus the same equations can be used to pre-
dict the upper and lower limuts of the electrostnictive con-
stants.

The electrostnictive ( Q,,;) and nverse electrostnictive
1 g,) constants relate the strain (.x,) to the polanzation
components ( P, P ) by the following relations:

I,] = QUUP&PZ (1)
PP (2)

The tensor 1o matrix conversions of the electrostnctive
and 1nverse electrostrictive constants are the same as that
of the elastic compliances and stiffnesses, respectively

= QX

Qui = Qm» whenmandn = 1.2, 0r3

2Q = Qmny Whenmorn =45 0r6

40 = Qme. whenmandn =4,5, 0r6 (3)
Quu = Qmn, for all m and n. {4)

Using a similar procedure as that of Voigt and Reuss
for the elastic constants, the electrostricuve and inverse
electrostiictive constants of a polycrysialline ceramic can
be callcuiatedfrom the space averages of the single crystal
values by assuming that the ceramic 1s composed of a large

0885-3010/89/0700-0393501 00 & 1989 [EEE
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number of small signal crystals with all possible onenta-
tons. By also assuming that the single crystals have a
cubtc strucrure the following relations result:

DH = S'SQH -~ 2,/5Q]2 - 1/5Q44
On=1 50y ~4 50— 1100
Q0w =4.5Q; =4 5Q12 = 3,30y i3)

Gy =359 =~ 2/5q12 ~ 4/5qu
G =1/5qu +~4/5q12 ~ 2/5qs
G = 1/3q1 = 1/5q3 + 3/5qa. (6)

Equations (5) and (6) are analogous to the quations used
by Reuss and Voigt for the elastic compliances and suff-
nesses. respectively [9]. Since the ceramic 1s assumed to
be 1sotropic:

Qu = 2001 — Qi) '

Ju = 1,203, - 3u2)- {8)

To use (6) to calculate one of the limits of the ceramic
slectrostrictive constants, the single crystal inverse elec-
trostnictive constants were iirst determined by inverung
the cubic electrostnctive matnx. These constants were
used 1n (6) to determmine the ceramic nverse electrostric-
tive (gn,) constants. which were then inverted back to

obtain the electrostnictive constants using the following
relations:

= diy * 92
2y == —————
" (v = q2)(dn + 2g:2)
@u == —?P o
gy — 920y = 2gqp2)
1 2
Qu =— = (9)

das  qu ~ Gu

Equations (5) anc (9) give ceramic electrostricuve con-
stants corresponding to the series and parailel models, re-
spectively, and wull be used to calc:late the upper and
lower bounds of the ceramic electrostrnictive constants
trom the single-crystal values. Devonshire [71, [10] cal-
culated the ceramic electrostnctive constants of BaTiO,
using 13). However at that ume the single-crystal elec-
trostnictive constants had been overestimated due to the
low values ot the spontaneous polanzation that were used
in the calculations. Thus the agreement with experimental
ceramic electrostrictive constants was not very good.
When a more realistic value of the polanzation (0.26
C. m" at room temperature ) was later measured [11], Jona
and Shirane {12] recalculated the single-crystal electro-
strictive constants and used (3) to determine the ceramic
Q. and Q,, values. These caiculations were n good
agreement with the expenmental measurements.

The ceramic electrostrictive constants of BaTiO; were
calculated from the single-crystal values using (5) and (9)
as shown 1n Table [. The values of the experimenzal ce-

AND FREQUENCY CONTRUL 0L
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TABLE |
ELECTROSTRICTIVE CONSTANTS AND ANISOTRGPIES OF BaT.O- ang PoT O.

Wt Ch -0 -0,
Q Q. Qu Q: 2.
8aT:0,
Single-Crystai e -4 420 5351 13 13
Ceramic
Senes 151 5136 -1 90 59 32 34
Rarailet 9 164 9 6%0 3 66 $3 25
Expenmentai 5767 -123° 139 16 i3
PbT1O,
Single-Crysal 399 -26¢ 675° 34 26
Ceramic
Senes. (5 565 -0975 1328 58 136
Parailel (9 437 -0 335 9 41 130 284
Single-Crystal 39¢ -2n’ b} 34 n-
Ceramic
Senes 15) 70 -3300 04 94 203
Parailel 9 28 ) T0% 3.8 =32 -4
’Calcutatea from the spontaneous ootanization (0 26 C M- - 3nd 9'e20

electne g, data trom (13}
"From [14)
Calculated from +™
“From (8]

“From {3]
From {15}

ramic electrostrictive constants. also listed w1 this tabie,
fall between these upper and lower bounds. Thus the Voigt
and Reuss type methods of averaging appear to work well
in predicting the Limits of the elecirostnctive constants in
addition t¢ the elastic constants.

Two sets of calculated upper and lower bounds of the
electrostnictive constants of ceramic PbT10, are listed 1n
Table 1. The same values of the single crystal Q,, and Q,»
constants were used in both sets of calculations. but dif-
ferent Q,; values were used. in the tirst set of PbTiO,
calculations a Q4 of 6.75¢ 107 m*. C?) was used. This
vaiue was calculated 1n (3) from expenmental values of
€1). dys, and P, from PbTiO, single crystals. In the second
set of calculations a Qu of 2.0(10™" m* 'C?) was used.
This value was calculated n (15) from spontaneous po-
lanzation and strain  data for the rhombohedral
Pb(Zry4Tiy ) Oy composiion. In all three sets of data
shown in Table [ the magnitudes of the ceramic @, and
0, constants are less than the corresponding single-crys-
tal values, but the ceramuc (,, constants are larger.

The electrosincuve amsotroptes —Q,,, Q. and
- 0., 01> ncrease in BaTiO; and PbTiO; ceramics com-
pared (o the corresponding . >mgle crystal amisotropies as
shown in Table [. The —(,, 'Q,, amisotropy increases,
even though the Q,, constant decreases, because of the
greater decrease in the —Q,« constant. The = (., 0,: an-
150tropy increases because of both the decrease n —Qk.
and increase in Quy

The electrostnctive anisotropies of ceramic PbTiO; are
larger than those in BaTiO,, because of the differences in
single crvstal amisotropies. [n the second set of PbTiO,
data the ceramic amsotropies calculated from the parallel
model changed sign because §,, became posive. To bet-
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ter understand the effect of the single-crystal anisotropies
on the ceramuc anisotropy (5) and (9) can be rearranged

as

_ -1 o=1,2n)+4 o
Ooenes = 30“'1(}."2 . ll\,)
and
aparanel=
2+3(1 o= 1) =4u(l/o+ Diljo - 2)’,“
Lo A+ (o= = 2u(l/o~1)(1/o=-2)
(11)
where
o= “éz: éw o= =Qp Q. and p = =0, Qus.

(12)

The ratio ¢ s the etectrostrictive analogue to Poisson’s
ratto ( = =s5.2 s, ) The electrosincuve rauos defined by
t12) are the invere of the electrostrictive anisotropies
listed in Table I.

In Fig. [ the ceramic rauo ¢ was plotted versus the sin-
gle-crystal o rauo for different values of the single-crystal
u ratio using (10) and (1 1). Using either the senes of par-
allel models. the ceramic 7 rati0 decreases (anisotropy in-
creases) as the single-crystal ¢ and » ratios decrease and
increase, respectively The value of the u ratio has less
effect on the ceramic & when using the series model com-
pared to the parallel model. The ceramic & can be either
posiiive or negative depending on the values of the single-
crystal rauos. A negative value of the ceramic o would be
due 0 a positive Q5. assumng that 0y, 1s also posiuve.
If the ceramic 3 changes sign because the -, constant
decreased (o _zero and changed sign. then the ceramic an-
isotropy ( =Q,, ;.1 would increase and go to infinity

The square-shaped data points 1n Fig.l represent Ba-
Ti04, and the circular and trnangular shaped data points
represent the first and second sets of PbTiO, data in Table
[, respectively As shown in Fig. 1 the single-crystal ra-
nos of BaTiO, cause the ceramic 3 rat1o to be larger than
that of PbTiO; resulting in less anisotropy. When using
the smaller value of the (., constant, the upper and lower
imuts »f the PbT10, ceramic 9 ratio range from postuive
to negative values. illustrating the possibility of having
very large arisotropy and a positive ceramic Oy, constant.

The larger »alue of the Q.4 constant shown in Table |
should better represent the actual Q,; of PbTiO;, since
this value was determined from measurements on Pb-
TiO+ This value will be used in calculatng the piezo-
electric coefficients later in the paper. When using this
value, large ceramic anisotropy sl resulted as shown in
Table I The electrostnctive constants of perovskite fer-
roelectnics have been expenmentally shown to be only
shightly temperature dependent, {11], {16] and thus were
assumed to be independent of temperature throughout this
paper However, since the magnmtude of the @,2 constant
of cerarmic PbTiO, is small, a slight temperature depen-
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Fig | Ceramuc J rauo plotted versus single-crystal o ratio tor diftc
values of single-crystal x4 rano calculated from a) Senes model uainz
10) and b) Parallel model using v11) Square shaped data points . ¢
spond to BaTi0;, circular shaped to first set of PbTiOy data in Table |
and tnangular shaped to second set of PbT10, data.

dence of the single-crystal electrosinctive constants could
cause the ceramic @y, to go to zerv and change signs 4s a
function of temperature. This will be further discussed
later (n the paper when the electrostnctive anisotropy >
related to the piezoelectric anisotropy.

An interesung result of this averaging procedure ts that
the ceramic hydrostatic electrostrictive constant ( 9, =
Q“ 2010 18 equal to the single-crystal @, when using
either 155 or (9), even though the magnitudes of the ce-
ramic Q,, and Q,, coefficients are considerably lower than
the single-crystal values The expenmental ceramic O ot
BaTiO; 1s 3.3¢107° m*, C?) from the data in Table I.
which 1s in fairly good agreement with the single-crystal
and predicted ceramic vaiues of 2.3. However, even bet-
ter agreement s found with ceramic Q,'s of 2.1 and
2.8¢107° m*, C), which can be calculated from data in
(18} using the relation Q, = —(df,dP), (1e C), where
C s the Curte-Weiss constant and 46, dP is the slope ot
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the pressure dependence of the Cure temperature (§). A
similar result also occurs when using these senes and par-
allel models for the elastic constants. The ceramic volume
compressibility 1s equal to that of the single crystal

[II. DisLECTRIC PERMITTIVITY
Parallel and series models were aiso used to calculate
the upper and lower himits of the ceramic dielectnc per-
muuvity from the single-crystal values:

parallel € = (2/3)e;, + (1/3)ess (13)

series 1 /€ = (2/3)/e;, + (1/3)/¢ep3 (14)
where ¢ is the ceramic permuttivity, and ¢;; and ¢;3 are the
single-crystal permittivities perpendicular and parallel to
the polar axis. respectively (assumed to be equal to the
dielectnc susceptibiliies).

The upper and lower limits of the ceramic permutuivity
were plotted versus temperature tn Fig. 2 using (13) and
(14) and the phenomenological caiculations of the singie
crystal permittivities from {8]. Only a slight difference
the upper an lower limits was found, because of the small
dielectric anisotropy of single~crystal PbTiQO; The exper-
imental data (cicular data points) plotted 1n this figure were
calculated from the piezoelectric dy; and g5; data given n
[19) tand plotted later in this paper) for a ceramic PbT10,
sample doped with 1.0-mole percent MnO,. This expen-
mental data 1s 1n good agreement with the predicted upper
and lower bounds. Another expenimental data point 1s
piotted n this figure. This value was listed in a table in
"9} tor the same composition measured at room temper-
ature. The predicted upper and lower l'mats of the ceramic
dielectnic permutuvity at 25°C are 105 and 96 5. These
values were calculated from the singie-crystal ¢;, and ¢xs
values of 124.4 and 66.6 from [8].

IV SpPONTANEOUS POLARIZATION

There are six possible directions for the polar axis in a
tetragonal structure such as that of PbTiO,. If an applied
electnc field causes all of the domains 1n a ceramic to
align along the closest of these directions to the field, then
the polanzation of the ceramic (P) will be: P = 0.831 P,
where P 1s the single-crystal polanzauon [20]. This gives
the upper limit of the ceramic poianzation by assuming
that | 6 of the domains did not require swiching, 1 6
switched through 180°, and 23 through 90° [21]. How-
ever, Carl [22] found that, in dense PbTiO, ceramics
doped with small amounts of lanthanum and manganese,
the 180° domarn alignment was virtually perfect. but only
about ten percent of the domains switched by 90° By
assuming that nc 90° domain swutching occurs and that
only 1:6 of the domains reahign through 180°, P =
(1 3H(0831HP = 0.277P This will be assumed to be
the fower himut of the ceramic polanzation. If 90° domain
alignment does not occur, then the 2,3 of the domains
that would ideally switch through 90° will instead possi-
bly switch through 180° If all of these domains switch
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DIELECTRIC SUSCEPTIBILITY
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Fig I Dielectnc suscepubility plotted versus temperature tor _eramic
PbTiO, Data points are expenmental measurements trom 194
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Fig 3 Spontaneous polanzauon of PbTi0. plotted versus temperature
Dashed curve 1s single-crystal polanzation calculated rom phenome
nological theory in (8] Solid curves represent approximations ot upper
1= 10 5P and lower ¢ = 0 277 P himuts ot ceramic polanzauon Data
pont s from {22)

through 180° then P = 0.5P This result will be assumed
to be the upper limit of ceramic polanzauon.

The upper and lower limits of the spontaneous polar-
1zation of ceramic PbTiO; are plotted n Fig. 3 along with
the single-crystal polarization. Carl [22] found that the
polanzauon of ceramic PbTiO; was approximately 0.3
C,/m" at room temperature. This value fails between the
calculated limits at 25°C 0f 0.21 and 0.38 C, m~ as shown
in Fig. 3.

V  PIEZOELECTRIC COEFFICIENTS

The piezoelectnc voltage ( g,) and charge (d,,) coetfi-
cients of a single-crystal of PbTiO, are related to the elec-
trostrictive constants, dielectnc permituviues, and spon-
taneous polanzation as fullows:

gn = 2QuPy, gn = 2008 2 = Quby
diy = ZeoesQuPy, dy = Zegen Quibr,
dis = €€, Qu Py (16)

These equations are based on the approximauon that the
dielectnc suscepubilities 74, and ns; are equal to the di-
electric permutuvities ¢;, and ;5.

(13)
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Equations (15) and (16) are single-crystal relatons and
shouid probably not be used for ceramics. However, these
equanions can be used to determuine the upper and lower
limits of the ceramic piezoelectnc coeffictents from the
hmuts of the ceramic electrostrictive constants, dielectric
permuttiviies. and spontaneous polanzatuon. For exam-
ple:

g5 =200 P 35 = 200P5, (17)
where (" and L refer to the upper and lower limits as de-
fined 1n the previous sections. Simular equations were used
to calculate the ceramic limuts for the other piezoelectric
constants. Since there was very little difference between
the upper and lower limits of the ceramic PbTiO; dielec-
tric permittivity (see Fig. 1), the average of the senes and
parailel models were used in the calculations of the pt-
ezoelectric 4, constants. However. for a matenal such as
BaT10, with a large dielectric anisotropy, the himits of the
dielectnic permuttivity should also be accounted for.

Using this procedure the upper and lower himuts of the
prezoelectric coefficients were calculated and plotted ver-
sus temperature tn Fig. 4 The single-crystal coefficients
are also plotted 1n this figure for comparnison along with
expenmental ceramic data. The values of the piezoelec-
tnc coefficients at 25°C are listed in Table II. The circular
‘ata peints shown o Figs. 4(a) and (d) were measured in
(19] on ceramic PbTiO, doped with 1 O-mole-percent
MnO, This data falls between the predicted upper and
tower limits with similar temperature dependences as the
calculated curves. The diamond shaped data points shown
in Figs. $:as. by, (d). and (e} are also from [19] for the
same composition. The corresponding expenmental di-
electric data was previously shown in Fig 2 The exper-
imental 2y, and d+, coefficients also fall between the upper
and lower itmits. The square shaped data points shown in
Figs 4(crand f) are from {24] for ceramic PbTiO, doped
with 1 0- and 2 5-mole-percent MnO, and LaO; .. re-
spectively The expenimental g5 coefficient of this com-
position tails between the hmuts, but the d,s coefficient
was greater than the upper limit because of a larger di-
electric permutuvaty «170) than that predicted. The ditfer-
ence between the ceramic and single-crystal values of the
215 and d, coetficients 1s smaller than that of the other
coetficients, because the ceramuc Qg constant s larger
than the single-crystal value.

From (15 and (16) the piezoelectne anisotropy of 4
stngle-crystal 15 found to be equal to the electrosinctive

JRISOLropy as
23, £ {13}

gy =duy dy =Q,,.Q:=-1lo

This single-crystal relation can be used to approximate the
upper and lower himits of the ceramic prezoelectne an-
isotropy from the ceramic electrostnctive anisotropy by
assuming that

S T A
(3, 8u) = 2%, 35 (B, Bn) = 85,35 119)

Equauons (10) and (1) and Fig. 1 can then be used to
predict the upper and lower bounds of the ceramic piezo-
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electrnic amisotropy from the single-crystei electrostrctive
anisotropies. From Table II, expenmentally ~g,,/2,; =
0 11 for ceramic PbT10;. This value falls between the
predicted ceramic —Q,., 0,, bounds of 0.077 and 0 17
plotted 1n Fig. | histed 1n Table I as —Qy,, Q1) How-
aver, the expenmental —25;,%;; of BaTiO; has a value
of 0 41°* ", which does not fall between the predicted ce-
ramic ~Q,,/ 0y, bounds of 0.19 and 0 31 (see Table I)

Equation (19) was based on the assumption that the
boundary conditions are the same for the 33 and 25, coef-
ficients. However, the boundary conditions might not be
the same, and thus the foliowing retations should proba-
bly be used to calculate the bounds of the piezoelec...c
anisotropies:

(333, §3x)t = 3%, 35 = (dy,dy) = d%, d4

-3, o 0
(833 ?:«ML =35 Th = ‘333/33|)L = d%, d§,

- 3, 0% =

Since for a paruicular domain configuration 1n a ceramic
the polanzation P; and dielectnic permuttivity €;3 are the
same in the di; and dy, relations, they were assumed to
cancel out of (20) and (21). The electrosincuve
amsotropies 0 &, @f» and Q% /0% result in wider limits
than those plotted in Fig. !, and can be calculated from
relattons similar to (10) and (I D). Usizg (20) and (21) the
expenmental value of —gy,, 233 of BaTiO, 10 41) tails
between the predicted —Q,,, Q> limts of 0 11 and 0 32
tcaiculated using the values from Table D)

From (20) and (21) the upper and lower limits ot the
ceramic prezoelectric anisotropy only depend on the elec-
trostnctive anisotropy and are independent of the dielec-
tnic properties. However. from piezoelectnic averaging
equations Tunk er af. 3] concluded thai the low dielectnic
amisotropy of single-crystal PbTiO; contnbuted to the
large ceramic prezoelectric amisotropy. Using Wersing's
(4]. (5] approach of combiming Luchaninov's [6] aver-
aging equations with single-crystal relations (163, and then
solving for the amsotropy, results in the following rela-
ton.

2O . €11 Qus -
i’g:(l 6= Qi enQin 1)
dyy Q_x_' _ e Qu - 1_‘_'__0
Qi 2@ 1 -6

where § = (cos ' 4) (cos8), and 9 s the angle between
the dirsction of the spontaneous polanzauon of a :rystai-
lite and the direction of the poling field. Equation 122)
indicates that if the single-crystal dielectne anisotropy
(e, ¢y dJecreases, the ceramic piezoelectne anisotropy
will increase. If 5 = 3 5ande¢;,; :3; = I, then the nght
side of (23) reduces to the electrostnctive senes model
(10) that gave the upper lumit of the ¢ ratio and the lower
{tmut of the ceramic electrostrctive amisotropy  This n-
Jicates that Luchanmov’s [67 averaging equattons may
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Fig 4 Piezoelectne voitage 1 ¢, s and <harge 14, ) coefficients plotted versus temperature tor P5TiO. Dashed .urves are the-
Jretical single orvstal coerficients valculated trom phenomenoiogical theory in [8] Solid curves 4 and 8 are upper and ower
Sounds ot ceramic coetficients calculated using + 1) tor gy, and similar equanons tor remaining coetficients Data pounts are

¢xpenmentai measurements trom (19} and {24)

TABLE {1
THe Pre20ELECTRIC COEFFICIENTS OF CERAMIC PDTLO, at 25°C

Lower Upper
Coetlicient Limut Expenmental Limu

NTT N £ 33 134038 2o
ST Em V) -1 30 -35 -7 36
¢o.0 m ¥V 97 e 00
1075 C Vo 63 19 34 180
L0070 v -1 28 -42 -6 87
101075 C Yy [ $3 40

Diamona shaped Jata points :n Fig 3 'doped with | U mote percent
Mn. trom {19))

*Circular shaped data points in Fig 4 .doped with | ) mole percent Mn.
trom (191)

Square shaped Jata points 10 Fig 4 +doped with | O and 2 $ mole per-
~ent Mn and La, from (24))

represent the lower limit of the ceramic piezoelectric an
1sotropy that would result from the upper limits of the
piezoeiectne coefficients. Averaging eyuations for inc
lower limits of the niezoelectric coetficients may show .at
the ceramic piezoelectnic anisotropy will tncrease when
the single-crystal dielectnc amisotropy increases, which is
the opposite conclusion as that of the other limit Thus
between these limits there may be little etfect on the ce-
ramic piezoelectrnic ansotropy trom the single-crystal di-
electnc anisotropy.

[rrespecuve of the dielectnc anisotropy and degree ot
polanzation, the large ceramic piezoelectric anisotropy ot
PbT10, can ¢ 2rplamned by the large slectrostnctive an-
isotropy that was shown in Secton II to be due to the
small magnitude of the ceramic J,, constant. Since the
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value of ceramic ap 15 close to zero, the sign of@l, could
easily change from a slight vanation in the single-crystal
anmisotropies  This could also cause the ds, coefficient 1o
change <i1gns. and result 1 an infinite piezoelectric an-
1sotropy when dy; goes to zero.

The single-crystal electrostrictive anisotropies of Pb-
TiO; can be vaned by changing the composition and or
temperature  When some of the utanium in PbTiO5 1s sub-
sututed with zircomum to form PZT. the single-crystal

—=Qi:, Qi ratio increases. while the —Q),,/ Q. ratio de-
creases. This causes the ceramic ~Q,:,/0,, and —dy,/ds;3
ratios to increase (see Fig. 1), which results in less an-
tsotropy  Zom et al. [17] experimentally found that
"le,/an = 0.5 and Ql“/ Qu = 0.3 for the
Pbo 533!‘0 I:Baq os(zro eTiq _,3Nb0 03)03 composiuon which
1s close to the morphotropic boundary. These values
would result 1n a ceramic piezoelectric amsotropy
» ~d+x dy,) of 2 using enther the seres of paraliel models.
which 1s in good agreement with the measured prezoelec-
tric amsotropies {1].

Doping PbTiO; with other elements. such as samanum
or calctum, was shown to increase the anisotropy (2],
{(26] Large piezoelectric amsotropies have also been
found for the Pb( Zry os( Mn, 3Nba, ;) 95) O3 composition
{271 This suggests that the single-crystal electrostncuve
rattos i1n the PZT system change 1n such a way as to cause
the amisotropy to increase when moving from the morpho-
tropic boundary towards PbZrO,, as occurs when going
the other way to PoT10;

From (135) and ( 16) the hydrostatic prezoelectric voltage
(g, = gy = 2g3,) and strain (Jd, = Jdy; + 2dy) coeffi-
ctents of a single-crystal can be calculated from

w = 2P Oy dy = 2606:3P\Q},. (23)

These single-crystal relations can also be used to predict
the upper and lower bounds of the ceramic hydrostauc
prezoelectnic coefficients. By dividing the resulting equa-
rnons for the ceramic bounds by the single-crystal equa-
nons, and again realizing that for a particular domain con-
fguration 1n a ceramuc the polanzation P, and dielectnc
permutuvity 5, are the same In the J,, and Jy, equations,
the tollowing relations are obtained:

B PO 3 _ PO -,
da P‘Qh' Ih v U )
BB BOE PO
d, f’UP"Qh' dy ey Py Oy B

Due to possibility of having Jdifferent boundary conditions
for the @, and Q,_ <onstants. the Limits of the hydrostatic
electrostnctive constant should be calculated from

0% = 0% Qr =0f =20h (26
However. if the boundary conditions of 'é,umd Q. are

the same, then the upper and lower limits of Q, would be
equal to the single-crystal Q, 1as Jescnbed in Section 1I).

These values of the single-crystal and ceramic Q,'s of

‘W

BaTiO; are in fairly good agreement. Thus it the single-
crystal and ceramic Q,'> are assumed to be equal. then
from (24) the ratio of the ceramic g, divided by the single-
crystal g, only depends on the ratio of the ceramic polar-
1zanion divided by the single-crystal polanzation. Since
the polanzation of a ceramic 1s always lower than that of
the single-crystal, the value of the ceramic g, should be
lower than the g, of the single-crystal. Expenmentally,
this s found in both PbTiO; and BaTiOx.

The ratio of d,, coefficients would depend on the ratio
of the ceramic €;; divided oy the single-crystal €33, 1n ad-
dition to the degree of poling. For a matenal such as
PbTiO; with a small dielectric anisotropy, the value of
the ceramic d, should be lower than the dy of the single-
crystal. Expenmentally, PbTiO; has a d,, d, ratio ot 0 46
However, (25) predicts that a matenal with a large di-
electric anisotropy (€, €:3) such as BaT10; could have a
larger ceramic dy than the corresponding single-crystal d.
Expenmentally. BaTiO; has a ceramic d. value of ap-
proximately twice the single-crystal value {25] These re-
sults may be important in the design of matenals tor hy-
drostatic transducer applications. such as when a
prezoelectric powder is dispersed tn a polymer [28]. The
properties of this type of composite will depend on the
composttion of the powder used and whether the powder
is composed of single-domain or multidomain particles.

VI ConNCLUSION

The upper and lower hmits of the zlectrostnictive con-
stants, dielectnic permiuttivity, spontaneous polanzaton.
and prezoelectric coefficients w#-e calculated for ceramic
PbTiO. from theoretical single-crystal constants. The ce-
ramic was assumed to be composed of a large number of
small single-crystals with all possible onentations. The
ceramic properties were calculated from the space aver
ages of the single crystal constants. assuming that oniy
180° domatn switching occurs. The expenmental ceramic
data was shown to be within the predicted upper and lower
limits. Additional compansons have been made between
the theoretical predictions and low-temperature diefectnc
and piezoelectric measurements on samanum-doped lead
tianate ceramics {29].

The senes and parallel equations used to calculate the
upper and lower limits were used to denve relations that
showed how the ceramic electrostnctive anisotropy
(Q.; Qs depends on the single-crystal electrostnctive
antsotroptes ( Qy,, @42 and Qus/ Q,2). These relations can
be used for any fourth-rank tensor with similar tensor to
matnx conversion, such as the elastic constants. The ce-
ramic piezoelectnic anisotropy (s, dy, } was also shown
to be related to the ceramic electrostnctive anisotropy
PbT10, was shown to have a large piezoelectric anisot-
ropy. because of the large electrostnctive anisotropy that
was due to the small magnitude ot the ceramic Q.» con-
stant. Since the value the ceramuc Q,; 1s close to zero, the
sign of O.: could easily change from a shight vanation in
the single-crystal amsotropies due o a temperature de-
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pendence or modification of the composition. This would
also cause the Z“ coeffictent to change signs. and result
in an nfinite prezoelectric anisotropy when dy, goes 10
zero.

Damjanovic er al. {30] found that 1n calcium or samar-
wm modified PbTiO» ceramucs the dy; coetficient changes
sign from negative values at low temperatures to posiuve
values at high temperatures. They showed that this change
in sign was due to a positive extrinsic contnbution to ds,
that may dominate the negatlve intnnsic contnbution.
They also found that in samarium doped PbTiO, samples
poled with low electnic fields a postrive ds, coefficient re-
sulted over all of the temperature range tested (down to
—180°C). If the dy, coefficient remains positive at low
iemperatures where the extrinsic contributions have **fro-
zenout.” then the intrinsic d3, may have increased to zero
and pecome positive at low temperatures. They also found
that as the poling field was increased, the dy; versus tem-
perature curves shifted to lower values (more negauve).
The amount of 90° domain switching increases as the pol-
ng field 1s increased causing the intrinsic ceramic anisot-
ropy to decrease toward that of the single-crystal. This
would ¢ause the intrinsic d3, to shift to lower values ap-
proaching the single-crystal value as the poling field 1s
increased and would possibly explain the poiing depen-
dence that Damjanovic et al. {30] found.

The single-crystal and ceramic hydrostatic electrostnc-
uve constants were found to be equal when using either
the senes or parallel models. Using this result the ratio of
the ceramic to single-crystal hydrostatic g, coefficients
(3., gx) was found to only depend on the degree of po-
tanzauon P P ). The d,/d, ratio was found to depend
on the ceramic single-crystal dielectric ratio €33, €13, In
addinion o the degree of poling. The ceramic d, could be
less than the single-crystal dj, as is always true for the g,
coefficients, or could be larger depending on the dielectnc
anisotropy ( €,/ €33) of the single-crystal.

The averaging procedure descnibed in this paper pro-
vides a simple method of predicting the upper and lower
bounds of the intnnsic ceramic properties from the single-
crystal constants. This procedure could also be used to
determine single-crystal constants from the ceramic prop-
erties. Pan and Cross [31] have recently used the elec-
{rostrnictive averaging equations to determine the single-
crystal @y constant of Pb( Mg, ;Nb, ;)O; from the mea-
sured single-crystal and ceramic Q,, and Q,, constants
These equations may also be useful in determiming the
compositional dependence of the single-crystal electro-
stnictive constants in the PZT system.
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Ferroelectric Properties of Tungsten Bronze Morphotropic

Phase Boundary Systems

John R. Oliver™ and Rarnakar R. Neurgaonkar”

Rockwell Intemational Science Center, Thousend Caks. Cclifomia 1340

L. Enc Cross”

Mctenals Research Laboratory, The Pennsylvenia State University,

Tungsten bronze ferroelectrics which have a morphotropic
phase boundary {MPB) can have a number of enhanced di-
electric, piezoelectric, and electrooptic properties compared
10 more conventional ferroelectric materials. The structural
and ferroelectric properties of several MPB bronze systems
are presented, including data from sintered and hot-pressed
ceramics, epitaxial thin films, and bulk single crystals. In-
cluded among these are three systems which had not been
previousiy identified as morphotropic. The potential advan-
tages and limitations of these MPB systems are discussed,
along with constderations of the approvriate growth methods
for their possibie utilization in optical, piezoelectric, or pyro-
electric device applications. [Key words: ferroelectrics, tung-
sten bronze, phases, electronic properties, phase boundary.]

I. Introduction

! l YHE search for increased electrooptic. pyroelectric, and
piezoelectric effects in the tungsten bronze ferroelectrnic crys-
2t ramily nas sumulated interest 1n 2 number of potential mor-
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Fig. 1. Phase diagram for the Pb,_, Ba, Nb.O, (PBN) morphotropic
vvoiem Pownts indicate several butk crystal compositions (Refs 3 and 4)
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pnotroptc pnase boundary +MPB) svstems On a binary pnase
diagram, an MPB appears as a nearly vertical line separating two
distinct ferroelectric phases. This phase boundary generaily occurs
at a nearly constant composition over a wide temperature range up
to the ferroelectric phase wansition temgerature. 7., an example
is shown in Fig. | for the bronze MPB system, Pb,_, Ba,Nb,O,
(PBN), which possesses both orthorhomoic and tetragonai struc-
tures near x = 0.37 ' Poled ceramics or single crystals of such
MPB ferroelectnes can show an enhancement of numerous physi-
cal properties because of the proximuty tn free energy of an alter-
nate ferroelectne structure. detailed descriptions of MPB behavior
can be found in the work by Jatfe er al.}

Crystal composittons n other ferroelectne families can aiso
possess MPB regions, with perhaps the best known of these
being perovskite PZT and PLZT * However, compositions in the
tungsten bronze family have a number of potential advantages
over the perovskites, particularly for optical device applications.
These include a larger ensemble of nonzero guadratic electrooptic
2 coefficients (g, 812, 2130 &u3. usv oo COMpared 0 gy, 2120 2w
. perovskites) ansing from a lower prototype symmetry (tetrago-
nal 4/mmm) n the high-temperature paraelectnc phase. 2 unique
4-fold symmetry axis (no temragonal twinning), and an open struc-
ture which can accommodate a wide range of ions in several
crystaliographic sites.

Figure 2 shows the tetragonal tungsten bronze prototype structure
projected onto the (001) plane.’* Ferroelectnic compositions of
the tungsten bronze type can be represented by the chemical for-
muias (A )dA);CB10yw and (A)(A1):B1oOy tn which A, Ay,
C, and B are the 1S-, 12-, 9-. and 6-fold coordinated oxygen oc-
tahedra sites in the crystal saucture, with the A sites occupied by
Ba, S, Ca, Pb, K, or Na, and the B sites occupied by either Nb
or Ta. The first formula represents the so-called “stufed” bronze
structure, in that all of the A, B, and C sites are occupied te g.,
K,L1;NbsO\g) The second formula represents bronzes which are
either “filled” (all A sites occupied) or “partally filled™ (¥s of the
3 sites occupred), the latter being charactensuc of ferroelectne
bronze miobates such as Sr,..Ba, NbyOs (SBN) ** The tungsten
bronze structure is found over a wide range of the parnaily filled
ruobates, athough the end composiuons for A = Sr. Ba, or Ca are
not of the tungsten bronze type The intreduction of K and Na on
the A sites results n 2 filled troaze structure (¢ g . lead potassium
mobate (PKN)) and thereby enhances the structural stabihty

Tungsten bronze solid solutions can be obtained with erther
tetragonal (4mm) symmetry in the ferroelectric phase or ortho-
rhombic (mm2) symmetry, which can be both ‘erroeiectric and
ferroelastc. Tetragonal bronzes such as Sy Bay (Nb.Oy (SBN 60)
have spontaneous polanzation only along the ¢ axis (001) and
generaily have large transverse properties at room lemperature.
including the c-axis dielectne constant, €y, the hinear electrocpue
coefficient, r«. the prezoelectmc coefficient, dv, and the electro-
mechanical coupling. ky, ="' Such 1s not always the case. how-
ever, 2 has been shown bv tetragonal Ba,. 5r K, Na,NbO,.



Fig 2. Tetragonal prototypic structurs

2 'ne tungsten bronze atuce projected

o1 he OO olane Ay

'BSKAN), * " which can show large longitudinal properties such
s €., rgp. dyg, CtC.

Bronze compositions having an orthorhombic symmetry in the
terroelectne pnase can have spontancous polanzauon along the ¢
axis, with generally very weak orthorhombic distortion of a and
b (e g., Sr;NaNbOy), or else have spontaneous polanzaron
along ewther of the orthorhombic a or b axes which are rotated
45° relative to the high-temperature prototypic axes (¢ g .
PbNb,C,) ' The better-known orthorhombic bronzes such as
Pb,.,Ba,Nb,O,’ * generally show stronger longtudinal proper-
ues although again some exceptions may be found,

The availability of bronze structures with erther orthorhombic
or tetragonal point group symmetry n the ferroelectric ph-.e,
coupled with the possibility for several space group symmr .es,
nawnally suggests the potential for binary. temary. or quaternary
»wolid solutions containing MPB regions. However, although numer-
Ju> bronze solid solutions have been investigated dunng the past
several decades, only a few MPB systems have been discovered.
In Rl paper, we will discuss the propertes for several MP8
sronze terroelectrics that we have examuned, and additionally
wON 4t other lungsien bronze systems which may possess MPB
regions which hutherto have not been idenufied.

II.  Lead-Containing Morphotropic Bronzes

t1} The PBN System

The icad banum nrobate (PBN) solid solution is arguably the
most studied and developed MPB system in the tungsten bronze
famiy In aadution to sintered ceramucs. PBN has alss been de-
~cioped n the form of hot-pressed. grain-oniented ceramics'*'®
20d &s Hulk single crystals using the Czochralski growth method.'*
The ‘atter have been especiaily useful for determining the direc-
uenaily dependent ferroelectne properties n this system, reveal-
07 the unusual behavior which can occur for compositions near
‘ne morphotropic boundary

The PBN yolid solution is based on the brnary system (1 ~ 1)
PoNE Q4= BaNb,O,, 2s shown w F1g | The MPB between or-
nornombic (mml) and tetragonal (4mm) symmetnes occurs
¢ =937 wuh 2 mumum Curie point of approximately 270°C
e 2ub single crystals, discussion of the crystal growth proce-
dure may be found in the work by Shrout er ai.’* The crossover
petween the Curie temperatures §, and 8, as one moves the com-
position through the MPB region leads to very large dielectne
and piezoelectnc constants at room temperature, 1n spue of the
high terroefectnic transiion temperature.’ '’ For example, near-
morphotropic tetragonal Pby (Bay [NbO, (PBN.60) has single-
crystal dietectne constants of €,, = (900 along the a axis and
€ = 500 along the ¢ axis. Spontaneous polanzation i poled
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<rystals 1s also large, in the range of ™0 wC,/'cm” at room tem-
perature based on recent measurements

The large spontaneous polanzauon and large dielectne constants
available .n morphotropic PBN are especially sigmificant ‘or op-
ucal applications. From the phenomenology for oxide ferroelec
tnes,” the lLinear electrooptic effect may be considered a quadratic
effect biased by the nonzero spontaneous polanzation i the femo-
electnic phase. [n the case of tetragonal tungsten bronzes, the linear
electrooptic coefficients. r,, are given by relations of the form'

riy = 283 Ps€n6
ry = 22y Piene
Fo = ra = 284PE€ (h

where Py 15 the c-axis polarizauon and the g, are the guadratic
electrooptic coetficients, the lanter being tahen as largely (nde-
pendent of lemperature with values roughly the same as dhose in
the high-temperature paraelectric phase * Similar relatons also
apply for the piezoelectric Jd, coetficients, with the gquadratic g
coetficients being replaced by gy electrostrcuon constants

The relauon for 7, in Eg. (1) 15 of particular interest in that for
tetragonal compositions acar the MPB, but far from the ferroelec
tnc transiuon temperature, both £y and ¢, can be large and nearly
independent of temperature, In the case of single-crystal PBN 60,
rg s now estmated at greater than 2000 X 10" m/V at room
temperature, many umes greater than the values for the best non-
merphotropic teragonal bronzes such as SBN.60 * Sumularly, the
piezoelectne d,s coefficient is also enhanced by the proximuty of
the MPB in PBN 60, wuth a value of roughly 260 x 107* C/N

For orthorhombic (mm2) composittons near an MPB aith the
polar axis along a (or b), the equivalent relations are given by

= :ZHPE',G,)
re = 120P €6

rog = :§4)P €€,

[

raEuP e

o this case, P, and e can be large o that large and aearh
temperature-independent values ot ~, and r,, may be anucipated

A hmuting factor 1n the development of PBN single crystals 1
the hugh volatility of PbO at the temperatures required for crystal
growth ([340° 1o 1400°C) Although it has been possible to grow
PBN bulk single crystals of up 10 several muilimeters cross section
using the Czochralski method, the rapid loss of PbO from the
melt leads to a considerable loss of stoichiometry and homoge-
neity with resulting crystal fracture problems. Hence, the present
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Fiz 3. Dietectnc constant at 10 kHz versus iemperature ‘or hot-pressed
_2ramuc PBLANI6Q/ 6y for dicections paralie! and perpendicular (o the
amessiay direction after ooling at 1§ kV/em The Jdasned fine ndicates 2
nerany Sepoled <ondition

ervstals are considered to be of limited uulity for many device
spphications. particularly optical.

An altemative to the bulk crystal growtn of PBN 1s hot-pressed
ceramic densification, with the advantages of lower growth tem-
~eratures, shorter exposures to ¢levated temperatures, and better
:ontrol of the surrounding environment Proneenng work on hot-
aressed PBN ceramics was performed by Yokosuka' and Nagata
«r 2t *'* on lanthanum-modified PBN compositions to permit the
Jevelopment ot transparent ceramics in much the same fashion as
'anthanum-modified perovskite PZT (PLZT) These La’" modifica-
ions rake the form (Pb, ., Ba,)i-y.qka, Nb.Oy (PBLN(1 = ¢/v)),
«ith the advantages of good optical transparency resulting from

Y 1
} 410} | 330 PBLN (6016}
| PARALLEL
- FACE
= 420
N
z
::: ’ 320
5
s l $30 550
bl
z | 630
C 820
; 40P 520 600
)5 ] l 11 1
H i )
20 30 40 50
o LETY ! T
' 21 s 002
! PERP
FACE
410
221 412
| 330
| 00Y 339 3
601
I. [ | i 530 112 l | 322
. o i b L
{ T T 1
20 30 40 50

26 IDEGREES)

Fig 4 Relatve X-ray diffraction line strengths ror hot-pressed
2BLNI60/6) with face normals parailel and perpendicular to the pressing
Lirechion Note the absence of Ak1 and hk2 retlecnions in the upper figure.
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improved grain boundaries and the potential tor very large tieiec-
trIC CONSIants as a consequence of the substantial decrease n the
phase ftransiion temperature

An example of the dielectnc properties for not-pressed PBLN
ceramics developed 1 our own work s shown 'n Fig 3 tor the
PBLN(60/6) composition Ceramic preparation :nvoived 2al-
cining the proportioned oxide powdaers at ~80° ro 300°C for 10 ro
12 h ball-miling n acetone for 1210 20 n and hen coid-
oressing the dried mixture nto petlets prior to uniaial hot-
pressing mn an oxygen atmosphere Since PBLN s deasified by
hquid-phase sintering due to the presence of PbO. an excess of
PbO powder is required 1n the starung mixture to effect optimum
densification and to mimmuze Pb’" deficiency :n the ceramuc
Whereas our mmtial work on unmodified PBN 60 and PBN 70
ceramics showed an optimum PbO excess of 9 mol% ‘or v prcal
growth temperatures of 1240° to 1280°C, s reduced to rougnly
2 mol% n La-modified matenal This result s consistent #ith
aur earhier observations of reduced PbO losses Juring sintening
for tungsten bronze Pb, .., K, ,La Nn.Oy zeramics compared 0
other Pb-containing matenals.®

The diefectric data for PBLN(60,6) shown n Fig 3 were 0p-
tained on ceramic material hot-pressed at 1260°C for 3 h at a
pressure of 3000 ps1 The Curie point. T.. dectines to 120°C as a
result of La modification. accompanied by a considerable broad-
ening of the phase transition region compared to unmodified
PBN 60. As a result, the room-temperature dielectric constant
for a measuning field perpendicular to the pressing axis 15 4300
after poling, the latter being accomplished by cooling from 7.
with a de field of 15 kV/cm applied to the samole

The dielectne anisotropy between the directions perpendicular
and paralle! to the pressing axis anses {rom the oreferenual onen-
tation of tne needle-shaped c-axis grains in the piane normal 0
the pressure axis.”” *® The degree of grain orientation, wnicn ap-
pears 10 be only slight in Fig. 3 because of the proximity of the
MPB, 15 1n fact nearly complete based on microscopic and X-ray
evaluations. Figure 4 shows the relauve strengths of the X-ray
diffraction lines taken from ceramuc PBLN(60/6) samples with face
normals paralle! and perpendicular to the pressing axis, with the
former showing the virtual absence of Akl and k2 reflections The
calculated lattice constants are @, b = | 2543 nm, ¢ = 9 3924 nm
compared 0 a,b = 1 2576 am, ¢ = 9 3978 nm for unmodified
PBN.60. The transparency of these hot-pressed ceramics 15 gen-
erally very good, although polished samples show a mild vellow
coloration due to a gradual transmission roll-off for wavelengths
below 600 nm. However, in the near-IR region. Nagata and
Okazaki' ' have reported bulk opuical transmission approaching
97% 1n hot-pressed PBLN
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The difficulties encountered in the Czochraiski growth of single-
crystal PBN have also led to the exploration of epitaxial thin
films. Liquid-phase epitaxial growth of PBN has been frustrated
thus far by the lack of a suntable flux (solvent) permutting single-
phase growths below 1100°C to mimmize PbO volatlization. How-
ever, the rapid emergence of ferroelecmic oxide films grown by rf
magnetron sputtenng’ has led to encouraging mnat resuits tor
PBN fFigure 5 shows the X-ray pattern {or a sputtered PBN 60
:un fitm grown on 2 (100)-onented SBN: 60 substrate at 600°C."
The {um crystallinity and orientation are excellent. 1n part be-
cause of the good latice match to the underlying SBN-60 sub-
strate (@, b = 1.2467 am. ¢ = 0.3937 nm). Compositional control
15 also very good, based on the close agreement between the film
lattice constants and those of the ceramic PBN target. We have
als0 performed sputtered growths on glass and quartz substrates.
although in these cases the films have been polycrystalline with
no preferred orientation

[t 1ppears that sputtered thin film growth may be a highly viable
method for growing stoichiometnc. homogeneous PBN and PBLN
films > up to several micrometers thickness for optical, surface
1coustic vave tSAW), and pyroelectne applications, particularly
ahen zrown on closely lattice matched substrates PBN thin
“ims zrown on SBN 60 substrates could ulumately prove valu-
avle in several optical device concepts since (1) PBN 60 has a
abstantially larger linear electrooptic coefficient than SBN 60.
and + 2> there is 2 large difference in theur refractive indices 2 44
" PBN A0 s 229 for SBN 601 making such structures attrac-
“veroroopucal waveguides This zrowth method would appear to
"¢ 1cpropriate for sther volatle Pb-cuntaining or noa-Pb bronze
rerroeiectrics as well

t2) The PKN-BNN System

The diversity of ferroelectric sohd solutions available within
the wngsten bronze structural family presents the possibihity for
other morphotropic systems based on the binary combination of
end members such as PbNb,O, (PN). Pb,KMb.(O, (PKN),
Sr,NaNbsO,s (SNN), B2,NaNb.O,. (BNN), etc Solid solutions
hased on Pb,KNbyO,s are parucularly attractive because of the
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potenuially large dielectric and p.ezoelectne constants and large
spontaneous polanzation avatlable in this matenal.™ = The ortho-
rhombic structure of PKN (@ = 1.7835 nm. b = | 7944 nm. and
¢ = 0 3938 nm) makes 1t parucularly suiable for combination with
tetragonal or pseudotetragonal bronzes such as Ba,NaNb,0 ™"
to actempt aa MPB condition.

We have investigated the binary join (1 ~ x)PKN-xBNN using
ceramic compositions sintered at 1200° to 1380°C.** Figure 6
shows the hehavior of the ferroelectric phase t-ansition ‘2mpera-
ture. T, . and the Cure temperature, 8. as a function of :omposi-
ton. with § determined from the Cune-Weiss diclectne veravior
n the paraelectnic phase given by

e=C AT -9 3
Both 7, and 4 attain a sharp mummum of 280°C at a 25 moi%
BNN composition, similar to the behavior found in PBN (Fig. 1)
The PKN side of the phase diagram shows a virtually >econd-
order phase transition (T, = 8), changing to first-order (7. > &)
for v > 025 As a result, the value of the dielectne constant at
.. shown n Fig 7. rapudly declines for compositions beyond
¢ =0 15 On the other hand, the dielectric constant at room
lemperature peaks sharply at the MPB due to the decline of T,
followed by the change to a first-order transition with a decreasing
Cune constant, C.. as shown in Fig. 8 [t snould be cautioned that
these dielectric data necessanly average over ail crystallographic
directions Secause of the random orientation of the ceramic
grans. However, as a consequence, they also indicate the profound
stfect of the MPB on both the polar and noapoiar propertes

The morphotropic boundary between the orthornombic and
preudotetragonal phases in PRN-BNN 1 indicated by the sorupt
~nange in e & and o attice coestants determined by powder
X-ray diffraction analysts, as shown in Fig 9 Parucularly inter-
esting 15 the fact that although toth ¢nd members are orthorhom-
bic. an abrupt phase boundary occurs because of the differing
orientations ot the polar vector (orthogonal to ¢ for PKN, parailel
10 ¢ tor BNN)

(3) The PKN-SNN System

We have also investigated siniered ceramucs n the binary »ystem
I = x)PKN-sSNN.® Figure 10 shows the behavior of T, and 8
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in this system. with a broad minimum in 7. 1155°C) occurmnng for
070 = x =075 However. the lattice parameters (Fig 1) do
not show any abrupt change near ¢ = 0.75, but (nstead a broad
region where the 2 and b constants become nearly indistinguishable
[t may be that the MPB regton, if any, 1s quite broad in thus case.
mak.ng lattice parameter evaluation more difficult. In all other
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Fig. 11, Latce parameters tor the PKN-SNN system
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respects, however, this system displays the behavior expected for
an MPB system, including abrupt changes in the dielectrnic prop-
eries near x = 0.75, as shown in Fig. 2. The growth of bulk
single crystals would be paruicularly helpful in clanifying the
presence or absence of an MPB region in PKN~SNN, although
this is 2 difficult system for crystal growth because of the growth
difficultics inherent in both end members.** ¥

[II. Lead-Free Morphotropic Bronzes

(1) The BNN-SNN System

The bronze system (1 = ¢)BNN-xSNN is attractive from the
standpotnt of bulk single-crystal growth because it does not con-
tain lead. and it was initally studied by Beii Laboratories as a part
of the onginal work on BNN * Although both end members are
weakly orthorhombic, they possess different space group sym-
metries (Ccm2, for BNN, Bbm2 for SNNY®® and therefore the
potential for MPB behavior 1n a binary system. To this end, we
nvestigated the structural and dielectric properties of BNN-SNN
using sintered ceramics, with particular care given *) obtaining
optimum sintering conditions for each composition; these ranged
from (380°C for pure BNN to 1280°C for SNN wuth siatering
umes of 2 to 4 h.

Figure 13 shows the vananon of T, and @ with composiuon
as determined from dielectnc measurements on these ceramucs.
An nteresting feature 1s that the phase transition remains first-
order (T, > 6) over the entire composttional range. A sharp muni-
mum occurs for 7, at ¢t = 0 60 (T, = 170°C), whereas § vanes
only slightly in this same region. The Curte constant also increases
abruptly at this pornt. as shown n Fig. |4, this change. coupled
with the decrease between T, and & for ¢ > 0.60. leads to a ara-
matic increase e 'he dielectric constant at the phase transition
temperature, as shown 1n Fig 15,

The dielectnic constant at room temperature for ceramic BNN-
SNN composttions, also shown i Fig. 15, nses monotonmically
from a value of 100 for BNN (x = Q) largely as a consequence of
the decreasing phase transition temperature. However, near
t = 0.6, there 1s an abrupt jump 1n the room-temperature con-
stant due. in part, to the discontinuity in the Curic constant. Less
obvious. *hough, 15 the cause for the rapid decline of the room-

Fig. 13. T . 8 as a function of composition for ceramic (1 ~ x)-
Ba,NaNb;O.(-tSr:NaNbgO,,

temperature constant in the range U 6 < x < 0.7. Beyond this
range up to pure SNN, the room-emperature diclectne constant
then rises to nearly 2000 as a resuit of a broad, low-level peal
centered at roughty —50°C 1 ceramic SNN. This same peak hay
also been observed n SNN c-axis crystals.™ aithough its ongin
has not been 1dentified.
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The lattiice parameters for the BNN-SNN system are shown in
F-g 16 Two independent pseudotetragonal phases appear on either
side of the x = 0.6 region, a feature reflected by the abrupt dis-
conunuity of the Cune constant (Fig. 14). Hence, {rom these data
1t appears that the BNN-SNN system may have an MPB near the
composition Ba,,Sr, .NalNbsO,s, something which had not been
crevicusly suggested.

t2) The BSKNN System

Another ..nportant non-Pb-containing bronze ferroelectric s
3a_.,5r,K,.,Na,Nb,Q,s (BSKNN), which exists in the quaternary

BaNbyOg

832KN5501 5
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SBN 75

KNb03
V KNN-7S

SIszOs
Zs'zN‘Nbsow NaNbO4

Fig 17 Quaternary phase diagram Jor the sysiem Baiid,0,-5rNb,0,~
KNbO.-NaNbO, Tungsten bronze BSKNN ceramics and single crystais
nensced here exict on the oin BSKNN-1-BSNN-
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system BaNb,04-StNb,O—KNbO~NaNbO, shown in Fig. 17.
Qur vork on BSKNN was spurred by the imtial research of Yuhuan
ard Cross’' and has focused on the join between BSKNN-1
(Bay 1519 4Kg 75N2y 25Nb5O ) and BSNN-4, the latter occurming on
the Sr-nich end of the orthorhombic BNN-SNN binary system.
BSKNN-1 is a “filled” tetragonal (4mm) tungsten bronze which
exists on the pseudobinary join SBN:40-KNN: 75 (Fig. 17) with
lattice constants a,b = 1.2506 am, ¢ = 0 3982 am, and a phase
transition temperature of 203° to 208°C. This composition was
the first in the BSKNN system to be successfully grown as good-
quality, moderate-size c-axis crystals of up to |-cm cross section;
details on crystal growth may be found i previous papers.''=" %
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Fig. 18. Temperature dependencies of the dieiectric constan’s tor
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hne: b axis (Ref. 18)
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We nave investigated other BSKNN compositons on the ,0in ¢
tween BSKNN-1 and BSNN-2 using sintered ceramic mate-
nal. and these revealed a drop n the transition temperature for
BSKNN-2 (Ba, «Sr, {Kg sNag «NbsOy) and then a moderate 1n-
crease for BSKNN-3 and bevond. However, these ceramucs showed
only a monotonic increase of the room-temperature dieiectric
constant with composiuon and httle 1n the way of conclusive evi-
dence for an MPB region based on lattice parameter determina-
tnons, although the @ and ¢ parameters show a substanual decline
at BSKNN-2 (a.b = 1 2437 am, ¢ = 0.3935 nm)

The Czochralski c-axis crystai growths of BSKNN-2 and
BSKNN-3 have proved suostantially easier than the growth of
BSKNN-1. in part, we behieve. pecause the former hie closer to a
true congruent melting region BSKNN-2 and BSKNN-3 also have
a more cicular cross section compared to the nearly square growth
nabit of BSKN\"- 1  Figure 18 shows the dielectnc properties as
2 function w1 nperature for the nonpolar a-axis (€,) and polar
c-axis (€yy) ¢ ctrons in these crystal compositions Like other
tngsten bronze crystals such as SBN, €, follows a Curie-Weiss
law (Eg ‘3)) both above and below T, with essenually a second-
order phase transition character. There 15 little frequency depend-
ence of she dielectne constant (100 Hz to 100 kHz) except within
a fev Jgagrees of 7, where a charactenistic rise in the loss tangent
15 also observed. This 1s due to fluctuations of the site preference
distribution for Sr and Ba in the lattice, resulting in a narrow distn-
bution of phase transition temperatures in the crystal oulk and a cor-
responding frequency dependence for the dielectnc properues “

The c-axis Cune constant n the ferroelectric phase increases
for composiuons beyond BSKNN-1, resulting in room-temperature
€;; values for BSKNN-2 (170) and BSKNN-3 (270) which are
considerably greater than for BSKNN-1 (120) in spute of the only
moderate differences n 7.. Furthermore, BSKNN-2 and BSKNN-3
show nearly identical a-axis dielectnc behavior (Fig. 18) which
differs considerably from that of BSKNN-1. These results sug-
gest the possibihity of an MPB region in the vicimity of BSKNN-2,
with a pseudotetragonal orthorhombic phase for compositions at
and bevond BSKNN-2. Furthermore, recent optical measure-
ments on BSKNN-2" show values for the hinear electrooptic coef-
ficient ryy (160 X 107" to 180 x 10°" m/V) which are a factor
of 2 greater than anticipated from the phenomenology given in
Eg (1) This may be due to a ferroelastic contribution to ryy
which 1s not accounted for 1n the phenomenology for a simple
proper bronze ferroelectric ** ¥ Measurements of the change in
€13 with applied de field for BSKNN-2 in the ferroelectric phase
also indicate anomalous behavior™ ' and suggest the onset of an
improper ferroelastic transition about 90°C below T..

Frgure 19 shows the room-temperature dielectne constants and
the ferroelectnic phase transinon temperature, T,, for BSKNN
single crystals as a function of the tetragonal or pseudotetragonal
a-axis lattice constant Also shown 1n Fig. 19 are data for two
other ferroelectric bronzes. K,LisNbsO s (KLN)* % and
K;-,L1;Na,NbsO\ (x = 0 3. KLNN),*® which also have filled
A and A, lattice sites These data illustrate why larger-unit-cell
bronzes such as KLN have not been generally favorable for opu-
cal applications, since their comparatively low dielectric con-
stants necessanly reflect low electrooptic constants. In contrast,
Ce-doped BSKNN-2 and BSKNN-3 have proved especially use-
ful for photorefractive applications'*"-"*** a5 a result of their
large dielectne and electrooptic oroperties, these being stmilar, in
many ways. to those found 1n perovskite BaTiO,, However,
BSKNN compositions are substantially easier to grow as large,
coucal-quality crystals of 1 3.cm diameter Furthermore. unitke
8aTi0,. BSKNN crystals retain their ferroelectric properties
when cooled beiow room temperature and therefore do not re-
quire careful environmental control Hence, these crystals may
prove particularly advantageous tn a number of present and future
opuical device concepts

IV. Other Potentially Morphotropic Systems

Tabie I hists three addiional tungsten bronze solid solutions
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which have been reported n the literature. ™ *° These binary svs-
iems were mually studied to determine the stability of the bronze
structure and to establish the basic roles of each cation :n the par
ually filled and filled lattice formulations. Each of these system:
possesses a jocal mimmum for the phase transition temperature
behavior suggestive of an MPB

Two examples of the vanauon of T, with composition are shown
in Fig. 20 for the systems SKN-PKN and BNN-PNN from the
work by Ravez, Perron-Simon, and Hagenmutler.” ln both 1n
stances, the observed 7, munuma were founa to occur at boundaney
between tetragonal (or pseudotetragonal) and orthorhombic phases
Typical of MPB matenals having orthogonal onentations of the
polar vector i the ©- ~ phases, these MPB regions are also accom
panied by abrupt changes in the c-axis lattice constant as well *

Although the binary systems in Table [ all show MPB-tvpe
behavior, they were not identified as morphotropic systems in their
ongmnal investigation. It appears Likely that all of these system-
have true MPB regions, and thus the potential for very large &
electric. piezoelectric, and electrooptic properties Certaunly
would be worthwhile to continue their investigation in more detl.
parucularly 1n the form of grain-onented ceramucs. epuaxal hi-
films. or buik single crystals to establish the dirccuonal dependen
ctes of the ferroelectric properties

Table [. Potentialty Morphotropic Bronze Systems

System T, miwaum .« C) :
- X)Sl’zKNb’Ou—XPb;KNb;Ou“ 110 0 lj
- x)BazNaNb,Ol,—bezNaNb(Q.,‘ 280 0 ?‘
- X)sz 3T3’O|g—przNaNbgo|g 0 Q&3

*Ravezeral ®'lkeda er !
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Y. Summary

Table H summanzes the properties of the major MPB bronze
systems that w= have examired tn our work. Included in the table
is the system PN=SNN, details of which may be found in an car-
irer paper.”® The last system in the table. PN-KLN, 1s one we
have just begun to investigate based on the orthorhombic and te-
tragonal structures of its end members. This system has relatively
tugh phase transition temperatures for both end members (in excess
of 400°C). presenung the possibility for 2 moderately hugh T,
value at the MPB. This can be of particular value 1n optical ap-
plications because of the possibility for large. nearly temperature-
independent dielectrnic and electrooptic constants at normal device
operating temperatures.

We are also wvesugaung a vanant of the BNN-SNN bronze

system n+olving the partial substiution of Ca for both Ba and
Sr. This work imitially focused on the Sry-,Ca, NaNbyO,5 (SCNN)
solid sofutton because of an observed enhancement of the room-
temperature diclectne constant of ceramic SNN with Ca modifi-
cauon. Czochralski crystal growths for the x = 0.10 composition
Sr. JCa, ,NaNb.Q,. have shown Jarge room-temperature dielec-
inc constants « 21700) for both polar and nonpolar directions, a
anique property 3f .mporance in photorefractive and electrooptic
Jevice applicauons such as three-dimensional memones and opti-
cal displays. However, bulk single-crystal growths of SCNN with
drameters greater than O 5 ¢m have proved difficult, so we are now
investigating growths along the pseudobinary join SCNN-BNN.
These have been very encouraging. with fracture-free crystal
boules 1 exces; of | 0-cm diameter being grown in some tnstances.
Detaiis of this work are beyond the tntended scope of this paper
ind instead ~ill be published in a forthcoming paper.

It 15 evident that there are numerous possibilities for morpho-
'ropic systems within the wngsten bronze ferroelectnic famaly,
slthough 1n no way shouid the present paper be considered a com-
prehensive review of all uch possibilities. The wealth of avail-
3ble MPB systems reflects the inherent flexibility of the bronze
crvstal structure 1n contrzst to the more hmuted flexibility found

Table II. Summary of Present MPB Tungsten Bronze Systems
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in other crystal systems. This same suuctural flexibility has also
proved advantageous for the deveiopment of opuical-quahity Ce.
and Cr-doped crystals for photorefractive applications.* Although
the Pb-contaiming MPB bronzes. such as PBN, have very lar:ge
spontaneous polarizauon and large dielectric and prezoelectne
properues. therr most senous drawback 1$ the tign volatihity of
PbO at crystal growth temperatures. Hence, lower-temperature
growth methods such as hot-pressed. grain-onented ceramics or
epttaxal thin films may prove more useful for practical applica-
tions of these matenals. For example, epitaxial thin f{ilms are
particularly suited to SAW and pyroclectnic detector applications
which may benefit rom the enhanced ferroelectric properties
avatlable in these matenals. However, many of the non-Pb-
contamning MPB bronzes, and perhaps some systems which con-
tasn only a small fraction of Pb at the MPB composition (¢ g..
PN-SNN. SKN-PKN), are sull potential candidates for buik
single-crystal development.

V1. Conclusions

Ceramic and single-crystal investigations of niobates and tanta-
lates having the tungsten bronze structure have shown the exist-
ence of MPB regionis 1n several systems with PN, PNN, PKN,
BN. BNN, SNN, SKN, PT. etc.. as constituent end members. In
some cases, MPB behavior had been previously observed without
mentioning the possible existence of a morphotropic boundary.
Because of the wide vanety of MPB systems available 1n the
tingsten bronze family, the selection cniena for continuing mate-
rials development necessanly rest upon the ferroelectnc properties
available within each system (e.g.. polarization, dielecine con-
stants, pyroelectric coefficient, prezoelectmc constants) as applied
to the specific needs of a given device application. However, the
ulimate applicabihity of these MPB fenrvelectnics wiil be deter-
mined by the ability to grow these matenals in the appropnate
densified ceramic, thin film. or bulk single-crystal form with ma-
terial quality (homogenesty, transparency, mimimal defects and
stnations, low diclectnic losses, etc.) sufficient for these applica-
uons. The highly successful work to date on the development of
morphotropic PBN and other bronze systems should therefore
prove invaluable for the continued growth and application of these
and other new MPB bronze ferroelectnes in the future.
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The tetragenal tungsten bronze ferroelectrics in the strontium banum niobate system have
been eztensively studied over many years. As for many of the bronzes, a crude interpretation of
the expenmental data has been attempted 1n the past using the simple Landau-Ginsburg-
Devonshire expansion of the Gibbs free energy as a Taylor series in powers of the polarization,
lumping ail the temperature dependence into the lowest order term. [n this paper new
measurements are presented for the temperature dependence of dielectric polarization,
permittivaty, and the £-field dependence of the permuuivity. It 1s shown that for a realisuic
fitting of the data, the Taylor expansion must be taken to at least the eighth power term, and
that the coefficients of terms up to the sixth power must be taken as functions of temperature.
Since the phenomenology descnbes equilibrium behavior, it is the total static polarizability that
15 being explored in this treatment. The nature of this temperature dependence strongly
suggests that the phase transition from a macropolar 10 a macrononpolar state 1s tetracnucal.

l. INTRODUCTION

Tungsten bronze ferroelectnic oxides have recetved con-
siderable attention for many years, with perhaps the best
known of these being compositions in the Sr, _ Bz, Nb,O,
(SBN) solid solution system. Numerous applications have
been realized for SBN, particularly in the areas of pyroelec-
tnc infrared detection,' piezoelectrics,*? electro-optics, ™
and photorefracuve opuics,*** the latter resulting from the
evolution of techmques for the growth of high-quality single
crystals i the congruently meltng Srg, 4 Ba,,Nb,O,
(SBN:60) composition.'* As in the case for other ferroeiec-
tnc matenals, much of the expenimental data for SBN have
heen interpreted on the basis of the Landau.Ginsburg.De-
vonshire (LGD) phenomenology, as in the extensive work
by Shrout er al.'® on the elastic, dielectric, and piezoelectnic
properties of SBN:60.

With some important excepuions, nearly all of these in-
rerpretations of ferroelectric behavior have invoived simpie
LGD expansions of the Gibbs free energy as a Taylor senes
'n even powers of the polarization, truncated at the sixth
paower, with all temperature dependence carried only i the
lowest order coefficient.'” This approack has proven suc-
cessful for SBN 60,>'® although in some instances only
rough approximations of the expenimental data can be ob-
1amned, as in the case of the dielectric properties.

The development of optical quality SBN.60 crystals has
made 1t possible to accumulate very reproducible diclectnic
]

and polarization data as a function of temperature . this
paper, we present new measurements of these pi. . :rties
along with measurements of the electric field depenc’ nce of
the permuttivity as a function of temperature. {t > .aown,
that for an accurate fitting to these data in the fer: :lectnc
phase the Taylor expansion of the Gibbs free energy must be
taken out to at least the eighth power of the polarization, and
that the coefficients of terms up to the sixth power must be
taken as strong functions of temperature. Since the pheno-
menoiogy describes equilibnium behavior, it1s the total static
polanzabuility, summing all possible contributions, which is
betng explored in this treatment.

1. THERMODYNAMIC PHENOMENOLOGY

The free-energy function of interest for a polanzable in-
sulator 1s the elastuc Gibbs function, given by

G, =U-T5~Xx, (1)

where U 15 the internal energy, T the temperature, S the
entropy, X the elastic siress, and x the strain. Under the
symmetry constraints of bronze ferroelectrics with a high-
lemperature letragonal prototype symmetry 4/mmm, the
change in free energy, AG,, due to nonzero polarizauon P,
may be writlen as 4 power scrics expansion in the P,'s along
the three principal crystallographic azes. Under 1sothermal
conditions and rero stress, the LG D phenomenological ¢las-
tic Gibby function in the shortened matrix aotation'® be-

COMCS

Y6y = Ve a,(PT + P +aylPY (P4 PYY b P25 ay (5 POPL WPy e ay (P R P

+ @ (PIPY + PIPY) by (PY R PP b (P30 PPy a PRPIPY 4 a0

+a”|l(i”l‘ + P:) +(l|”2/,:/’: ! (Illll(/,: I I"')/': ! ”nu/,‘\ " (2)
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where the @ s have been normaized by the free-space per-
mittivity, €. for later convenience. Equation {21 pnncipally
differs from carher treatments® '" by the inclusion of terms
out to the esghth power of the polanzation for reasons which
will become evident later.

For nonzero electne fields. £,. we must ¢xamine the
complete Gibbs function AG = AG, - (EP, ~ £,P,
+ E.P\) Setting the first partial denvauves of AG with re-
spect to polarization equal 10 zero then gives the electnc field
relations along the principal axes:

E, = 1/&[2a,P, + %a, P} + 2a,,P,P} + 2a,,P,P}
- 6a,,, P} +a,,,(2P,P} + 3PP} ~da, P P}
+2a,,,P\P} + 2a,,,P PP} + 8a,,,, P}
-4, PP = 4a,, PP, (3)
E\ = 1/6y[2a,Py + 2a,(P} = PPy + 4a,:P;3
+2a,, (Pt + PPy + 4a (P + PP}
+2a,,PiPIP) + by, P}
=4,y (P} + P3P + 8ayyy,P1 ) ($)

The electnc field expression for £, has been omitted since 1t
1s formally equivalent to Eg. (3) for the tetragonal symme-
try assumed here.*® The solutions of these equations with £,

= 0 determine the normal ferroelectne siates; 1n the case of
tetragonal bronze ferroelectrics, the 3 (0r ¢) aus is the oniy
spontaneously polanizable axis, so that Egs. (3) and (4) re-
duce to

E = l/eo[Za,P, +4€!”Pi +ZC:JP|P§ - 6a,,,P}
+4a,,PP] +2a,,P\ P}
+8a,,, P +4an))‘p‘:‘p;]

(P,=0), (3)
Ey = 1/6,[2a,Py + 4@y P} + 6ay, P + 8ay,P )
(P =P, =0). (6)
The dielectnic stiffinesses, y, = €,” ', are then given by
T = fo%f;"':zat +12a,,P} + 2a,,P} + 30a,, P}
t

+ lza”)‘ofpl, +za|))P;

+ 56a,,,,Pf + lZa“,JPfP:

(P =0), ]
or
Yoo =2a, + 2a,P3 +2a,,P} (Pi=P=0), (7a)
and
y,,:s.,—j-i—j—:la, +12a,,P}
+ 30ay,,P 5 + $6ayy, Pt
(Ph=pP,=0) )

4
Attemperatures well above the ferroclectric Curnie point, [,
£, = 0 under zero bias conditions and the paraclectric suff-

nesses generally follow a linear Curie-Weiss behavior of the
form
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(H =2Cz| =(T-a.)/C,
vy = 2a, = (T ~8,)/C,

(T'>T,) (9)
(T>T.), (10)
mh(h g, <§9l For a first-order phase transiton 0,<T..
:Onedrlc(in:‘rnamsccond-order transition 4, = 7. under ideal
Generally, there are no restnctions on the lemperature
Jependence of the higher order Devonshire coefficients a,.
a,.a,, etc., and indeed for cases such as BaTiO, some tem-
perature dependence has been found.*® However, in most
treatments of ferroelectnc matenals, the higher order coeffi-
cients are assumed {0 be (emperature invanant, at least over
a himited range below 7, and 1.asonably good fits to dielec-
tric and spontaneous polarization data can be obtained. Nev-
ertheless, the umqueness of the Devonshire coefficients s
necessarily determined by physicaily measurable param-
eters such as the low-frequency dielectne constant, the spon-
taneous polarization, and the electnc field which must ngor-
ously satisfy the dielectnc suffness and electnc feld
equations as well as other denved phenomenologieal rela-
tions. These we shall now examine on the basis of macro-
scopic experimental data for tungsten bronze SBN 60.

. TUNGSTEN BRONZE SBN:60

The congruently melting SBN 60 composition i1s 2
smaller unit cell bronze with a tetragonal 4-mm crysial
structure at room temperature and latlice constants
a.b = 12.465 A and ¢ = 3.935 A as determined by x-ray dii-
fraction measurements. The SBN solid soiution system 1s
represented by the formula (A4,),(A4,),B,,0y 1n which boti.
the S~ and Ba? ™~ 1ons occupy the fifteenfold (A,) and twe
vefold (A,) coordinated oxygen octahedra sites.*' * Since
only § of these sites are occupied. SBN is referred to as a.
unfilled bronze. The high-temperature prototype symmetr
1s tetragonal 4/mmm, placing SBN 1n the Shuvalov ferroe-
lectnc species 4/mmm(1)D4Fdm-- ¥

The SBN-60 solid solution crystals examined were
grown by the Czochralsk: techmque'* ** ** using an auto-
matic-diameter control system to facilitate tight composi-
nonal control and high optical quality duning bulk crystal
growth. Further details may be found in previous pa-
pers.**!? Over 100 growths have now been performed 1n the
SBN system, including undoped and doped crystals (Ce, La.
Fe, etc.), and crystal quahity has evolved 10 the point where
¢c-axts boules up to 4 cm diam are now routinely grown, iree
of detectable imperfections and major opuical stnatons.
These crystals have been of sufficiently high opuical quahty
1o permit extensive optical measurements such as two- and
four-wave mixing and self-pumped phase conjugation.™**

A photograph of a tymical SBN 60 crystal boule s
shown in Fig. 1. A general characterisnic of tungsten bronze
crystals s the presence of major facets parallel to the growth
axis, m the particular case of SBN 60 ¢ aars growths there
are 24 facets, including(100), (0NN, (110}, cte, a feature
which signsficantly cases the task of crystal onentation and
cutting

V. EXPERIMENTAL METHOD

Ihe two pranapal crystallographie aaes ol urterest in
SBN 6O are the ¢ or b axes ((100) or (010)) and the polar ¢

-
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FIG 1 Czocnraishi-grown SBN &0 bulk single crystais.

aus (+001)) Crystal wafers ini these orientations were cut
vith a diamond saw and then mechanically lapped and. in
some instances, additonaily polished to an optical fimsa.
However, the latter step was not found to be particularly
necessary for electncal measurements, as long as the con-
tacts pere annealed. We have used sputtered Pt or Au full
area contacts almost exclusively in our measurements, and
aithough other matenals (such as Al) and contact forming
methods (such as fired pastes) are viable alternatives, sput-
tered noble metal contacts have been found more stable at
elevated temperatures and yield highly reproducible electn-
cal measurement data.

Contacted crystal samples were generaily annealed in a
dry oxygen atmosphereat 450-550 *C for [-3 h pnor to mea-
surement. Although the crystal boules undergo a post-
growth anneal at 1300-1400 °C, the second low-temperature
anneal establishes a good interface between the contact me-
tallization and the crystal surface, and helps to mimnimize
surface conductivity along the unmetallized edges. Surface
damage due to cutting, polishing, and metal deposition ap-
pears to be mmmimized at these relatively low temperatures,
and 1esidual internal stress is also probably reduced.

The measurement apparatus for dielectric, conductiv-
ity, and polanzation measurements consisted of a fully
shielded alumina sample mount enclosed 1n an environmen-
tally sealed alumina chamber. Electrical contact with the
test samples was established by small Pt pads which lightly
pressed against a portion of the contact metallization using
an adjustable spring-loaded alumina rod. Details of the de-
sign are given n the paper by Monn, Oliver, and Housley;**
the apparatus in s present configuratiun represents evolu-
uonary refinements of the oniginal design. Sample tempera-
ture control was facilitated by a Kanthal-wound tube fur-
nace, with temperatures below room temperature achieved
by spraying liquid nitrogen onto the sample chamber wall.
N, gas was used in the chamber below 0 °C and O, above ata
~ 2 ps1 positive pressure to matntatn a dry environment.

All diclectric measurements were made with a cal:bra.

39 J Appl Phys Vol 64 No 1 1 July 1928

ted HP3274A bridge covering the {requency range of 00
Hz-100 kHz. de currents were measured with a Keithiey
619 electrometer All data acquisition, process control, and
data analysis were faciiitated by a HP9816 desktop comput-
er using an [EEE-488 interface bus.

V. POLAR-AXIS PROPERTIES

The bronze solid solution system Sr,_, Ba,Nb.O,,
0 25<x<0.75, is characterized by a large dielectric anomaly
aiong the polar ¢ axis at the paraelectric/ferroelectne phase
transition temperature, 7.. An example 1s shown in Fig. 2
for the weak-field c-ax:s dielectnic constant, ¢,,, as a function
of temperature for an SBN:&0 crystal poled to 2 single ferroe-
lectnic domain. A recurring feature of SBN s the significant
dielectne dispersion which appears within 2 10-15 °C range
of T, (~75°C) as shown in Fig. 2. This Debye-type relaxa-
tion behavior 1s why SBN solid solution crystals are generai-
ly referred to as relaxor ferroetectnics. This behavior is pos-
tulated to occur because of the distnbution of phase
transiion temperatures in the bulk of the crystal ansing
from the site uncertainty of the S~ and Ba®*~ ions in the
parually filled latuce. Further evidence for this postulate is
provided by comparison with “filled™ bronze ferroelecinics.
such as Ba, _,Sr K, _,Na Nb,O,;(BSKNN),'" where re-
laxor behavior is greatly diminished.

For temperatures approximately 20 "C or more on e1- °
ther side of T, the dielectne dispersion is smail (typically
< 2% from 100 Hz-100 kHz), as is the dielectnic loss (tan 5
typically 0.007 or less at 20°C, and less than 0001 at
120°C). Room-temperature dark dc conductivity 15 also
very small, typically 107" Q="' cm ™' or less, and can only
be measured under absolutely stable temperature conditions
because of the large pyroelectnic currents winch can other-
wis¢e oCcur.

SBN 60 crystals which have been thermally depoled by
a warming well above 100 *C show the same low dielectnz
Jdispersion and loss above T, but show a very large disper-
sionand Joss (tan § = 0.10-0.25 at 20 *C) which persist well
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below 0 *C. The substanuai differences between the poled .

and depoled ac conductivities are shown in the Arrhenius
plots of Fig. 3 at 100 Hz and {0 A Hz. The higher conductiv-
ities and large dielectne dispersion for depoled crystals are
felt to pnmaniy anse from anuparallel domain wall relaxa-
ton’” which progressively freezes out at lower temperatures.
A curlosity of SBN compositions 1s that at low temperatures,
typically below — 100 °C, the anuparallel ferroelectne do-
mains of a depoled crystal effecuively clamp the crystal, re-
sulting in a nearly dispersionless dielectnc constant which ts
less than that for a normally poled crystal.

SBIN:60 may be poled to a single ferroelecinc domain by
applying a 5-10 kV/em dc field 2long the polar ¢ axis at
room temperature. However, an witial thermally depoled
condition 1s necessary since the inadvertent application of a
reversed polanity field to a parually poled crystal can result
in the formation of antipolar macrodomains which cannot
be fully switched.?*’® For this work, poling was accom-
plished by a field-cooling method with the dc field applied
from just below T, down to room temperature or below.
Although 1t would appear advantageous to apply a goling
field well above T, and then cool because of the distributed
nature of the phase transition temperature in the crystal
bulk, 1n practice this was found to degrade the room-tem-
perature dielectne losses by as much as a factor of 3 due to
space-charge effects and did not resuit 1n any sigmificant
changes of the measured polanzation.

Figure 4 shows the c-axis polanzation, Py, and the pyro-
electric coefficient. p, for a poled SBN 60 crystal. These data
were obtained during warming at a nominal 3 “C/tmin rate,
with other rates giving substznually the same results The
polanization was determined from the numerically integrat-
ed charge released duning warming at sero bias. he pyro-
electnic coefficient was measured simultancously with the

polanzanion’ '* using
dP J
p=—-=2=_ T, ()
dT ;-

w
here 7, 1s the rate of temperature Change and J,0 s the
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measured current density. Although either formof Eq. (11)
may be used to determine p, numencal differentiation of the
oolanzation data was found less noisy since it was Jess afect-
¢d by small fluctuations 1n the thermal ramp rate.

The pyroelectne maximum for SBN:60 occurs at 67 °C
(Fig. 4), roughly 8 °C below T, and the net poianization
persists well above T, because of the distnbution of phase
transition temperatures; this distnbution s esumated to
have a Gaussian half-width of 8 *C. At room temperature,
Py =0.28 C/m?and p = 9.7Xx 10™* C/m* 'C, values which
are comparable to other published results.' ** Secondary py-
roefectnic contnbutions to these data due to thermal dilata-
tion are expected (o be small except very close to T,

A. Phenomenological fitting

From the standpoint of the thermodynamic phenomen-
ology, it 1s preferable to examine the polar axis dielectne
constant of SBN 60 1n terms of the diclectne suffness, yp,,
=¢,,". asshownin Fig. 5 The diclectne suffness accurately
follows a hinear Cune-Weiss law both akove and below T,

over a wide temperature range, with
G, -C/HT 0y (L)

C,/t0, D (et (12)

where w the paraclectne phase €, 4 1x10°°C and
0, == 75 °C. and 1 the ferrocletne phase €, = 45X 10° °C

and 2, 69°C Lhe general behavior of the diclectric sufl-
-
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ness suZgests 3 Aear-»ecund Urder pRase (raniion ‘ne full
that 8,, =8, = T, 1s ielt to be due to the finmite distrioution Ot
phase (ransiion temperatures i SBIN ¢cryvaly Indeed toc
“filled”” bronzes such 2 BIK NN this difference amounts
to0, at most, 1-2°C **

The Itnear behavior of the Greiectne sufnesy over suca
wide temperature range below T 1S unusudt compareg 0
other ierroelectne matenais such as LINDO. 2na
BaTiO.." *® A quick inspection of the electnc deld ana di-
electne suffness expressions n Egs. (6). (3). and ({0)
shows that for a sufness expansion truncated at the fourth
power of Py and temperature 1nvanant @,y 2nd @uy,;. only a
~4:1 ratio for C..C,, 1s pradicted in the low-temperature
limit (P, large), compared to the ~9:1 ratio measured.
Adiabatic versus 1sothermal considerations can modify the
predicted results.'’ ' but only weakly due to the slow van-
ation of the spontaneous polanzation well below T,

An examination of the spontaneous polarzation (Fig.
4) shows a linear temperature dependence for P § overavery
wde temperature range, as shown in Fig. 6. Deviauons {rom
linearity occur only very close to T, and at the low-tempera-
ture extreme. Formally,

P,=P,o(0,,—n"°- t3)

with 93, =69°C, as before, and P, =0.150 c/mic'®
From Eq. (11), the pyroelectne coefficient 1s then

2= P/6(8,, - TV’'* = PUS(8,, — D). (13)
/ 7

which is expenmentally sausfied over an equaily wide tem-
perature range.

The temperature dependence of p 1n Eq. (1$) may be
compared with the phenomenology by taking the denivative
with respect 10 temperature of the electnc field expression in
Eq. (6) under zero field conditions. For temperature invar-
iant higher order coefficients and a, defined by Eq. (10), we
have

0=—p, +(T'9’ + 12a,,P?
G G

. dP
+‘ 3%)])P’ + 560”\,}’:) E: ( |5)
331073 r r . ]
: 073 J
3 '
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Q 3,107 L 1
(8]
z
Q |
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F1G 3. The polar-axis reciprocal dictectne constant at 14 kHs fur peited
SBN-60.
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Comparing this with the dielectnic suffness expression in Eq.
%), Eq. (15) reduces to

aly €0,
o o d o A3 16
d7 C, (16)

Using the empinical relation for ¢, given in Eq. (12 for
T <8, Eq. (16) becomes

p=CyPy/Cy(6y, — T =P/911(8,, - T, (17)
a relatuonship which is 1n vast disagreement with the ob-
served behavior of Eq. (14). Note that Egs. (16) and (17)
are correct for any number of higher order Devonshire coef-
ficients, as long as they remain independent of temperature.
{n the particular case of SBN:60, this assumption 1s clearly
not valid.

The dielectnie, pyroelectnce, and poianzation behaviors
described here for SBN:60 have been consistently found in a
large number of crystal samples, with relatively minor vana-
uons in the physical constants being found from one crystal
growth 10 another. Effects due to sample geometry are also
not significant; escellent agreement in the properties has
been found for samples from 0.35 mm up to several mm 1n
thickness, indizating that contact layer effects do not play an
important role.

it s evident from the polar-axis behavior of SBIN:60 that
the phenomenology for the Gibbs free energy must be taken
oul to at least the cighth power of P (sixth power in dielectnic
stlfness ) with temperature-dependent ligher order coeifi-
cients. Tromeally, a4 reasonable sixth-order least-squares fit
to the diclectne data can stll be achieved over a moderate
temperature ragpe usng temperature-independent coetfi-
cients,'” However, the pyroclectne data clearly show that
the relationship between pand £ 1 Eqy. (13) ) s independent
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3 e Cune-Wass coetficient C i wwnatien of the pheno-
~eneicgs (of temperature independent higher order coeth-
stents TEgs t116) and ¢ 1731 This stuation s not unique
gncdoped SBN 60 we nave found equivalent behavior in oth-
2 SBY compositions ¢ 2. SBN 10) doped crystais e g
La " :nd more .mpoctantly  tor
sronzes  ncluding composiions in tne BSK NN system

The measured iemperature depengencics of the sponta-
~ecus nolarization and the polar-axis dielectnc stiffness are
highly suggestive of migher order thermodynamic coeffi-
ctents of the form

o4 ,=G?J(9\/— ﬂ: 1.

Ty = a(;”(e‘/ had T)“’.

sther lerroelectne

0
g = Qe

wich qualitatively at least, will then sausfy the observed
temperature dependence of €;,. The measured relationship
betwezn pand Py [ Eq. (14) ] will also be satisited, but unfor-
tunately without yielding any information about the magni-
tudes of a3y, etc. However, the postulated temperature de-
pendencies may be unnecessanly strict since the dielectne
snifness and electnc field relations nvolve the sum and dif-
ference of at least four (potenually large) terms in the fer-
roetectne phase. Hence, an additional expenimental method
's neaded to determine the thermodynamic coefficients in an
gnequivocal manner.

8. The linear electro-dielectric effect in SBN:60

The extension of the LGD phenomenology out to the
erghth power of P; in the Gibbs free-energy expansion neces-
sanly leads to an underdetermined set of equauons based on
the physically measurable parameters £, and ¢,,, 5o that no
unique values for the higher order coefficients can be estab-
lished. One solution to ths problem is to examine the behav-
or of the dielectnic constant at several different applied
fields, this will lead, for example, to upward shifts of the
phase transition temperature for applied fields of the same
polanty as the poling field.'” This technique has been used by
many authors to investigate ferroelectnc materials, includ-
ing the excellent work by Glass' on SBN compositions and
the work by Bumns et al.’? to determine the values of the
sixth-order Devonshire coefficients for La-modified
Sr,KNb,O,, crystals. Unfortunately, this type of analysis is
necessanly imited to a small temperature range near T, and
is further complicated by fimite distnbutions of transition
temperatures tn matenals such as SBN.

An alternative technique is to examine small changes in
‘he Jdielectne constant with changes in the applicd field at
ixed remperatures, this methed was successfully used by
Drougard, Landauer, and Young® to estabhish the strong
remperature Jependence of the fourth power cocflicient in
BaTiO, using a dynamic low-{requency biasing technyue
ibove T. This method may also be apphied below 1, as long
W instrument sensitivity and accuracy are sufficient to mea-
<ure A¢,, In the particular case of the eighth-order pheno-
menology presented here, the change in the diclectric sutl

ness with applied electric field along the ¢ axiy may be
<alculated from Eq. (8):
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2,

Y

Y dP,
JE.

=24 P~ 120@,\, P - 336a Pl ==
A
(13)
For small changes in £, GP;/0E, = €465, 50 that Eq. (13)
may e wntten as

Fvu  €oén .

Sl = 1 2iay Py - 120, P - 336a P
-~ 3y T SV g )

dE, P, s

(1%

This equation, combined with the relations for the elecine
field {Eq. (6)) and dielectne suffness [Eq. (18)], com-
pletes the set of equations necessary to determine the higher
order coefficients. Under the constraint of small hnear
changes of y,; with applied field, the solutions are

Q5 = ! (fl aY” +246”M_ H)‘
326,73 \e, OF, 2T
Zyyy = — l (‘& I + 12¢5, G 1) -9\1-
2t6,,P3 \&, OF, G, /
a\)”= l (& ax}’ +S€3) (9)— n -—7)
ode, P \e, JE, (o

(20)

To this pont, we have made no assumptions regarding
any specific temperature dependencies, except for the parae-
lectnc dielectnic suifness, (T — 8,)/C; In the particular
zase of SBN-60, we may substitute for the temperature de-
pendence of P, and €,,, and with the approximation & =4,
=0,,, the expressions in Eq. (20) become

Tyyyy = l (& Iy + 3Cy - 7) , 2tc.,
64C, Py \ €& IE, C,

where Cy, and Py, are as defined earher Hence, if dy;,/9E,
vanes with temperatureas 2™ ', @,;,, 15 a constant. Stmlar-
ly, @y, and a,y, will vary, respectively, with temperature as
(8 =D and (§ ~ D', as suggested earher. However,
note that the higher order coefficients aced not follow any
specific simple functions of temperature, but need only saus-
fy the general expressions given in Eq. (20).

The hnear electro-dielectric effect, dy/JE, s the low-
frequency analog of the linear electro-opuc effect in ferro-
electnc crystals, and 1t 1s a particularly powerful test for the
validity of truncated free-cnergy power expansions. For ex-
ample, rearrangement of the third expression in Eq. (20)
gives

Nn _ % (&e,,a,,,,P: _8e,0=D 7). (21
JE, P, G,
so that by setting a,,,, = 0, the clectro-diclectric response
for a sixth-order Gibbs free-cnergy expansion inay be caleu-
lated. In the particular case of SBN 60 ac 20°C, with
€,, =220 and P, =0.285 C, m?, the caleulated sixth-order
response s 190 x 107 m/ V. The measured value, constant
for lincar diclectne changes of up (o several percent, s
1B A 10 " m/V, more than twice the caleutated wixth-or.
Jdes value. This discrepancy cannot be accvunted for by adia-
batic uf contrapiezocleetric corrections suice thae amount
10, 4t most, a 3%=4% correction to the calculated value.
Thes particular result s what tinally confirmed our recent

-
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susficions (2t 2 sven-order LG D onenomenoiogy »asina-
dequate to charactenze SBN compositions. and perhaps the
tungsien oronze orvaial fumin in Zeneral

A rull series o zreciroadielettnc measurements were
carmzd out from - 1) Cto T on poled SBN 60 crystals
from iderent o owthe Al measurements were made at
Aves RMmperatures "o sasure equiibrium .onditions Al
thouzn tne response imes for changes mn applied field were
shor: aetow 30 °C i on the order of the bndge-balancing ume
of ~ 1 >0riess) these increased 1o tens of seconds near 7T,.
rendzring methods such as low-frequency dynamic biasing
10 e ot ivmuted value. Nevertheless, the latter has appealing
features and may be explored n future work. In the present
work. all electro-dielectine measurements were performed
using stauc electnic felds of alternating polanty.

Representative electro-dielectne response data for
SBN o0 are shown in Fig. 7 The higher order Devonshire
coemcients were calculated from these data and from mea-
sured €, and P, values using Eq. (20), and are plotted on a
log-'og sczle versus (8., — T) n Fig. 3. These coefficients
are well charactenzed by the postulated temperature de-
penczncies, with '
= —-122% IO""(G‘ L T).

c=134x107%8,, - D
ca.= =103107%(8., - D"’
2 a=220x10"" (m/C)"

The solid curve n Fig. 71s calculated from Eq (21) using
the vaiue of @y, Ziven above.

(m</C)*,
(m*/C)?,

“

539 . v
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The electro-dielectnic response was found to be indepen-
dentof applied voltage, as expected, for dielectric changes up
10 3%—4%,; the maximum applied voltage was adjusted with
temperature 10 maintain adequate sensiivity and lineanty.
However, close to T, no consistent data couid be obtained
due to long-term dnfts. In spite of the long equilibration
umes necessary after temperature changes near 7, ( ~ 1 h),
the dielectnc data were found to be highly reproducible on
cooling, indicating that a fully poled, single ferroelectne do-
main condition can be maintained in SBN:60 even after long-
term exposures {0 elevated temperatures near 7.

Figure 9 shows the calculated crystal free energy, AG,,
as a funcuon of polanzation. At room temperature, the
depth of the potenuial well is only ~1 meV per unit cell,
substanually below the thermal energy, &7, thus illustrating
the cooperative coupling of microdomains necessary (o
maintain a uniform macrodomain state. The calculated free
energy 1s absolutely stable over the entire temperature range;
metastable states for AG = AG, — £,P, do exist for reverse
polanty fields, but these are 1naccessible since they he at
energies above those for the absolutely stable states. Calcu-
lated P, vs £, hysteresis loops for SBN.60 show a coercive
switching field of approximately 20 kV/cm at room tem-
perature, a factor of 8 larger than the ~ 2.5 kV/cm encoun-
tered capertmentally. However, this result is not surpnsing
since the phenomenological model does not attempt (o ac-
count for the kineties of microdomain reversal, 't ™

I he clectro-diclectne character of SBN 60 crystals was
also examimed above the ferroclectnie phase transition tem-
perature In this phase, 2,18 small or zero at zero bias, hence,
using P~ AP, = 6,6, 0K, Eq. (8), and ignoning higher
order ters,

Otivar Nowrgaonkar, ang Cross 43



s :

Ay 1100 s )y

-3 ‘}' 100° _‘

Py iCIm2)

FiG 9 Calculated curves for the Gibbs free energy of SBN 60 at [our wem-
~cratures, showing absolute stability for the energy mmma at £y = = 2,

Axy/AE m24ay,6 60,88, (T>T.), (22)

Agyy/6yy s — 24556, (AL} (23)

Therefors, A¢,,/¢€,; is expected to vary quadratically with
applied electnc field and rapidly diminish above T, with the
third power of €,,. This behavior was found in SBN:60, but
some asymmetry with- + AE; was seen 1n poled crystals at
temperatures as much as 40 "C atove T,. A more symmetnc
response was found after thermal depoling under shorted
conditions, although measurements below 95 °C remained
unreliable due to long-term dnfts, presumably due to crystal
repoling. From the measurements over the temperature
range of 100~150°C, the averaged value of a,; calculated
from Eq. (23)1s

ay= = 1.4x1074(m¥/C)y? (T>T.),

a value opposite in sign to the T < T, value. Although 1t was
difficult to establish any temperature dependence for a,, in
the paraelectric phase, it seems reasonable to presume that
a,, changes sign somewhere near T, with no abrupt discon-
tinuities. Such a sign change may also occur for a,y,, but this
could not be determined from these measurements.

V1. NONPOLAR PROPERTIES

We now turn attention to the dielectric properties of
SBN:60 along the nonpolar a or b axis. The weak-field di-
electne suffness at zero bias 1s given in Eq. (7a) and repeated
here for convenience:

Yu=Ytn= (T—0|)/C| +20”P§ + 211.,.["‘
(Py=P,,=0) (24

Ao
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.he phenomenological mods! using temperature-inaependent higiie. .. aer
coefficients.

A dielectne anomaly 1s therefore anucipated for o
lar directions as a result of the onset of the spont o
lanzauon, P;. A complicating factor in the meas bef
the nonpolar dielectnc properties is the large diel~ *+2- an-
1sotropy of most tetragonal ferroelectne bronzes. n-
complete contact coverage or shght axial misali: an
cause erroneous results, parucularly near T, | ).
we were able toobtain a nearly perfectlyonentedw 1 . y»-
tal wafer (as evidenced by x-ray diffraction and -
uvity measurements), and its dielectne behavio: o
an expanded scale in Fig. 10. Corresponding Ari. 3
of the g-axisconductivity at 0.1, 1.0, and 10kHz a1 . . . at-

ed 1n Fig. 11, showing the virtual absence of major conduc-
tvity peaks near 7T,.

Sam 60
-enre

USRS UPY (P —
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CONDUCTIVITY (3 ¢cm ® }

1Py U

10001t IR

FIG 11 Arrhenus plots of the a-aas conductivity for SHN ¢ at de, 100
e, § ke, anid 10 &5z, tmuch of the 10012 conduchivity was teiow ins
srwmnent sensitivity  Note the virtual abacine of 2 large Londucnivity peak
w
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The a-axis dielectnic dispersion over .00 Hz-:00 kHz
was found to be mimimal except at the temperature extremes
wheretincreased to 2%-5%. Dielectric losses were simular-
iy low, with tan § = 0.003 or less over most of the tempera-
ture range, nsing pnimanly above 300 ‘C due 10 the onset of
sigmficant de conducuvity At room lemperature, the dark
dc conductivity was typically S 10™'" 27" cm ™" or less.

As expected, changes in €,, with apphied field were un-
measurable because of the small .nduced polanzation
AP, = €,6,,AE,, hence, the values of coefficients such as @,
and a,,, n Eq. (7) (P, #0) could not be determined. Thisis
2f ittle consequence. since these coefficients do not contnb-
ute to the dielectric suffness [Eq. (24) ] or the Gibbs free
energy [Eq. (2)) at zero bias (P, = P, =0).

The dielectric siiffness expression i Eq. (24) could be
fitted 1o the measured data under the assumption of tem-
perature .nvanant a,; and a,,;. The calculated curve 1s
shown as the dashed line in Fig. 10 based on the following
constants:

C, =2.04X%10°,

8, = —245+20°C,

a,y = 3.78X 107? (m?/C)?,
@y = 140X 1071 (m¥/C)° .

The calculated fit to the 2-axis dielectnc data 1s general-
ly quite good tless than 3.5% error) except near T,. Perhaps
the most interesting discrepancy 1s the roughly 10 °C difer-
ence between the theoretical and measured dielectric maxi-
ma. The a-axis dielectric peak is also higher 1n temperature
than the c-axis peak by 6-3 °C. The shift in temperature
between the theoretical and expenmental maxima of €,, may
be accounted for, at least in part, by fluctuations 1n P, such
that (Py) =0, but (Py*) %0, above T. This would also help
to explain the small discrepancies in the theoretical and mea-
sured values for the paraelectnic phase well above T,.

Vil. DISCUSSION

The thermodynamic phenomenology developed for
SBN 50 may be applied to the calculation of other important
crystal properties such as the entropy, S, and the excess heat
sapacity Using the crystal free-energy expression in Eq. (2)

vith P, = P, = 0 and the measured temperature dependen-
2ies of the coefficients, the entropy is given by

S= ..(.3_5_2'.)
dT /o,
P3 1 2
= —_——— 9 _n-l/)
Py ( TR

1
<P} ‘\"Tagu(o)/“ n-—znp;) (25)

Inserting the measured temperature dependence of P, wnto
Eq. (25), we have
S= -0.14(8,, = ' cal/mol °C, (26)

and therefore the excess heat capacity due to nonzero polar-

1zation below T, is

as J Appl Phys,, Vol 64 No. 1 1 July 1988

¢, —cp = T(ﬁ)
T /¢

=0.087 T(6,, - N =¥ cal/mol *C. (27

The excess heat capacity is thus expected to peak sharp-
ly as the phase transition temperature is approached from
below, in qualitative agreement with the ¢xpenmental re-
sults by Glass' on early SBN crystals. However, verycloseto
the transttion, the calculated excess heat capacity represents
a substantial fraction of the background lattice heat capacity
of 30~40 cal/mol °C, whereas the measured values represent
only a few percent of the total. Our own preliminary heat
capacity results show similar behavior. However, this is not
entirely unexpected since the phenomenological model does
not account for a distribution of phase transition tempera-
tures, but rather presents an average of the macroscopic
crystal behavior for regions well above and below the transi-
tion region.

The Gibbs {ree-energy function for SBN:60 possesses
continuous first derivatives with respect to 2, T and discon-
tinuous second derivatives, making SBN:60 a second-order
phase transition ferroelectric. However, it is interesting to
note that the temperature behavior of the heat capacity is of
the form expected for a classic first-order transition,'? this
being due to the strong temperature dependencies of the
higher order Devonshire coefficients. Since these coeffi-
cients tend to zero as T—§, the phenomenology suggests
that the transition from macropolar to macrononpolar is te-
tracritical in SBN:60.

The highly regular temperature dependencies of the ma-
Jor physical properties for SBN:60 permit the straightfor-
ward evaluation of several parameters relevant to device ap-
plications. For example, the commonly accepted figure of
merit for longitudinal pyroelectric infrared (IR) detectorsis
p/€yy. Using Egs. (12) and (14),

p/ €3 = Pyo(8,, — T)''¢/6C,,, (28)

indicating that this figure of merit vanes only weakly with
the separation between the operating temperature, T, and
the transition temperature. Equation (28) is also valid for
other SBN compositions (e.g., SBN.50, SBN.75), wath duf-
ferences principally occurring in the vaiue of 9y, and, 10 a
lesser extent, Py,.

Another parameter of interest for optical apphicauons s
the linear electro-optic coefficient, #,. The Linear electro-op~
tic effect in bronze ferroelectnes may be considered a proto-
typic quadratic effect biased by the nonzero spontaneous po-
larization in the ferroelectric phase.’® Hence, along the polar
¢ axis,

(29)

where gy, 1s the quadrauic electro-optic coeflicient. Measure-
ments of gy, on SBN crystals®® have shown this 10 be essen-
ually independent of temperature, with a value of ~0.10
m*.’C%, so that at room temperature the calculated linear
coefficient for SBN:60 is 7y, = 464X 10™"* m/V This value
1S tn excellent agreement with room-temperature measure-
ments at optical wavelengths,™'¥'* although data at other
temperatures are presently lacking. Howeser, considerabie
data for the temperature dependence of 7,, have been ob-

ryy = 28y3Py6o€yy = 2833P 1060 Cy/ (6, — ne,

-

Ohver. Neurgaonkar, and Cross 45




anied Lor 38BN AN L min Teten wave Tz sencies —_
GHzt T AL stom emperatare The eGuis ient -
Tot3=2"00 . 0 Tm/V withihespread A nue cuc parth

10 complicanons aasing rom maderate iclecing wnses At
77 K. where rhe dielectne '08xes are consideraniy ower

Fo= 7256107 " m/V an general agrezmens with "ne tem-
perature dependence predicted in £g 1« 290 These iarge 2l
ues indrcate that g,, 1s substanually higrer at muiimeter-
wase frequencies, with a computed value 2t approumateh
060 m*/C’

The hnear electro-opuc effect at optical and miihimeter-
wave frequencies s the high-requency equis aient of the fow -
frequency hnear electro-dielectnc effect. However, 1t must
be castioned that although the room-temperature salue for
r.y at optical frequencies is similar to the electro-dielectnc
value (318X 107! m/V). their functional ongins are vastly
different. This is reflected in the temperature dependencies,
with the linear electro-dielectnc effectin SBN 60 following a
{8y, — 1) ~'*® dependence. as may be deduced from Eq.
(21). whereas r,, follows a much stronger (4, = D~ *
power law Nevertheless, these two effects do share a com-
mon strong dependence on the value of the low-{requency
dielectnic constant, €,;.

In the denvauon of the phenomenological constants for
SBN:60, we have made use of the measured ¢-axis dielectine
properties 1n the paraelectnic phase to determine the Cune-
Weiss constants C, and &.,.as discussed tn Sec. V These
constants were determined from the linear inverse suscepti-
bility region which exists above T, up to approumately
250°C (Fig. 4) However, above 250 °C there exists a second
linear Curie-Weiss region, with constants C; = 2.8x 10°
and &; = 134°C, the latter being substantially above the
phase transition temperature. It has been postuiated in the
work by Burms and Dacol’®*’® on bronze Sr,KNbO,,
(SKN), and more recently in their work with Bhalla er al.™
on SBN, that observed deviations of the optical refractive
index from a linear temperature dependence above T, may
anse from fluctuations in the polanzaton such that (P,)
=0, but (P})#0, over a large temperature range. This
would necessanly affect the low-frequency dielectne proper-
ties as well, and may account for the change in slope of yyy 1n
the paraelectnic region below 250 °C.

Thus, then, raises the question regarding which values of
C,and 8, to use in the development of the ¢-axis phenomeno-
logy for the ferroelectnc phase. However, evaluation of the
ferroelectnic pkenomenology using the alternative constants
from the high-temperature paraclectnc region shows a rapid
divergenceot all of the higher order c-axis Devonshire coeffi-
ctents near the phase transition, leading to metastabie energy
states and anomalous calculated hysteresis loops Thisas
sharp contrast to the well-behaved, predictable temperature
dependencies shown 1n Sec V' This result, combined with
the phenomenological similanities determined for other
tungsten bronzes such as BSKNN,'' leads us to conclude
(hatlthc lower temperature Cune-Wess region provides .
more vahd description of the macroscopic paraelectric be-
havior of SBN-60 as 1t applies 10 the tempersture depen-
dence of @, in the ferroclectnie phase

The presence of luctuaning polar sncrodomains i the

L Aye N

6 2 App Phys Vol 64 No 1t July 1908

Paraie.inie Dnase elow 300 'C wouia also serve 1o explamn
"he geviauon of ¢, from the extrapolated high-temperature
Curie-Weiss behavior, as shown in Fig. 10 An average rms
polanzation. P, = (P*)'"* may be calculated from a least-
squares At of Eq (24) t0 the measured g-axis paraclectne
data using the temperature-independent values for a,y and
@, calculated zarher Such a fit shows a substantial non-
zero P, which dechnes nearly hnearly wath temperature up
to ~230-300°C, a qualitauve agreement with the results
from optical index measurements.*® However, the calculat-
ed magnitude of P, cntically depends upon the chosen val-
ues for the Cune-Weiss parameters C, and 8, n Eq. (24),
and hence cannot be determined with particular confidence.
This uncertainty also exists to some extent in the interpreta-
tion of the refractive index data, as it also depends upon the
chosen extracolation of a linear high-temperature re-
gon. =7

While this analysis 1s adequate to qualitatively account
for the deviauon ¢f ¢,, from Cune-Weiss behavior n the
paraelectnc phase, the situation is more complicated along
the ¢ axis. In this direction, any spatally ductuating (and
possibly dynamically inverung) polar microdomains would
be perturbed by an ac measurement field, E,, and thus would
significantly contribute to the macroscopic diefectric polar-
1izability *? At the lowest order this would quahitatively lead
10 an apparent change in the Cune-Weiss behavior of a,
[Egs. (6) and (8)], with the higher order terms contnbut-
ing to the measured dielectric behavior by a considerabl:
smaller amount. By inference from the discussion of ferro-
electne stability given above, this contnibution from fluctu-
aung microdomains would necessanly extrapolate well intc
the ferroelectne region below T,. Further support for this
hypothesis 1s provided by millimeter-wave measurements,
which show anomalous c-axis dielectnic losses at room tem-
perature which dimimish on further cooling to 77 K.”-7

VIil. CONCLUSIONS

The experimental data for ferroelectnic SBN 60 show
that for a more realistic fitting of the data, the Tayior seres
expansion of the Gibbs free energy must be taken out to at
least the etghth power of the polanzation, and that the coeffi
cients of terms up to the sixth power must be taken as func-
uons of temperature. This phenomenological description
should provide a foundation for future compansons with
other compositions in the bronze crystal family, and may
also assist in uncovering potentially anomalous ferroelectric
behavior in matenals which otherwise may appear to have
well-behaved dielectric and polanzation propertes. [t is
noteworthy, however, that a more classical sixth-order
phenomenology with temperature invarant higher order co-
cflicients sl provides a useful, approximate descnption for
many ol the measured properues,'® and has proven particy-
larly cllective for comparisons with other erystal families.*

I he extended eighth-order phenomenology 1s that of a
simple proper crystalline ferroclectric. The highly regular
behavior of the phenomenology suggests that this descnp-
von i perfectly adequate to account for the observed ferro-
clectric properties m SBN-60  However, there has been some
~uggestion that SHN may be an incommensurate phase tran-
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stion ferroeiecine © Althoyygh (he present phenomenoiogy
does not preclude such a possiothity nerther Soes it suggest it
since the computed energy states ~emain a0~olutely stable
over the entire temperature range [a either . ase. the pheno-
menology should prove useful in deseioping & much clearer
theoretical descniption for the ferroelectric teaavior in SBN
crystais, and perhaps for other bronze crstal systems as
well.
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Composition and Temperature Dependence of the
Dielectric, Piezoelectric and Elastic Properties
of Pure PZT Ceramics

Z. Q. ZHUANG, MICHAEL J. HAUN, SEI-JOO JANG, anp LESLIE E. CROSS, FELLOW IEEE

dstract—Pure (undoped) piezoelectric lead zirconate titanate (PZT}
ceramic samples at compositions across the lerroelectric region of the
phase diagram have been prepared {rom sol-gel derived fine powders.
Excess lead oxide was included in the PZT powders to obtain dense
195-96 percent of theoretical density) ceramics with large grain size
+ >7 um), and to control the lead stoichiometry. The dielectric, piezo-
electric, and elastic properties were measured from 4.2-300° K. At
very low temperatures, the extrinsic domain wall and thermal defect
motions **{reeze out.’’ The low temperature dielectric data wiil be used
to determine coeffictents 1n & phenomenotogical theory. The extrinsic
contribution to the properties can then be separated from the singie
domain properties derived from the theory.

[. INTRODUCTION

EZOELECTRIC lead zirconate titanate (PZT) ce-

ramics have been used in a wide range of applications
since the 1950°s [1]. However, the growth of good quality
single crystals of PZT for compositions across the entire
phase diagram has not been accomplished. Clarke and
Whatmore (2] have descnibed the previous attempts at
growing single crystals of PbZr, Ti; -, O, and have found
that crystals of reasonable quality can be grown within the
ranges | > ¢ > 084 and 0.25 > x > 0, but were un-
successful for values of x between these two ranges.

Due :0 the lack of PZT single-crystal data, the devel-
spment of a pnenomenological theory of PZT has been
:omplicated and involved indirect methods of determun-
ing the coetficients of an energy function [3]-{5]. Addi-
rnonal expenimental data 1s needed to separate the sixth
>rder dielectric suffness coefficients [(5]. Dielectric con-
;tant measurements on ceramic saraples at low tempera-
rures, where the extrinsic domain wall and thermal defect
motions "*freeze out’”’ [6], {7], may provide this data.

Pure homogeneous PZT ceramic samples at composi-
".cns across the phase diagram have been prepared from
sol-gel denved fine powders. The low-temperature di-
slecinic, prezoelectric, and elastic properties were mea-
sured from 4 2-300 K. The procedure used to prepare the
sol-gel powders and ceramic samples, along with the low
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temperature measurement apparatus, wiil be descnbed n
the next section. The results of the measuraments will then
be discussed.

[I. EXPERIMENTAL PROCEDURE

A »ol-gel method similar to the procedure descrnibed n
(8] was used to prepare PZT compositions with four to
eight mole percent excess lead oxide, depending on the
compositicn. The staring chemicals were lead acetate
[Pb(C,H;0,), * 3H,0], titanium isopropoxide
[Ti(OC;H5)4), and zirconium n-propoxide {Zr(OC;H-).).

The lead acetate was dissolved in methoxyethanoi
(C;Hg0,) in a three neck reaction flask. To remove the
adsorbed water, a reflux condenser was connected to the
reaction flask, and the solution was heated until the tem-
perature reached 125°C (the boiling point of methoxy-
ethanol). After cooling the solution to 75°C, the utanmum
isopropoxide and zirconium n-propoxide were added. and
again heated o 125°C to dnive off excess methoxy-
ethanol.

The solution was cooled to —25°C with a hquid nitro-
gen 1sopropanol bath. The water for hydrolysis (4 moles
H,O per mole alkoxide) was first mixed with an equal
amount of methoxyethanol, and then added to the cooled
solution. By siowly heating the flask up to room temper-
ature (or higher depending on composition), the solution
gelled. The gel was then heated 1n a 100°C oven for one
to two days unul dry.

The dried gels were calcined at 800°C for one hour.
The caicined powders were then ground, and pressed nto
petlets without binder under a pressure of 50 000 psi. The
green pellets, with four to eight mole percent excess lead
oxide, were sintered on plaunum sheets 1n a set of aiu-
mina crucibies with a lead source powder. The samples
were sintered frum 1000°C to 1260°C for 20-60 h de-
pending on the composition. The sintered ceramic sam-
ples had densiues of 95 to 96 percent of theoreucal den-
sity, and average grain sizes larger than 7 um.

X-ray diffracuon pacterns of the calcined powders
showed that both perovskite PZT and lead oxide were
present. However, after sintenng, no lead oxide dutfrac-
ton peaks could be detected, indicating that the excess
lead oxide was volaulized during sintenng.

The ceramic samples were sputtered with gold elec-
trodes, and poled with electric fields of 2040 KV ‘em

0885-3010/89/0700-0413501.00 © 1989 [EEE



for 4~30 mun. The piezoelectric strain coefficient dy; was
then measured using a Berlincourt Piezo-ds; meter to de-
termine the completeness of poling. The poled discs were
cut 1nto bars, cylinders, and discs according to the [RE
Standards {9].

The apparatus used for the low temperature measure-
ments was composed of an Air Products and Chemicals
model LT-3-110 cyrogenics system, which can stabily
control the temperature from 4.2° K to 300° K. The di-
electnc and resonance properties were measured on a
Hewlett Packard 4270 A automatic digial capacitance
bndge and 3585A Spectrum analyzer. The samples with
thermal-resistance wire attached as leads, were shielded
in a copper enclosure. The samples were first cooled down
to 4 2° K, and then the measurements were made during
heating to 300° K. The IRE standard method (9] for pi-
ezoelectric resonance measurements was used for the cal-
culations.

[1I. ReEsuLTs aND Discussion

The dielectric constant measured at room temperature
and 1-kHZ was plotted versus composition for poled
{measured parailel to the poling direction) and unpoled
ceramic samples in Fig. 1. The peak in the dielectric con-
stant occurs close to the morphotropic phase boundary be-
tween the tetragonal and rhombohedral phases at a com-
position of approximately Pb(Zry 2Tl 43)O3. By poling
the samples the dielectric constant increased and de-
creased for the tetragonal and rhombohedral composi-
tons, respectively.

The tncrease of the dielectric constant when poling the
tetragonal samples was previously explained {10] as being
due to the elimination of the effect of compression of the
{80-degree domains. This occurs due to the virtually
complete 180-degree domain reonentation along the pol-
ing direction, and dominates the decrease in dielectnic
constant from 90-degree domain reonentation.

For the rhombohedral compositions, the dielectric con-
stant decreases when poling the samples. This net de-
crease cccurs, because the decrease of the dielectric con-
stant due to the 71 (109) degrees domain reorientation
domunates the effect of the removal of compression [10].

The dielectnc constant and dissipation factor for sev-
eral PZT compositions measured at 1-kHZ are plotted
~ersus temperature in Fig. 2. The dielectric constants of
the compositions close to the morphotropic boundary
showed a much stronger temperature dependence than the
composttions away from the boundary.

Broad peaxs n the disstpation factor versus temperature
were tound to occur at 225-250° K for the thombohedral
composiuons and at 100-130° X for the tetragonal com-
posittons. The different activation energies for domain
wall mouon n the tetragonal and rhombohedral samples
would possibly account for these loss peaks, and is pres-
endy under further investigation. The PZT 52,48 com-
position, which showed coexistence of both tetragonal and
mombohedral phases. had loss peaks in both temperature
ranges.

£COr

OILLECTRIC CONSIANT K*

$ 5 2% 35 a5 55 3%
YOLE % CF 28T0,

Fig. | Dielectnc constant for poled and unpoted ceramic samples at room
iemperature piotted versus composition
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Fig. 3 shows the temperature dependence of the cou
pling factors &y, and ky3, piezoelectne strain coefficients
dy, and dy;, elastc compliance coetficient s, and “re-
quently constant .V,. The compositions close to the mor-
photropic boundary again showed the largest temperature
dependerce.

The compositional dependence of the elasuc compli-
ance coefficient sf., the frequency constant V,, Poisson’s
ratio y, and mechanical quality factor Q, at 4 2 and 300
K are shown n Fig. 4. The effect of the morphotropic
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bou
can“::”_’ between the tetragonal and rhombohedral phases (95 to 96 percent of theoretical density) ceramics with
seen n this figure, along with the effect of the large grain size (>7 um), and to control the lead stoichi-

m

ohr::g{?:g b°“‘_‘daf)’ between the ferroelectnic rhom- ometry during sintering.
e P7T o4 ’6anntcrroclccmc orthorhombic phases near The d:electnc, piezoeiectnic, and elastic properues were
’9 composition. measured from 4.2° K to 300° K. At very low tempera-
tures the domain wall ar4 thermal defect motions **freeze
[V ConcLusion out.”” The compositions near the morphotropic phase
A s0l-3el metho 4 boundary had the largest temperature dependence. Di-
ders acrogs e . was used to prepare pure PZT pow- electnic loss peaks were found to occur from 223° Kt
Excass ¢ erroelectnie region of the phase diagram. 250° K for the rhombohedral compositions, and from

¥as included 1n the powders to obtain dense  100° K to 150° K for the tetragonal compositions.
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Temperature Behavior of Dielectric and Piezoelectric
Properties of Samarium-Doped Lead Titanate
Ceramics

J. N. KIM, MICHAEL J. HAUN, SEI JOO JANG, LESLIE E. CROSS. reLLow, IEEE, anD X. R. XUE

Abstract—The dielectric and electromechanical coupiing properties
of Sm- and Mn-doped PbTiO, ceramics were investigated from 4.2 to
300° K. The upper and lower limits of the ceramic dielectric and pi-
ezoelectric properties were calculatea by averaging the single-domain
constants that were determined {rom a phenomenological theory.
Comparisons of the measured and calculated properties were then
made. The mesasured dielectric permittivity ¢]; and piezoelectric strain
coefficient 4., appear to be mainly due to the averaging of the intrinsic
single-domain response. The large piezoelectric and electromeshanical
anisotropies present in modified PbTiQ, ceramics also agpears to be
an intrinsic property of the material. The piezoelectric coeflicient 4.,
as well as the planar coupling coefficient &,, were found to have very
small values over two temperature regions, from 120 to 170° K and
from 240 to 270° K.

INTRODUCTION

ODIFIED PbTiO; ceramics that show large aniso-
lmopxc prezoelectnic coupling at room temperature
were recently reported [1]-{4]. The temperature behavior
of the piezoelectric properties of Sm- and Mn-doped
PbT10; were aiso investigated {5]. [t 1s tnteresting as well
as umportant to understand why these modified PbT10,
ceramics have such a large anisotropic electromechanical
coupling property.

In this study, the dielectric properties, ¢y and tan 8. and
electromechanical coupling properues, dy, ds;, &,, and
k., of 10 mole percent Sm- 2nd 2 mole percent Mn-doped
PbT10, ceramics were investigated from 4.2 to 300° K.
At low temperatures, the thermally activated contnbu-
ticns to the dielectnic and coupling properties '‘freeze
out.”" These contnibutions will be referred to as extnnsic
contnibutions. The observed temperature behavior of the
matenal properties, ¢l dyy and dy,, were compared with
predicted upper and lower limits of the ceramic properties
(6] that were calculated by averaging the single-domain
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single crystal constants determined from a phenomeno-
logical theory of PbTiO, {7]. These predicted properties
will be referred to as the intninsic contnibution to the ce-
ramic properties. The unusually small values of piezo-
electnic coefficient d;, were also explained according to
the recent results of Damjanovic et al. (9], {10].

EXPERIMENTAL PROCEDURE

The compositton investigated .a this study was
(Pby 3sSmy (o) (Tig 9gMny 42) Os. Reagent grade oxides.
PbO, Sm,0;, TiO,, and MnO were mixed and muiled tor
six hours using zirconia balls, then dned and calcined in
a closed alumina crucible at 900°C for 1 h. The calcined
powder was pressed in a die at 5000 psi to form green
disks. These disks were fired at 1200°C for | h in a closed
crucible with a lead source. The final density of the ce-
ramic samples was better than 95 percent of the theoreti-
cal value. Disks were cut to several different shapes and
dimensions to measure the dielectric and electromechan-
ical coupling coefficients. Reshaped samples were clec-
troded with sputtered gold and poled in silicone o1l with
a field of 60 kV /cm applied for 5 min at 150°C. All of
the samples satisfied the dimensional requirements of the
(RE standards on piezoelectric crystals (8). The sampt
were carefully connected with very fine silver wire and
suspended 1n a vacuum tn an 1n-house made holder on an
A'r Products and Chemicals Model LT-3-110 cryogenics
system. The dielectric properties were measured on a
Hewlett Packard automatic capacitance bridge model
4270A. The electromechanical coupling properties were
investigated by the resonance method using a Hewlent
Packard spectrum analyzer model 3585A. The planar and
thickness resonance frequencies were approximately 162
and 295 kHz. respectively, due to the sample geometnes.

RESULTS AND Discussion

Two samples with the same composition and fabncated
by the same procedure were studied. The relauve dielec-
tNC permittuvty ey and dissipation factor tan § were mea-
sured at | kHz from 4.2 to 300° K. These measurements
are plotted 1n Fig. t(a) and 1(b).

The dielectnc permitivity of ceramic PbTiO; was cal-
culated using senes and parallel models n [6]. These cal-
culatons were adjusted by shifting the Cune temperature
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T. t0 300°C to match that of the samples fabaicated 1n this
study In Fig. l(a). the expenmental and theoretical per-
mutivities are compared. At low temperatures where the
extrinsic contnbutions, such as thermaily activated do-
main wall and defect motions. have “'frozen out,”” the
igreement s fairly zood As the temperature is increased.
nly a small difference develops between the expenmen-
ral and theoretical permittivities, indicating that the po-
tanzability 1s sull largely due to the intnnsic averaging of
the single-domain response.

The dielectnic loss measurements are shown in Fig.
by Below about 30° K the loss decreases very rapidly.
~vhich suggests that the thermally activated contributions
to the dielectric properties freeze out quickly at low tem-
peratures.

The measured piezoelectric coefficients, J+y and dy,, are
snown n Figs 2(3) and 2(b) along with the calculated
ipper and lower hmits of the wntnnsic ceramic piezoelec-
rnc coetficients These calculauons were made by shifting
rthe Cune temperature to 300°C, as was done with the
dielectnic data, using the results of {6]. The expenimental
£y Jata falis between the predicted upper and lower limuts
with a similar temperatere dependence. This indicates that
rhe measured 53 1s mostly due to the intnnsic single do-
maln response.

The 4y, measurements also fall between the predicted
upper lower limits, except over two temperature regions,
from 120 to 170° K and from 240 to 270° K. Over these
remperature regions, the resonance spectrum displaced
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upon the HP 3585A analyzer was too weak to measure,
as shown n Fig. 3. with the resonance at 300° K for com-
panson. This suggests that the [RE standard method may
not be adequate near these two temperature regions.

The exceedingly small frequency differences between
parallel (f,) and senes ( f;) resonances may not be close
enough to the differences between the maximum ( f,) and
mimmum ( f,) impedance frequencies. The vector imped-
ance method 1s more accurte (n obtaining greater preci-
sion in the case of immeasurably >mall resonance regions
like these.

Damjanovic et al. [9], {10] used this method to measure
the complex values of the matenal constants (d;. 5. and
¢7) They found that the real part of the dy, coeficient
<hanges sign and becomes posiuve at high temperatures.
This result 1s illustiated in the insert 1 Fig. 2(b) by the
dasned curve (note that the negauve d,, i1s plotted) The
»>ign of dy, could not be measured using the resonance
method 1n this study, and the.efore was not assamed to
change sign at 7, However, a change in sign would ac-
count for the immeasurably smali resonance region at T,
Damjanovic, e al. {10] also found that below T the Jx,
coetficient formed a peak (when ploting the negative oy,
a5 1n Fig. 2(b), this wouid be a mmmimum with a value
approaching zero) at about 125° K. This behavior prob-
ably accounts for the small resonance region at T;.
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ADMIT TANCE

FREQUENCY

£ miitance plotted versus {re 3

Fig 3 Ad ptotted 5 frequency at 300° K (curve 1) and at
temperature within temperature regions where resonance was (00 weak
to measure (curve 2).

The change in sign of the ds, coefficient at T, to positive
values at high temperature was explained by Damjanovic
et al. [10] as being due to the positive extrinsic contri-
butions that dominate the negative intrinsic contribution.
This appears to be possible, since the intrinsic J;, is very
small. In [6], the small values of the dy; coefficient and
thus large piezoelectnic amisotropy (ds3/dy ) of PbTiO,
ceramics were shown to be due to the intrinsic averaging
of the single-crystal eiectrostnctive constants. The pos-
sibility of a change 1n sign of the intrinsic dy, due 0 a
slight vanation in the single-crystal electrostrictive ani-
sotropies ( Qy;/ Q2 and Qus/ Qy2) was also demonstrated.

The planar coupling coefficient, &,, is plotted as a func-
tion of temperature in Fig. 4(a). In two temperature re-
gions, as discussed for dy,, k, becomes extremely ;mall.
The thickness coupling coefficient, k,, 1s weakly depen-
dent on temperature and has a value of about 46 percent.
Fig. 4(b) shows the ratio k,/k, plotted versus tempera-
ture. This ratio becomes very large 1n two temperature
regions, 120 to 170° K and 240 to 270° K. These large
electromechanical anisotropies indicate that this matenal
would be useful 1n ultrasonic transducer applications.

CONCLUSION

The relauve dielectnic permittivity, ¢4, of the modified
PbTiOy ceramics fabnicaied 1n this study appears to be
largely due to the averaging of the intnnsic single-domain
response. The calculated values of the upper and lower
fimuts of the ceramic permittivity agree fairly well at low
‘emperatures with the measured values, and only a small
difference develops as the temperature increases. The pi-
ezoelectric diy and thickness coupling k, coefficients are
~eakly dependent on temperature and have values of
about 30 x 10™'* C/N and 46 percent, respectively. The
planar coupling k, and piezoelectnc dy, coefficients ex-
hubit very interesting temperature behaviors. In two tem-
perature regions, from 120 to 170° K and from 240 to
270° K (or T\ and T n Fig. 2(b)), dy| and k, become
100 small to measure using the resonance method.

Damjanovic et al. (9], [10] used a vector impedance
method and found that the Jy, coefficient changes sign at
T, to positive values at high temperatures. The low vaiues
of the Idy,| at T, were found to be due to a mimmum tn
the | dy,| that occurs 1n this temperature region.

The values of the measured dy; and dy, coefficients were
within the predicted upper and lower bounds that were
calculated by averaging the intnnsic single-domain prop-
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erties. The generally large piezoelectnc and electrome-
chanical anisotropies present in modified PbTiO, ce-
ramics appear (o be an intnnsic property of the matenal
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Sol-Gel Processing of Lead Titanate in

2-Methoxyethanol:

Investigations mto

the Nature of the Prehydrolyzed Solutions

THOMAS W DEeKLEVA," JaMES M. Haves, LESLIE E. CROSS,” aND

GREGORY L. GEOFFROY

Matenals Research Laboratory and Department of Chemistry, The Pennsylvama State University,

University Park, Peansylvamia 16802

A previously developed system for the sol-gel processing of lead ntanate powders
and films has been analvzed by a .ariety of spectroscopic, chromatographic, and
wet-chemical means. The results indicate that refluxing Pb(OAc);3H,0 in
2-methoxvethanol is accompanied by the volanlization of 0.5 equiv of organic
acetate and results in solutions containing what ts believed to be anhydrous basic
lead acetate. 3Pb(OAc)"PbO This has been isolated as its monohydrate, which
has been fully characterized by elemental (C, H, Pb), infrared, 'H NMR. and XRD
analvses. The anhvdrous salt generated in suu reacts further with TitOR ) under
reflux conditions to liberate more orgamc acetates. The final stoichiometries
‘one volanlized acetate per lead) tend to preclude the possibuity that signifi-
cant artounts of polymeric intermediates are generated. Analyses of the orgamc
volatiles also ndicate that, at least under our conditions, significant trans-
alcoholysis of the precursor Ti{OR). (R=Et, 1-Pr, n-Pr) occurs (80% to 0%
repiacement). The conclusions and consequences of these and related observanons

are presented.

SOL-GEL processing 15 one of several

methods currently under snvestigation
for the preparation of electronic and high-
technology ceramuc matenals. Because of
the intnnsic nature of the syathetic schemes
available, tus type of processing otfers sig-
nificant advantages such as higher punty.
molecular homogeneity, reduced process-
.ng temperatures, and unique fabneation
opportunities over conventional processing
methods. '

The chermustry of the gelanon step nor-
mally wnvolves the controlled hydrolyses of
single-component or multicomponent
alkoxides to form a three-dimensional net-
work of metal-oxygen linkages. Part of the
versathity of this techmque anses from the
fact that the soluble morganic salts can be
incorporated nto these networks, by either
actual chemical reaction or simple entrap-
ment n the gelled matrix. Several groups
have recently taken advantage of the solvat-
ing ability of 2-methoxyethanol (2-MOE)
to develop synthetic schemes for the pre-
paratons of a senes of lead-contatning per-
ovskite matenals in the lead lanthanum
2urconate utanate system’™ using lead ace-
tate, Pb(OAc)y'3H,0. as the precursor.

Several points in these reports at-
tracted our attention. For example, in the

ConTR(BUTING EDrTOR — B. M. MouoGiL

Manusenpe No. 199884, Received May 13, 1987:
approved November 18, 1987

“Member, the Amencan Cerume Society.
‘Ra\:&m pade, J. T. Baker Chemscal Co., Phuk

Al Products, Danvers, MA.
'Aldnch Chermucal Co., Milwaukee, W1,

1y

lead utanate (PT) system, Gurkovich and
Blum*™ reported that the reaction between
Pb(OAc); (which was dehydrated in situ by
retluxing the hydrated salt in 2-MOE) and
Ti(O--Pr)s 1n refluxing 2-MOE results in
liberation of an unquantified amount of 1s0-
propyl acetate. On this basis, they proposed

~ a condensation reaction between these

components which, though not cited as
such, was completely analogous to wans-
estenfication reactions mvolving bulky or-
ganuc acetates,’ for example

M(OR), +xCH,COOR'—
M(OR).-,(OR'),~«CH,COOR (I

where M=Ti, Nb; n=4, 5; R'=t-Bu,
Pb(OAc). They also speculated that the
prehydrolyzed solutions contained etther
bi- or tnmetailic structures, for example

OR
RO- Ti-O-Pb(OAC)
OR
[
OR OR
]
RO-Ti-0-7b-0- Ti-OR
OR OR
I
OR
RO- Ti-O~Pb—OR’
OR
o
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However, they favored structure If. Ther
rationale for this favored structure was
based on the apparent low volatlity and
ugh viscosity of the sol. These same prop-
erties suggested, to us, the polymeric
structure

! ?R
Ti—O—Pb—O

OR n
iv

The subject of inorganic polymers is cur-
rently of great interest to the chemical
community '' Therefore, we turned our
attention toward attempting to differen-
tiate these two possibilities. To do thts.
an analytical method was developed for
the analyses of the volatiie organic com-
pounds released duning the course ot these
preparations.

In doing this work, we have also had the
Jpportunity to address a second Juestion
more related to processing of Lhese rypes of
compositions. Payne and co-workers * re-
ported that DTA curves for PT-precursor
powders denved from Ti(O-i-Pr), differed
from those denved from Ti(O-n-Pr).. the
former exhubiting a single sharp exotherm
of =300°C, whereas the latter exfubited ad-
dittonal exotherms at higher temperatures
1430° and 500°C). depending on the extent
of hydrolysis. Film morphologies report-
zdly also showed differences The obser-
vations were interpreted as being due to the
differeat orgamc groups present. However,
TuOR). complexes are knc%‘ 10 undergo
alcohol exchange reactions. 2d. i such
systems, the established equilibna are
inven to completion by removal of the
more volatile alcohol (ROH)

TilOR),~4R"OH=Ti(OR"). ~<ROH
()

In this case, the botling potnts of pure
+-PrOH (82.4°C) and n-PrOH (97 4°C) are
much lower than that of 2-MOE (124 6°C).
Condensation of expected azeotropic mux-
tures should allow for efficient removal of
the more volatile alcohol. and a pnon ex-
pectations would predict that under the
reaction conditions, complete or near-
complete trans-alcoholysis would have
mansformed both Ti(OR). precursors nto
the same spectes, namely Ti(OR’)s (where
R’ 1s the alkyl group of the solvent al-
cohol). Because the differences in the re-
ported DTA curves and film morphologies
suggested that this was not the case, we
considered it necessary to determine how
efficiently the volatiles wers removed n
these reactions. Preliminary data are pre-
sented here.

EXPERIMENTAL PROCEDURE

The chemicals Pb(OAc),'3H.0,*
Ti(OEt).," Ti(Q-+-Pr)s,” Ti(O-n-Pr),” and
2-methoxyethanol® were used as supplied.
Manpulauons with the moisture-sensitive
Ti(OR), complexes were done under an-
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PNOAC):‘3H:O
{ -m 2-MOE
i * heat to 123°C, fraction |
gold solution
]+ 10 equv Ti(OR):
¢ to 123°C, fraction 2
yellow-gold solution
’ dilute 10 1M o 2M
| - cool to -20°10 =25°C
; * hydrolyze (4 H,0/Ti)
+ * warm to room temperature, <30 min
transparent gel
dry under high vacuum
+ fraction 3
+ gnnd, sieve
PT-precursor powder

Fig. 1. Sol-gel preparation of PbTiO;-
precursor powder.

hydrous conditions; however, only the
Ti(O-1-Pr)« was assayed gravimetnically.

Gas-liquid chromatographic analyses
of the organic volatiles were made using a
gas chromatograph’ equipped with a flame
ntensity detector, using a 6 ft (1 8 m) by
0.125 . (0 32 cm) column.'

The column temperature was pro-
grammed to increase from 70° to 220°C at
12°C/nun. Ia the cases where EtOAc was
liable to be present, partial overlap of the
EtOAc and 2-MOE peaks necessitated that
a slower temperature ramp be employed
mually. In these cases, the column was
heated at eather 2° or 4°C/mun for the first
12 to 13 mun (unul the 2-MOE peak was
completely removed). Even so, partial
overlap still exssted, making quantification
difficult. Samples for analyses were pre-
pared using toluene or m-xylene as the -
ternal standard. Errors in the reported
values are esumated to be 5% to 8%

Infrared spectra were obtained on
a Fourier transform spectrometer**
{=4 cm™") using samples prepared as
KBr pellsts.

Solutions and gels leading to the for-
mauon of PT were prepared by a procedure
whuch was a modificauon (Fig. 1) of that
given by Gurkovich and Blum.* We made
five modificauons: (a) The reaction scale
was reduced (Table ) so that the iit;al sol-
vent volumes vaned from 75 to 300 mL.
(b) The extent of heating was govemed by
the temperature of the vapor condensing 1n
the sull head of a standard distillation as-
semblage and not only by the temperature
of the solution The reaction solutions were
heated until the temperature of the condens-
10g vapors reached that found for pure
2-MOE (under our conditions, this was
found to be 122° to 123°C); under these
condiuons, solution temperatures rarely ex-
ceeded 135°C. (c) The final concentrations
of lead and utamum in the prehydrolyzed
solutions ranged arbiranly from 2 to

-

tAcrogriph Senes, Vanan [nstrument Group, Palo

. CA.

“odef 80/100 Casbopack C/0 1% SP 1000, Sup-
eleo, lnc., Bellefonte, PA.

*sMode! [R-32, [BM Inszuments, Inc., Danbury,
CT.

Table [.
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Summary of the Quantfication of the Volaule Organic Constituents Formed

Durning the Syntheses of PT-Precursor Powders

Concn Charged
Pb(0Ac), 3H,0" rmmot)

Recovered® rmmol) Towal Pt rmmol/mmolb)

Expenment® M) ROH ROAc R'OAc Alechol Acetate
PT (Et)f’ 0.13 17 34 5325 0 14.62 307 084
PT (En® 4.0 47.77 1061 16.97 3760 265 114
PT -Pr) 0.15 17.11 6366 0 685 312 0 4
PTu-Pr) 43 142.52 114 58 18.26 1578 336 104
PT(n-Pr) 014 18 38 6796 048 1448 3N 031
PT (n-Pr) 4.4 43.63 100.75 28.14 15.10 2.95 099
PbO* 25.9 13.5 0.5
PbO** 26.3 14 1 05
TiO, 18.4" 65 3.5

*Designatons 1n parentheses give nature of R group in Ti(OR), precursor "Except fot final tuee entnes, reaction
stoichtometry PY(QAc), 3H,0, Ti(OR) = 1, 1. so that mmol of PHOAC); 3H;0»mmo. of TiOR ). R comesponds to

organic moety

associated with Ti(OR), precursor (given in pasentheses in column 1), R’ refers to alkyl group of

solvent alcohol, CH,OCH.CH,0H. 'Ranos of total recovered alcohols (as ROH and ROAc) to charged Ti(OR), and
acetates (2s ROAc and R'OAc) to charged Pb(OAc)‘-VJVH,O give measure of overall stoichiometry. theoretical limits

for aicohot and acetate are 4 0 and 2.0, respectively

ater added after dehydrauon step. **Solution taken to drvness

without addition of water ""No lead involved, only Ti(O-i-Pr), **The TitOE), used was consaminated by TiO--Pr),

(% 15%, determined by H NMR)

4M. though these were diluted to 1M to 24
prior to hydrolysis. (d) Hydrolyses were
accomplished by adding dropwise acid-{ree
detonized water (4 H,O/Ti) dissolved in
2.MOE 1o cold (—=20° to —25°C) precursor
solutions. Oa warming to room tem-
perature, the homogeneous solutions set to
yellow-gold transparent gels within
30 min. {e) Entrapped solvent was re-
moved from the gels by room-temperature
trap-to-trap distillation, using standard
high-vacuum techmques. All disullate frac-
tions (1.e., those obtained before and after
addition of Ti(OR), and from the gel deso-
Ivation) were analyzed quantitatively for
the constituent alcohols and alkyl acetares,
as descnbed above.

To determune more directly the fate of
the charged lead acetate in solution after the
dehydration step. but before the addition of
the Ti(OR, the following expennment was
conducted. The volume of a solution of
Pb(OAc);*3H:0 (7 2 g, 19 0 mmol) n
2-MOE (imtially 50 mL) was reduced by
distillattion until the solution temperature
reached 150°C, at this ume, the gold,
water sensitive soiution was separated unto
two squal parts, each of these being re-
duced to an aily, yellow-gold wax at room
temperature under hugh vacuum. Reagent-
grade tetrahydrofuran (THF, 50 mL) was
added to the first portion under N,, produc-
ing a white slurry. This was washed with
THF and anhydrous diethyl ether (Et,0)
and air-dried to yield a white powder
{2.43 3), whose spectral parameters (IR,
"H NMR) were identcal with those given
below. To the second poruon, reagent-
grade -PrOH (50 to 80 mL) was added,
again producing a white slurry, which was
transferred under Ny 0 a 750-mL Erlen-
meyer flask. The muxture was heated to
boiling with rapid stumng and concomu-
tant additions of :-PrOH until the mixture
¢cleared to a colorless solution. This solu-
tton was removed from the heat, sealed,
and allowed to stand undisturbed over-
mght. The resuiting mixture was filtered 1
arr, the solid being washed with 1-PrOH and
Et;0, and air-dried to yield 3Pb(OAc)y
PbO*H,0 (2.35 g, 7.7 mmol) as white

leaflets. Anal. Caled for C.:H;0..Pb.. C.
11.84, H, 1 66; Pb, 68.1. Found. C, 11 79,
H. 1.42; Pb, 67 6. 'H NMR (200 MHz)
Semove 2.395 (1 H), 2,485 (1 H), 1 715
(18 H). IR (em™'=4): vou=23524 (m,sh),
3463 (br, vs); voac=1566 (vs), 1511 (vs).
1406 (vs), 1335 (m). The XRD patterns
of samples prepared as either Collordan
smears or double-sided tape mounts
were consistent with this formulation, but
showed a ume-dependent transformation to
a yet umdenufied species (vide infra),

REesutrs AND Discussion

The results of the study relating to the
quantification of volatihized orgamc com-
pounds (Table [) show that, urespective of
the reaction scale or nature of Ti(OR),, at
least over this limited range of expen-
rents, the formation of PT-precursor pow-
ders 1s accompanied by the loss of =1
equiv of acetate and >3 equtv of precursor
alcohol per charged Pb or Ti compound.
While Gurkovich and Blum*™* imphed that
the precursor alcohol and acetate were re-
moved as precursor alcohcl acetate, we
determuned that the amount of precursor
alcohol acetate formed was very dependent
upon the reaction concentration. Under
dilute reaction conditions, most of the
liberated acetate s removed as the solvent
alcohol acetate, with itle precursor alco-
hol acetate formed. Under concentrated re-
action conditions, the amount of precursor
alcohol acetate formed increases as the
amount of soivent alcohol acetate formed
decreases. Thus of course 1s the result of
the different equihibnum concentrations
present under dilute conditions as opposed
to concentrated conditions.

The fact that only one acetate per lead
is released dunng the reaction sequence
tends to ¢liminate the possibility that
structures UI and [V (see Introduction) ex-
ist to any sigmificant extent. Rather,
structures [ and/or 0 would be consistent
with our resuits. [t should be recogmzed
that 1f structure Il 1s present, the com-
positional storchiometry requires the pres-
ence of an additional equivalent of
Pb(OAc);. I[nfrared spectra of the PT-
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Table [I.  XRD Pattern Data for 3PbtOAc),"PbO-H,O"

Phase 1 IPH(OAC), PYO-H,0* Phase 2 Expansion? (%)
5926 (14) 5936 (32)* 6 088 (43) 2,73
4575(1) 45533 4848 (1) 597
394322 3959 ¢35)* 4058 (27) 2.92
32961 330330 3.401 (D 319
2.954 (1000 2.964 (1000 3038 (96) 2.84
26331 262013 2.706 (1) 2.77
2365 .76) 2,368 (82)* 2,433 (100) 2.88
1 969 115) 197230 2.027 (29) 2.95
1 689 (<1) 1 695 (6) 1740 (1) 302

1758 (11)*
1.478 (1) . £.520 (1) 2.84
L33 (D) 1.352 4) 2.97

‘Phases 1 and 2 are defined  the text. The 4 spacings are 1 Angsxmms
(1x10"' nmj and values in parentheses give observed and reported crelauive peak
intensities ¢//1,) TTaken from Ref 13. but 1s not1ntended to represent the entire hising
for this mateniai by these authors Rather it is presented for comparative purposes only
Astensks ( *Y designate peaks prevtously associated with preferred onentation ‘Gives
relanve mcrease i d spacing for peak in phase 2 with respect 1o corresponding peak

on phase ! “Quiside range reported mn Ret 13

precursor powders could not dif-
ferentiate the two structures. showing ab-
sorbances attnbutable to acetate stretching
modes :dentical to those of Pb(QA¢);-3H,O
(1561 (s), 1401 (s), 1337 (m) cm™").
Perhaps the most unexpected finding
in this study was that refluxing Pb(QAc),*
3H,0 n 2-MOE hiberates 0.5 equiv of
organic acetate, even in the absence of
idded TitOR).. The resulting solutions
were gold colored, exhibiing an almost
metallic sheen. Also. these solutions were
water sensitive, immediately decolonzing
and eventually precipitating 2 white sohd
on tits addition. This observation led us -
tially to believe that the Jdehydrated solu-
tions contained lead alkoxide species,
possibly formed by the incomplete per-
turbation of the equilibna given by

PhiOActH -R'OH=—=PbiOAc)(OR"
-HOAC 3)

HOAC~R OH==R’'0AC-H.0 4)

However, the gold color was inconsistent
with previous reports that soiutions of iead
alkoxides are cotorless * More direct evi-
Jence fur the natare of these solutions came
with tne tsolation, 1n hugh yield. of a com-
pound with the storchiometry of basic lead
acetate, PbiOAc); PBO-H;0 Although
redissolving the w<olated solid in a 2-MOE
produced a wolorless >olution, suggesting
that some reacuon has occurred dunng
the workup procedure, 1t 1s important to
note that the stoichtometry of the solid 1s
entirely consistent with the results of quan-
ufying the orgamic byproducts.

4PbiOAC); ~H,0—3IPbiOAc), PbO
+2HOAc (5)

HOAC +R'OH—R’'0OAC~H,0 16)

The yellow-gold color s likely due to the
presence of the anhydrous PbO in the for-
mulauoa.

The leaflet nature of the 1solated basic
lead acetate had significant effects on the
XRD patterns. Kwestroo and Langereis”
have reported that certain peaks in the XRD
patterns of powdered basic lead acetate ex-
hibited disproportionately large intensities
due to preferred onentation. With the
present leaflets, XRD patterns taken imme-
diately after sample preparavion (in fact,
while the 1soamyi acetaie/Colloidan binder
was still wet) showed the presence of ex-
tremely strong peaks, the positions and
relative (ntensities of which corresponded
exactly to those indicated as betng due to
preferred onentation (Table [I, phase ).
As time progressed (half-life on the order
of 1 h), the intensity of this pattern de-
creased, being replaced peak for peak by
that of a second phase of approximately
equal intensity as the first. After 24 h, only
the pattem of the second phase was present
{Table (I, phase 2). Interestingly, the posi-
tion of virtually every peak in the second
phase corresponds to a 3% increase in lat-
tice spacing with respect to the first. This
type of behavior is often observed in clay
systems and probably represents the results
of some intercalation of atmosphenc gases.

Finally, 1t 1s now posstble to comment
on the work of Payne and co-workers re-
2arding the differences involved when
using Ti(O-1-Pr), and Ti(O-n-Pr),. Whereas,
.n our experimental Jdesign, the total
amount of recovered precursor alcohol was
essentially independent of its nature, 1
must be recogmzed that our conditions
were apparently more severe than those re-
ported by Payne’s group. Specifically, they
report all reactions (o be camed out at
120°C, though they do not indicate whether
this temperature refers to solution or vapor.
In either case, these conditions are mar-
ginally nulder than ours (final vapor tem-
perature of 123°C). This shght difference in
absolute temperature, however, is expected
to have a very significant effect on the final
solution composition in the two cases. That
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1s, because the iifference in boiling points
of 1sopropy! alcohot (82.4°C) and n-propyl
alcohol 197 4°C) 1s so large, the latter sys-
tem will tend to retain relatively more of the
precursor alcohol in the final mixes. unless
the reactions are drniven to completeness.
Even under our more dnving conditions,
n-propyl alcohol was unique 1n that 1t
was the only system mn which some pre-
cursor alcohol was recovered in the hydro-
lysts step. Certainly, more detailed studies
are required before any definite conclusion
1s made.

SUMMARY

[t was observed that the formation of
PbTiO;-precursor powders via sol-gel was
accompanied by the loss of =1 equiv of
acetate and >3 equiv of precursor alcohol
per charged Pb or Ti. The ielative propor-
ttons of precursor alcohol. precursor alco-
hol acetate, and solvent alcohol acetate
formed as a result of the formation of such
powders were determined to be dependent
on the reaction concentration. It was inter-
esung to observe that refluxing Pb(OAc),
3H;0 1n a 2-MOE liherates 0 5 equiv of
solvent alcohol acetate n the absence of
Ti(OR). and that basic lead acetate,
3PH(OACc)PbO-H,0. was 1solated as a re-
suit of such reaction.
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Fleld-Forced Aniliferroeleciric-to-Ferroelectric Switching in
Modifled Lead Zirconate Titanaie Stannate Ceramics

Wuyi Pan, Qiming Zhang, Amar Bhalla,” and Leslie E. Cross”
Matenals Resecrch Lahoratory, The Pennsylvania State University,

Electric-field-forced antiferroelectric-to-ferroelectric phase
transitions in several compositions of modified lead zirconate
titanate stannate antiferroelectric ceramics are studied for
ultra-high-fleld-induced strain actuator applications. A maxi-
mum field-induced longitudinal strain of 0.85% and volume
expansion of 0.95% are observed in the ceramic corsposition
Pbo nLaOOI(Zro “Tio q,Snu,)O, at room temperature. SWitching
from the antiferroelectric form to the lerroelectric form is
controlled by the nucleation of the ferroelectric phase from the
antiferroelectric phase. A switching time of <1 us is observed
under the applied field above 30 kV/cm. The polarization
and strains associated with the fleld-forced phase transition
decrease with increasing switching cycle, a so-called fatigue
effect. Two types of fatigue effects are observed in these ce-
ramic compositions, In one, the fatigue effects only procesd to a
limited extent and the properties may be restored by anneal-
ing above the Curie temperature, while in the other, the fa-
tigue effects proceed to a large extent and the properties
cannot be restored completely by heat treatment. Hydrostatic
pressure increases the transition fleld and the switching time.
But when the applied electric fleld is larger than the transi-
tion field, the induced polarization and strain are not sensi-
tive to increasing hydrostatic pressure until the transitioa
field approaches the applied field. [Key words: ferroelectrics,
stannates, titanates, zirconate, lead.)

I. Introduction

Cz—:.%wcs in lead zirconate titanate stannate and further modified
forms have been studied extensively in the past 20 years for
many potental applicauons in energy conversion.'* The interest
stems from the fact that, as 1s evident in Fig. |, there are regions
on the temary phase dragrams at room temperature where antifer-
roelectnc and ferroelectne phases abut and thus, for these composi-
uons. must be of closely simular free energy. Since the different
antiferroelectnc and ferroelectne phases are ail distunguished by
small (~0 2 A (~0 02 am)) displacement of 1ons from a common
high-temperature cubic prototypical form, switching between forms
:an be accomplished without breaking any energenc bonds. As the
ferroelectnc domains carry a large spontaneous electric polanza-
ton and the antiferroelectncs are centnic, o 15 not surpnsing (hat
anuferreelectric forms ¢lose to bonding compositions ¢an be
switched mto ferroelectnics under hugh electric fields. Stmularly,
the .tomic arrangement of an anuferroelectric 1s more compact
than that of the ferroelectne counterpart. One may expect fer-
roelectnc composttions close to the boundary to wvert to antifer-
roelectric under sustable hydrostatic or umiaxial stress. Such
pressure switching has been very extenstvely investigated. Upon
invenion to the anuferroelectnc form. a poled ferroelectne ce-
ramic releases all polanzation charges and therefore can supply
very high wnstantaneous currents.’ The electric-field-forced phase
transitions were also studied for different applications. The tirst

S Lukasiewicz — contnbunng editor

Manusenpe No 199101 Recerved June | 1988; approved September 9. 1988.
‘Member, Amencan Ceramuc Society

University Park, Pennsyivania 16802

systematic study 1n the 1960s was done at Clevite laboratones to
explore the use of phase change compositions n capacitive en-
ergy storage.’* Uchino er al. studied this effect for the shape
memory application.’

For the same composition, an antiferroelectri~ form has a
smaller lattice volume than the paraelectnic form. while a ferro-
electric form has a larger lattice volume than the paraelectric
form * Therefore. 1f the change directly from an anuferroelectric
to the ferroelectric can be accomplished by an electnic field. large
shape change should take place However, the field-forced phase
change was not considered for actuator applications.

[n an earlier paper.’ we demonstrated the large field-induced
strain in BaTiO, single crystal by the mechasms of field-forced
paraclectric-to-ferroelectnic phase change and 90° doman reonenta-
tion, and 1n another paper® we demonstrated the large field-
induced strain 1n PLZT ceramic compositions near the tetragonal—
rhombohedral phase boundary by a mechamtsm of non-180° domarn
reonientation. [n this paper, we present the field-induced strain

(A)

< <
55 60 .65 .70 .75 .80 .85 S0 9%

Sn

Fig. 1. (a) Ternary phase diagram for the system Pbg syNbg o2~
(26,50, Ti)g 40y at 25°C. (b) Ternary phase diagram for the system
PYy o7Lay 02( 2150, Ti)O, at 25°C

N
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and kinetics of the field-forced antferroelectnic-to-ferroelectric
phase transition 1n modafied iead zirconate utanate stannate
switchable antiferroeiectric ceramics and discuss the possibil-
ity of this family of ceramics for uitra-high-{ield-induced strain
actuator applications.

IL

+ly  Composiuion Selecinon and Sample Preparation

The compositions chosen for study were close to the com-
positions chosen at Clevite [aboratory for the pressure switching
expenments.” These compositions are all near the antiferroelectnc—-
ferroelectric phaSC boundary" Pb, walZty 31 Tig o;.‘.ﬂo 1w usiNDy mO, (1),
Pby 03810 0sL.29 03 Zro «wTig 16500 3000y 12). Pby 33Mgo 05l ag 52-
Zs, gorionsno 30)0; 13), Pbowl.&)m(zr.)“-rinwsno :3)0) 4), and
Pby erlag 02t 20y 53Tl 25Rg 35)04 (5).

The positions 1n the phase diagram for compositions 4 and S are
shown in Fig. l(a). These two composttions are wn the region of the
anuterroelectnic tetragonal close to the phase boundary between
anuterroelectne tetragonal and terrociectnic rhombonedral (LT
low-temperature phase) phases. The position of composition 1 n
the phase diagram s shown in Fig l(b) [t is observed that the
position ot composition 1 in the phase diagram s very close to
ihe phase boundary between antiferroelectnc tetragonal and meta-
stable ferroelectric rthombohedral (LT) The phase diagrams for
somposttions 2 and 3 are not available,

The above compositions were made up {rom reagent-grade
axides using the conventional »olid-state sintenng techmque. Cal-
sining temperatures were 1n the range of 750° to 900°C Disks
~ere cold-pressed using a smail amount of poiyivinyl alcohol)
«PVA) binder and fired at 1350°C in a PbO atmosphere provided
by excess PbZrQ, 1n closed containers.

Experimental Procedure

12) Measurements

Ay F.ed-Induced Polarizanon and Strain.  The samples
were cut with a stning saw .nto dimensions 0.6 x 0 4 cm with
duckness ranging from .15 to 0.3 mm depending on the transiton
lieid ot the ceramic compositons. The major surfaces were fine
ground and gold electroded. The .ongitudinal strains were meas-
ured with a laser interferometer as descnbed in an earlter paper.’
The polanzation versus electnc field was measured using a modi-
fied Sawyer and Tower curcwit. The ransverse srans were measured
ustng the bonded strain gage technmique. Temperature vanation
~as accomplished using a hot stage immersed n a hquid-nmitrogen
contuner and the temperature was controlled by a transformer 1n
senies with 2 temperature controlier.* Pressure vanation was ac-
<omplished 1n a well-yealed ol container o which an ar-dnven
ntensifier pump supphed a high-pressure medium.’ The value ot
pressure was monttored with a Herse gauge with an accuracy ot
=0 bar 1 =10 MPa).

1B) Swiching-Current Measurements  The samples were
<ut o ticknesses ranging from 0 2 to 0 25 mm  For these ex-
penments. the areas of the samples were kept under 0 03 ¢cm* to

*Modet “6K-1. RFL Industnes Inc  Boonton, NJ
Plexol, Rohm and Haas, Phuladelptua, PA

“HP 204, Hewlent-Packard Co ., Palo Alto, CA
Y6044 Cober Electonic, {nc.. Stamford, CT

‘'HP $4201A, Hewlen. Pachrd Co

loops for various compositions

ensure that the power supply could provide sufficient current The
shapes of the samples were made uregular to reduce the wterference
of a radical prezoelectric resonance mode The major surfaces of the
samples were sputtered twice with gold to ensure equal potential
surfaces even under high current conditions.

The kinetics of the switching in these samples was studied by
the convenuional square pulise techmque tn whuch one measures the
current whxch flows through a senes resistor to the sample elec-
u'odes The rectangular pulse was generated with a pulse zen-
erator’ and then input 1nto a tugh-power pulse genemtorf for power
amplification. The high-power pulse generator possesses 9-kW
power, and 6-A current can be supplied by the machine under
1500 V and a pulse width of 50 us. The nise umes for both pulse
generators were shorter than 20 ns. The resistance value of the
sertes resistor was kept small in order to have the resistance~
capacitance (RC) ime constant of the high-frequency capacutance
of the sample and the resistor less than 10 ns The current flow-
ing 0 the sample clectrode dunng the switching was obtained by
measunng the voltage across the series resistor The *oltage as
1 function of time was recorded with a digital sscilloscope
The scope has a 50-MHz bandwidth and up to 200-ViHz sampling
frequency An wnvertor is used to change the polanty of the pulse
to prepare the sample for further switching because remanent
polanzation is observed for the compositions studied. 2speciaily
for composition 1

The switching time was obtained by reading the ume at which
the switching current dropped to 20% of its maximum value The
switchung-current values were obtamed from the voltage across the
senies resistor and the resistance value of the resistor The charges
flowing through to the sample electrode were obtaned by wntegrat-
ing the arcas under the >witching current-time curves The RC
peaks were extrapolated by hand to longer ume and the areas
under the peaks were subtracted from the total areas to find out
the charges due to polanzation switching only

1Cy Measurement of Faugue Effect. The faugue effect was
studied by measunng the field-induced polanzation and trans-
verse strain as a tunction of switching cycles. A 10-Hz sine wave
form was used to dnve the ceramuc samples continuously through
the phase hange. The fatigued samples were annealed at 300°C
for 12 h.

II1. Results and Discussion

(1) Field-Induced Polarization and Strains

1A)  Induced Polanzanon and Strains for Different Compost-
nons. A maximum electne field up to 70 kV ¢m was applied
to achieve the tield-forced antiferroeiectne-terroelectne phase
switching 1n the five ceramic composittons. But compositions 2
and 3 could not be switched even under the maximum feld
level antempied.

The polanzation—-ctectne field hysteresis loops are shown in
Fig. 2. Composition 4 shows a classic anuiferroelectnc hysteresis
loop. In the low-field region. this ceramic composition shows
charactenstics of a lincar dielectric with no hysteresis loops. The
two hysteresis loops assoctated with positive and negative electnc
ficld are well separated by a strarght line. Composition 1 shows a
hysteresis loop quite simuiar to that of a ferroelectnc, because the
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for zomposttion 4

posiion Of this composition in the phase diagram is very close ©
*he phase houndary petween antiferroelectnc tetragonal and meta-
stable ferroelectnc rhombohedral |LT) after poling. However, the
inks 1n the muddle of the hysteresis loop indicate that there 15 a
recovery Jf the antiferroelectne form. Composition 5 shows a be-
havior 1n between those of composinons | and 4. For tus composi-
"0n, the anuferroelectnc phase does recover under posiuve field,
however, 'wo hysteresis loops associated with positive and nega-
nve field appear slightly averlapped. The longitudinal strains ac-
:ompanying the P-£ hysteresis loops for the three composiuons
are shown (n Fig 3 The transverse strain hysteresis loops are es-
sennially the same in shape except that the strains are less than the
longitudinal strains. The signs of the transverse strains are also
positive, contrasting with those of the ferroelectnics. It must be
mentioned that the hysterests loops recorded are not for the first
witching sycles When the antferroelectnic state .n a virgin state
s =witched into ferroelectnc, the wansition field s much hugher
*han that for the subsequens cycles, a phenomenon observed also by
Berlincourt® and Pulvart ' As the anuferroelectneaty of the wom-
fosiions increases from 1 to 5 to 4, the difference between the
"irst sycle transition feld and that for the subsequent switching
becomes small.

The field-induced strains and the related switching data are
;ummanzed .n Table I. It may be seen that the :nduced polanzanon
»eems 10 be proporuonal to the mansiaun field. The ansiuon field
15 a measure of the coupling between the two sublattices The
stronger the coupling between the two sublattices, the smaller the
lamice volume of the anoferroelectric form, hence the ugher the tran-
siton fietd. When the anuferroelectric form becomes smaller
in volume, the volume difference between the anuferroelectnc
form and the ferroelectric form becomes larger; therefore, the

fleld-induced strains increase [t must be mentioned that tor com-
position 4, when the virgin state s switched, 4 longutudinal strain
«an be larger than J 9% But this magnitude cannot be observed
repeatedly. The value listed :n Table [ 15 obtained atter gquite a
few switching cycles. [t may be seen from Table [ that the fetd-
induced volume expansion for these ceramic compositions is
Juite large because the cansverse stran 15 positive while w fer-
roelectnics the transverse strain is aegative and thus attenuaung
the volume expansion .aused by the longitudinal >aram. It may
also be noted that the rauo of the longrudinal sitaun (0 the rans-
verse strain 15 by no means a constant for all the compositons. It
15 9 17 for composition 4, 2.63 for compositton 5, and oniy | 92
for composition 1.

81 Temperature Dependence f Field-Induced Polarization
and Strawn.  The polanzation and ransverse >oan were measured
as a funcuon of emperature for composiuions 4 and 5. The polanza-
aon and strain hysteresis wops at some typical emperatures Lot
composition 4 are shuwnt in Fig. 4. It s observed that at iow tem-
perature the ceramic vomposition (ends to show 4 erroeiecunc-
like hysteresis loop. It suggests that at very low emperature the
ferroelectric phase is a thermodynamically stable phase.

Table I. Summary of Switching and Strain Data for
Viodifled Switchable Lead Zirconate Titanate
Stannate Ceramics

£, 14
Comp kV/em)

wC/emd 1 (%) 2. 1%) Avivi®) Gt
1 10 4 0.08 0.042 0.164 1.92
4 48 30 0.78 0.085 09s 9.17
5 30 25 0.15 0.057 0.264 2,63
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Figure Sta) shows the induced polanzation at a field leve] of
52 kV‘cm as a function of temperature and Fig. 5(b) shows the
transverse strain induced at a field level of 52 kV,/cm and the
fransiion field (or coercive field} as a funcuon of temperature
The induced polanzation s shown to vary very little with tem-
perature However. the transition field and the field-induced
strain vary with temperature differently The transition field (or
coercive field) decreases as temperature decreases The sudden
decrease occurs at ~60°C The transverse strain increases as the
temperature desreases to —50°C and then decreases as the tem-
perature s decreased The sudden decrease .i stran also occurs
at —60°C 1t is believed that the dominant mechamsm for the
fielc-mnduced strain 15 the phase change between the antiferro-
electnic and ferroelectric forms. When the temperature ap-
proaches —60°C from a higher temperature. the energy difference
between the two forms decreases and. therefore. the field-forced
ransinon 1s facilitated The increased field-induced strain may be
due to this effect When the temperature decreases further below
—60°C, the ceramic gans ferroelectricity and the field-induced
strain associated with the phase change decreases drastically.

(Cy Pressure Dependence of the Field-Forced Phase Transi-
tions  The field-forced phase transinon from anuferroelectnic to
ferroelectnic under hydrostauc pressure was also nvestigated.
The polanzaton~electnc field hysteresis loops as a function of
hvdrostatic pressure for composition § are shown in Fig. 6(a;

It is observed that the transition field increases with increasing
hydrostatc pressure. If the spplied field level 1s kept constant,
the field-induced phase transition will pe eventually suppressed
by the hydrostatic pressure. This evidence further confirms that
the antiferroelectnic form i1s more compact than the ferroeiectme
counterpart. Hydrostate prassure favors the smaller-volume anti-
ferroelectnc form and thersfore ncreases the transiuon fietd.

The polanzanon induced under peak etectnc field (36 kv, cm)
and the average wansiton field as a function of hydrostatic pres-
sure are shown s Fig. 6(b). It may be seen that the wransition
field increases with hydrostatic pressure in a reasonably uniform
manner. but the polanzation decreases nonumformiy with increas-
ing hydrostatic pressure. At a low hydrostatic pressure level. the
induced polanzation i1s almost maintained at a constant level be-
cause the apphed field 1s larger than the wransition field. At about
1060 atm (about 100 MPa). the tnduced polanzauon begins to de-
crease more quickly because the transition field approaches the
applied field. This behavior shows an advantage of the antferro-
electric over ferroelectric for the “onvoff” type of switching. As
long as there 1s enough field for the phase transition to take
place. the induced strain may not be very sensitive o the hydro-
stauc load over a substanual range of hydrostatic load.

(2) Kinetics of Field-Forced Phase Transition
Figure 7 shows the polanzation—clectnc field hysteresis loops
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of ceramic zompositions 1 and 5 used for the kinetics study
Composttion 3 shows an explicit double hysteresis loop with a
well-defined transition field. This loop is shghtly different from
those of the samples used for strain study probably because of the
variation in preparation parameters. The remanent polanzation at
zero electnic field 1s very small. indicating that the composuion
recovers 10 an anuferroelectnc form under the absence of the elec-
me fleld. Composition | shows a terroelecmc-ltke hysteresis loop
The transitton field 1s diffused. but kinks are observed in the
mddle of the P-£ hysteresis loop. indicatng that the recovery to
an antiferroelectric occurs 1n a negative field.

tA) Composuien 5 Figure 8(2) shows the switching
current~-time curves under different applied field levels for
composition &. It is observed that the shapes of the switching
current-time curves are simtlar to those observed in the ferro-
electnie crystals.® An RC peak is followed by the switching cur-
rent. The /., increases with increasing electric field and the
switching time decreases with increasing electric field The
switching can be compieted within | us above a field level of
30 kV'em The switching tme s much sinorter than 0 | s re-
ported by Uchino et af * It 1s betieved that the power level used
tor the measurement 15 very important for accurate measurement
of switching time  An anuferroelectnic has 2 high transition field
and a sharp wincrease 1n polanzauon at the transiuon field. Large
current has to be sup~lied under a mgh voltage level to ensure
a nondelayed phase .nange. Therefore, a high power level 15
required for the measurement We speculate that the large dif-
ference between the switching umes reported by Uchino et al
and our data 15 due (o the different power levels used for the
measurements

Frgure 8(b) shows the induced polanzation tntegrated from the
switching current-time curves [t 1s observed dunng the expen-
ment that under a field level of 30 kV, ¢cm, not much poianzauon
<an be induced by the pulses Above the field level of 30 kV ¢m,
the induced polanzation does not vary too much with the applied
electric tield. The field level of 30 kV/cm s slightly larger than
the transition field of the ceramic composition. This indicates tiat
the induced polarization 15 contributed mainly by the phase
change If the field 1s high ¢nough. the extra field will not wnduce
00 much polanzaton because the polanzation induced because
of the dielectnc constant of the ferroelectnic phase 1s much less
than the polanzation change due to the occurrence of the phase
transttion {f he tield s not enough to induce the phase change,
the induced poianzaton 1s very small. [t seems that a threshold
fieid exists tor composttion 5 waich has a sharp phase change at
the transiuion field.

Figure 9(a) shows 1/t, vs £ and In (1,¢,) vs 1/E and Fig. 9(b)
shows [, vs £ and In /) vs 1/E [t may be noted that the
plots are not the same as those for the polanzation reversal i fer-
roelectne crystals.

For the polarization reversal in ferroelectric crystals, the
switching ume under a low f(ieid level 1s controlled by the nu-
cleatton of new Jomains. The switching time and the maximum
switching current can be sxpressed by the following relations
ander the low applied electnic tield:

RT3 £

log ~ ¢  ~e"

where a 1s the so-called acuivation field Under a high electne
field, the switching 15 controlled by domain wall motion. The
switching ume and /., can be expressed by the following rela-
nons with the applied field'

laae ~ KE L1, ~KE

where £ 15 a constant which is a measure of the ease with which
the domain walls move.” When /., or 1/, 15 plotted against £,
an exponential refation holds n the iow-tield mgion within which
aucleation of new domains controls the switching and a linear re-
fation holds in the tugh-field region within which the domain wall
motion controls the switching. On the other hand, ~hen in (/o)
ortn (1/1,) s plotted aganst 1, £, a hinear relation should hotd in
the low-field region, within which nucieation of the new domain
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~4
A

Fig. 7. Polanzauon-electnic fieid hysteresis loops for sampies
of 1a) compositien § and (b) composition 1 used for switching-
current measurements

controls the switching, but not in the high-fieid cegion, within
which the dJomain wall growth controis the switching.

[n Fig 9. nucleation-controiled switcning and domain-wall-
controlled switching seem fo be separated at about 36 kV cm
from euther the /1, vs £ or /., vs E plots. Above this field level.
the ponts seem to follow a linear relatton. However, this is aot
true for etther In (1,/1,) vs 1/E or In (/) vs !/E plots because
the pornts for the field above 36 kV. cm sull seem to foilow the
linear relation. indicating the nucleanion may be sull controiling
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Fig. 8. a) Switching current-ume curves under different ap-
plied efectnc field and tb) the ficid-induced polanization inte-
grated from the areas under the switching current-time curves ltor
<omposition §
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the switching It must be remembered that the swuching here 1s
different from the polanzation reversal in ferroelectnic crystals
There 15 no domain wall movement but there 1s a phase boundary
movement duning the switching It may be possible to observe a
phase-boundary-controlled switching region if the applied field
can be greatly increased However, the ampiitude of the voltage is
himited by the maximum voltage of the high-power pulse genera-
tor and some other expenimental difficulties The activation field
calculated from !n (17¢,) vs 1'E 15 200 kV cm while that calcu-
lated trom In (/) vs 1/ £ 15 150 kV/cm  Although, there s no
perfect agieement, it 15 beheved that the activation field falis into
the range from 150 to 200 kV cm. The activation fields for the
polanzation reversal in the PLZT and PZT famuly of ferroetectnic
seramics ha 2 been reported by L. er ai * The activation field for
PLZT 8 65,35 s about S kV. cm and that for Nb-doped PZT s
about 10 kV ¢m The acuvauon field here s much hgher com-
pared to those observed for ferroelectne ceramucs, which indi-
utes vhat the nucleation of 4 new phase s more difficult than the
nuc.cation of new dumains

8) Composiion 1  The switching current~time curves at
vanous electric fieids for composition 1 are shown i Fig. 10(a)
It s ob+ rved that the area under the switching current under low
electne field s siguficanty «ess than that under the hugher fieid.
The polanzauon induced by the switching 1s shown in Fig 10(b)
It may be seen that the polanzauon increases with ncreasing
electric Nield unud 35 kV cm In the 111, vs £ plot shown in
Fig 11ta), 2 mimmum value for 1,7, occurs in the medium level of
apphed electne field Below the field for this mumumum, I/, de-
creases with :ncreasing field This field range corresponds well
with the field range 1n Fig  11(b) within which the polanzauon
swiutched increases with increasing applied field Because tus ce-
ramic has 3 diffused transison field, the activaunn field should
also be diffuse 1n nature If the field 1s not high enough to switch
the whole system but tugh enough to switch lower activation field
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2 ~33kv/em )
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2 P
| -t
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Fig. 10. (a) Switching current-ume curves under different ap-
pited field and (b) the polanzaton integrated from the areas under
the switching current-ume curves for composition 1

components, the switching ume can be shorter Above the field
for the mummum the system begins to switch as a whole and the
increase in he applied field should reduce the switching time
For this composition. the activation field cannot be determuned n
the same manner as that for composition 5 because the activation
field is distnbuted over 2 range. Figure 11(b) shows a plot of /...,
vs E It 13 observed that /., Increases with increasing applied
field without 2 mimumum in the middle This s due to the fact
that more polanzation s induced under increased applied field.

(3) Effect of Hydrostanc Pressure

Figure 12(a) shows the switching current-ume curves under
different hydrostauc pressure for composition § [t 15 observed
that the peak >witching current /., decreases under increasing
aydrostatic pressure. Figure [2(b) shows the switching ume and
the reciprocal switchung time as a function of the hydrostauc
pressure. It is observed that the switching ime increases with in-
«reasing hydrostatic pressure. This 15 just opposite (o the etfect
observed in ferroelectnic PZT ceramics.” In ferroelectnc PZT.
hydrostatic pressure favors the smaller-volume paraelectne state
and lowers the Cune temperature and the coercive field. there-
fore the switching tme Jdecreases with increasing hydrostatic
pressure In the anuferroelectnc, the hydrostauc pressure favors
smaller-volume antiterroelectnc and increases the transition field,
therefore. the switching ume increases with increasing hydro-
static pressure

(4) Fangue Effects

Unfortunately. a tatigue etfect i1s found mn this famuly of anu-
ferroclectne ceramics when they are dnven elecincatly through
the phase change repeatedly

Figure 13(2) shows the polarizanon-electric field hysteresis
loops for different driving cycies for composttion 5. [t 1s ob-
served that the hysteresis 10op changes from a square shape 1 the
virgin state to a diffused one 1n the faugued state. The induced
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polarization decreases and the transiticn field 1s diffused
Figure 13(b) shows the induced poianzation (normalized to that I ¢ 0 cysles
of the imuial state) versus the switching cycles. [t 1s observed that 2 4103 cyctns
the induced polanzation and strain decrease with the switching ~ 2: il :g: CYC:"
Sycles up to about 500000 cycles and then the value stabilizes at % TiOT sycine
90%% ot the init1ai polanzation and 30% of the mual strain If the $ A
‘atigued sample 15 annealed at 300°C. the induced polarization % -30 -20 30
and swain may be nearly recovered. We believe that for this com- :
postion wuthin switching cycles attempted. the degradation ef- -
fects come mainly from the modified mechanical boundary i (a)
condittons of the grains in the ceramic yystem or the modified
field distnbution due to the redistnbution of space charges. When 3
the randomly onented grains n ceramics deform urder the ap- 33
plied electne field. they deform differently because of the delec- ELECTRICAL FIELD (kv/em}
tnic and efectromechanical anisotropy of the individual grams.
Therefore, larger and larger internal stresses are introduced as the 1.2
>wiiching continues Some reglons may be subject to tensile L
stresses while other regions may be subject to cempressive - (b)
stresses These intermal stresses modify the transition field of dif- b
terent regions The transition field s therefore diffused over a ~ !
range Some regions may become so compressive that these ce- g
Jwas no longer are asle (o switch and the induced polanzation L
theretore decreases. Under a high dnving electne field. current g 8
ngection from the electrode and space charge or defect redistnbu- -
uon withiee the bulk of the ceramic may also modify the local %" s
tectne fields of the ceramic, Jiving nse to the observed fatigue
:tfects High-temperature annealing can relieve the nternal H § -
stresses, redistnbute the defects and space charges, and hence re- <
store the onginal properties. & r
For composition 4, the taugue effect 1s very severe The m- . L o

duced polanzation and strain as a function of swutching cycles are
show . Fig. 14(a) There may also be stable r, or P values for
compaosiion 4 as suggested by the plot. But these are greaily re-
duced with respect to the iminal vatues. The polarizanon ind
»train hysteresis loops of a fangued sample for composition 4 are
snown 1n Fig. 14(b) These hysteresis loops are of completely
different shape trom the ones observed imually High-temperarure
nnealing at 300°C increases the induced polanzation partly but

Dnving Cycles ( 108)

Fig. 13. ') Polanzanon-¢lectmnc field hysteresis loops
after different swiching ¢ycles and (b) the field-induced
polanzation and transverse strain (normalized to the
wural values) versus switchung cycles tor composition 5.

T Ty
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the doubie hysterests ioop could not be recovered. It 1s believed
that microcracks developed within the bulk of the ceramic be-
cause of the large intemal swresses due to the musmatch between
the grans An electron mucroscope study of the deveiopment of
the mxcrocmcks has also been reported in faugued doped PbTiO.
ceramycs |

IV. Summary and Conclusions

Large field-induced longitudinal straumn up to 0.85% and
volume expansion of 0.95% are observed 1n the modified fead
zirconate Utanate stannate famuly of switchable antiferroelectnc
ceramuics  The switching s controiled by a phase nucleation
process up to very high applied ficld level and the activation field
observed is on the order of 200 kV.cm For composition 5 the
switching ime may be less than 1 us if a field level above
30 kV cm s applied. Hydrostanuc pressure increases both the
transtion field and the switching tme But the maximum mnduced
strain and polarizauon are unatfected by hydrostatc pressure
when the apphed field 1s much larger than the transiuon tield

For actuator applications. the anuferroclectnic ceramics show
the advantage of having large fieid-tnduced strains. especraily the
volume expansion The kinetics of the phase transition is tast
enough to make these matenals useful tor most ot the potential
applicanons However, the matenals show a fatigue etfect when
used 1n ceramic form. especially if the field-induced strain

involved is very large The faugue effect should be overcome be-
fore the advantage of the .arge field induced train charactenistics
can be utlized
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TRANSITION SPEED ON SWITCHING FRCM A
FIELD-INDUCED FERROELECTRIC TO AN
ANTIFERROELECTRIC UPON THE RELEASE OF
THE APPLIED ELECTRIC FIELD IN
(Pb,La)(Zr,Ti,Sn)O; ANTIFERROELECTRIC
CERAMICS

W Y. PAN.W. Y. GU and L. E. CROSS

Muaterials Research Laboratory, The Pennsylvama State Universiry, Universuy
Park, PA [6802. USA

1 Receved Januarv 20, [989)

A technique s developed to measure the transition speed trom a ticld-induced ferroeiectric to an
anuferroclectne phase upon the release ot the apphied electric field in the anuferroeiectric ceramcs
The transition speeds of three members in the anuferroelectric (Pb.Lai(Zr.Ti.S0)O, tamilv were (-
vestigated Swutching current-time curves similar to those observed in the normal square pulse torward
switching tzchmgue were found A switching ume as short as 2 uSec. was tound in one ot the antter-
roelectne compositons The switching time increases as the ferroefectne to the anuferroelectnic tran-
siton tietd decreases Under a conunuous high trequency driving tield. rhe terroelectric to antiferro-
electric transiion field (s increased and the induced terroelectric polanzaton is decreased due 0 the
hvsteretic heating.

INTRODUCTION

Ceramucs n the Lead Lanthanum Zirconate Titanate Stannate antiferroelectric
family have been studied extensively n the past 20 vears for many actual and
potenual applications in energy conversion.' = More recently. field induced strain
and kinetcs of the field-forced antiferroelectric to ferroelectnic phase transition
were mvestigated.’> A large field induced strain (~ 8 x 10~?%) makes this famly
of ceramics interesting for displacement transducer applications. However. there
are controversies n the literature regarding the kinetics of the phase switching
between the ferroelectric and antiferroelectric forms. A very long time (up to 0.1
Sec ) was declared in an earher paper for the field induced strain.* In contrast. a
very short anuferroelectrnic to terroelectric switching (this switching wiil be reterred
to as torward switching) ume (<1 psec.) under high over electric tield was reported
in 4 recent paper.’ However, 1n this paper.’ the induced ferroelectric back to the
stablz anuterroelectnic phase switching ume (this switching will be referred to as
the backward switching) was not measured. As evident in the earlier work. the
torward switching tme may be improved dramaucally by applving a large over
voltage. t.e.. an electric field well above the forward transinon field. Clearly. an
over apphed electric tield should not improve the backward switching speed because
the forward ¢lectne field tavors the ferroelectnc phase. Thus. one may expect a
Jdifferent speed for the backward switching, depending upon the reverse tield ap-
plied.

I35
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[n this paper. we report a technique for measuring the speed of the backward
switching under zero field and the expernimental results on three members ot
(Pb.La)(Zr.Ti.Sn)O; antiferroelectric ceramics. These data are important for sev-
eral types of actuators. In a later paper. we will report the behavior under limited
reverse oias fields.

CERAMIC SAMPLES AND PREPARATION

The ceramic compositions chosen for study were:

( l) Pba Q-Lan 02 (Zro [3) Tin (1] Snr) :5)03
{ ) Pb;) \)‘Lan e (Zr,) o3 Ti.) 0o Snn ::.)Oj\
(3 va) NS F: n (Zro 53 Ti.) 12 Sn,, _:5)03

The different compositions were made up trom reagent grade mixed oxides The
calcining temperatures were in the range of 750°C-900°C. Disks 1" in diameter by
0.2" thickness were cold pressed using a small amount of PV A binder and tired at
1280°C 1n a PbO atmosphere provided by excess PbZrO; in closed containers.

The dielectnc hysteresis loops of these three compositions are displaved in Figure
1. The forward switching field £, and the backward switching field £., are desig-
nated 1n Figure l(a). It s observed that the £, values for all three compositions
are greater than zero. i.e.. the anuferroelectric phase recovers before the electric
field goes to zero. but the value decreases as the composition changes from (1).
(2) to (3).

MEASUREMENT TECHNIQUE

The principle utilized in the measurement 1s to induce a terroelectric polanzation
by applying an electnc tield above £,. then to quickly release the electnic tield and
measure the current due to the discharze ot the sample as a funcuion of time. The
block diagram for the measuring system 1s shown n Figure 2. The transistor used
was a SIPMOS power field effect transistor (FET) with a drain-source break down
voltage of 1000 volts. a “on™ resistance 3{ and a “"turn on” time of 45 nano seconds.

30 l W, 30 f
- - T o -
S e 9 Il L -
£ - g 3
N 0 — Q 10 3]
N N AN
‘et ‘- I O * (&
Soae— b ‘ 3 -0 t 3
- ¥ ' V - ~
L - -—ﬁ/ _ 1 a - }- a
L !
PR T, B T PPN P P B SO N |
~70-30-70-10 13 30 30 70 =40 «40 =70 0 20 ¢ €0 -30 =10 10 10
£ xVsem) £ (kVsem) £ (kV/em)
FIGLRE | P-E hvsteresis hysterests loops under AC tield trequency 1 3 Hz. (a) composition (1) 0

«omposition 2) and 1<) composition (3)
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Pulse
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- 8 Jm—
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P Iy
ower Sample Ri=1-5Q Scope
Supply

FIGURE 2 Block diagram tor the measurning svstem

The oscilloscope used tor the measurement was a Nicolet 204 A digital oscilloscope
with a bandwidth of 20 MHz. The pulse generator used was a Hewlett Packard
tvpe 214 B pulse generator with a nise tune ot 20 nano seconds. When no voltage
1s applied to the gate and ground of the FET. the FET s otf™ and thus the appited
voltage drops across the sample to induce a large terroelectric polarizanon. When
the pulse generator s manually tnggered. a square pulse 1s apphed to the gate-
source junction to turn the FET “on™ and the tieid across the sample is reduced
to nearly zero. The discharge. then. takes place through the small resistor R: [t
must be remembered that the discharge may also take place through the loop
involving the DC powder supply and R,. However. since the resistance of R, was
large compared to R;, so the current flow could be neglected. The purpose of
putung the resistor R, in the discharging loop s to damp the hgh frequency
prezoelectric resonance modes.* After R 1s placed in the circuit. the area of sample
1s limited by the ume constant of the sample capacitance and the resistors n the
discharging loop. Figure 3 ilustrates this tact. Curve (b) 1s the discharge current-
time curve of composition (1). The area of the sample was 0). 14 ¢m= and the applied
tield was "0 kV cm. Curve (a) 1s the discharging current-ime curve ot a linear
capacitor charged to same amount of charge under the same applied voltage.
Clearly. the sample discharged slower and has a second current maximum. Evi-
Jently. the tirst peak 1s due to the discharge when the tield 1s reduced trom the
applied tield to backward switching field R., and the second part 15 due to the
hackward phase switching. The shape of the curve 1s very similar to that ot torward
switching.” When the area of the sample was reduced. two effects were observed:
the height of the second maximum decreased and the ume ot the maximum moved
toward the left. Apparently. the decrease of the height s caused by the reduced
induced polanzation charges. and the movement to the left 1s due to the decrease
of the RC ume constant caused by the decrease of the sample area.
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induced polanzanon charges are the same tor ~oth veramuc ~ample and the hnear capacitor

However, when the sample area was reduced to a certain imiting value. turther
decrease did not cause the second current maximum to move to the lett. but only
to reduce 1ts height. Under this condition. 1t may be said that the ume constant in
the discharge loop no longer atfects the backward switching ume. It was tor this
reason that the areas of the samples were kept under U.03 cm- so that the backward
switching speeds of all three compositions were not atfected. The maximum allowed
gate-source voltage was 20 volts. this value limited the resistance value ot R. [t
R+ 1s too large. the voltage across R: may 2o higher than the gate voltage. causing
the FET to turn "off.” Since R: can not be larger than 3Q. mimimum area below
0.03 cm- was set by the signal-to-nose rauo.

EXPERIMENTAL RESULTS AND DISCUSSIONS ON (Pb.La)y(Zr. Ti.5SmO.
ANTIFERROELECTRIC CERAMICS

The backward switching currents ot composition (1) tor three dizferent applied
tields 1s shown in Figure 4(A). Simular to that in the earlier work.” the switching
ume ¢, in this work 1s detined as the ume at which the current decreases to 1047
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ot the value at the second maximum. The switching tume as a tuncuon ot the apphied
tield 1s shown tn Figure 4(B). [t s observed that the switching ume increases with
the apphied field and then reaches an almost constant value at about "0 kV em.
When the applied tield 1s below ~0 kV ¢cm. the area under the swiching current-
ume curve. a measure ot the total induced charges. decreases appreciably with
decreasing applied tield. In Figure 4(A). for example. the area for an applied tield
ot 33 ¥V ¢m s significantly less than those for higher apphed tields. Accordingly.
in Figure 1(a). the total ferroelectric polarizauon 1s not tully induced at 33 kV ¢m.
Above the field of 70 kV ¢cm. when an amost constant switching tume 1s observed
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in Figure 4(b). the induced ferroelectric polanization may also be expected not to
increase significantly with increasing apphed electric field as shown 1n Figure 1(a)
The nitial increase and the subsequent “level off” of the switching ume with the
applied field may be explained by the sharpness ot the forward transition tield. In
Figure 1(a). the forward transition tield £, 1s not perfectly defined and distributed
over a tield range nstead. In this field range. the terroelectric polarization is not
tully induced and the ferroelectric phase 1s not fully stabilized. One may image
that the stability of the ferroelectric phase increases with increasing applied field
and thus the energy barrier for the recovery of the antiferroelectric phase increases
with the increasing applied field within this field range. As a result. the switching
ume (ncreases with increasing applied tield. When the appited field s high enough
to complete the antiferroelectric to terroelectric phase transition. turther increase
.1 the applied field would not increase the stability of the induced terroelectric
phase significantly and thus the switching ume levels otf with increasing applied
field.

The backward switching currents for composition (2) under different applied
electric fields are shown n Figure 3. The switching behavior 1s basicallv the same
as that tor composition (1). But the second maximum for this composition is not
very distinct and therefore the switching time as a function of the applied field s
difficult to plot. [t may also be seen from the tigure that the switching current
value goes to zero for times greater 10 wSec.. which s sigmificantly longer than
that for composition (1).

Figure 6 shows a comparison ot the switching current curves of composition (1)
and composition (2). The applied tield tor composition (1) 1s "5 kV ¢cm and 67 kV
cm for composition (2). [t may be seen trom Figure | that under such appiied tield
levels. the ferroelectric polanzations for both compositions are fully induced Since
the total charges induced tor two compositions are different because the terro-

.2 , , , ,
- 4
1.0L A
i 3. E=d43 kV/cm 1
0.8L .,
= _ b. E=53 kV/cm )
~ 0.6L C. E=67 k¥/cm B
= I )
E 0.4 L .
S jel w
5 0.2L )
L C ;
0.0 )
-0.2 L 3 A I Y
-5 0 3 10 15 20

TIME (uSec.)

FIGURE § Bachward switching current-time curves ot composition (2) tor Jditterent applied tields 1
33AVem. tb) 33KV em. and (¢) 67 RV ¢m
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FIGURE 6 A companson of backward switching current-ume curves for composition (1) and 2y (the
currents for two compositions were divided by theiwr respectively total charges The applied neld tor
composition (1) 1s 75 kV cm and that tor composition (2} s 67 KV cm).

electric polanzation values as weil as sample areas for the two compositions were
not the same. The switching current 1s. for the purpose of comparison. disided by
the total charge induced. [t may be seen that areas under the switching current-
ume curves for these two compositions are roughly equal. however, the switching
time for composition (2) 1s much longer. The same measurement was also carried
out on composition (3). The situation was even worse. The switching current was
so spread out on the ime axis that the real switching ume could not be ascertained
by the present technique.

[n the torward switching, the switching time decreases as the over electric field
E,»~E, increases.” [n the backward switching. on the other hand. the switching
ume may be expected to increase as the over electnic field £, (£,-0) decreases.
Thus the increase of the switching time as the composition changes from (1), (2)
to (3) should be due to the decrease in backward switching field since the backwa.d
switching field decreases from 30 kV'em. 20 kV'cm to 5 kV'cm as the compesition
changes from (1). (2) to (3). Clearly, the difference between the backward switching
tield and the zero field 1s the driving force for the recovery of the antiferroelectnc
phase trom a field induced ferroelectric phase upon the release of the applied
electric field. The higher the £, the larger the driving force for the backward
switching and the shorter the switching time. For composition (3). if the applied
tield 1s suddenly reduced to a negauve value, but not too negative to pass the £,
value 1n the negative direction, the driving force for the recovery of the anufer-
roelectric phase may be increased and the switching ume may be shorter.

The switching times presented above were all obtained from “single shot.™ 1.e..
the transition trom the ferroelectrnic phase to the anuferroelectric phase just oc-
curred once. When the sample 1s driven conunuously by an AC field. the P-E
hysteresis etfect will generate heat. modifying the onginal switching behavior.
Figure 7 shov s the P-E hysteresis loops under three different AC field frequencies.
Figure 3 shows the forward switching field and backward switching field as a
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position 2) and (<) composition, (3). (the trequencies are as ulustrated)

tunction of the driving field frequency. For all three compositions. the forward
s'vitching field increases slightly with increasing driving frequency, while the back-
ward switching field decreases slightly with dniving field frequency up to 10 Hz and
then ncreases with the increasing driving field frequency. For the hysteresis loops
of 300 Hz. the E,, values are increased greatly and ferroelectric polanizatton values
decreased appreciably with respect to those of 0.5 and 10 Hz. Clearly these phe-
nomena can not be explained by the kinetics ot the phase switching. It was observed
1n tine earher work  that well below room low temperature. this famly of anuter-
roelectrics transforms into terroelectrics. and within the antiterroelectric phase
temperature range. the transition fields. especially £,,. increase with increasing
temperature under constant driving tield trequency (0.1 Hz). Because the hysteretic
heating etfect increuses with increasing drniving frequency. the high dnving tre-
quency 1n this work 1s equivalent to the high temperature in the earlier work. Thus,
the dielectric parameters observed in the high frequency dielectric hysteresis loops
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FIGLRE 3 Forward switching tield £, and backward switching neld £, vs dnving frequency a)
composttton (1), 1b) composition (2) and (¢) composition (3)

are not the ntrninsic properties at room temperature. [t was also observed that the
vanation of the hysteresis loop parameters with temperature was most pronounced
near to the antiferroelectric to ferroelectric phase transition temperature. Com-
position (3) has the lowest £, and £., values compared with composition (1) and
(2). thus tts antterroelectnic to terroelectric phase transition temperature may be
expected to be more close to room temperature than those for compnsition (1)
and (2). This may be reason why Figure 8(c) shows the most pronounced increases
of £,, with the driving field frequency. Apparently. a slim locp antiferroelectric as
suggested by Berlincourt 1s preferred to overcome the hysteretic heating etfect for
the continuous driving applications.”
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Associated Program
J.H. Jeng, X. Bao, V.V. Varadan, V.J. Varadan
Design and Analysis of PZT/Polymer 1:3 Type Composites.

Work on this program has been focused upon a detailed analysis of the 1:3 type
PZT/Polymer composite transducer interacting with a fluid medium. A finite element
analysis of the problem has been carried out and is reported in detail in appendices
38 and 39.

In a second study, numerical simulations were compared to experimental data
from carlier published work and from new measurements performed in the Center
for Engineering of Electronic and Acoustic Materials.  Parametric studies involving
systematic variation of fiber gecometry and volume fraction are now being completed.
The formulation used takes advantage of some new 3-D piezoelectric elements
incorporated in the ANSYS computational package and represents a powerful new

design tool for composite transducers.
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DESIGN AND ANALYSIS OF THE PERFORMANCE OF PZT/POLYMER
COMPOSITE TRANSDUCERS

J.H. Jeng, V.V. Varadan and V.K. Varadan

enter for the Engineering of Electonic & Acoustc Materials,
Deparment of Engineering Science and Mechanics,
The Peansvlvania State University, University Park, PA 16802

SUMDVMARY
In :nis ceport we nave conducted a detaled paramemic suay using :he dnite element Sormulcnon
:nclading the effectof {luid loading for the design of composite prezoelecme ransducers oy varving

) diameter of prezoeiecTic fibers relative to wansducer thickness (b) properues of diler matenal.

Guaruraja et al and two new samples prepared at the Center. Very good agresment was obtained

v

Sevnveen predicied and observed sertormance. Paramemc studies varving the volume faczon of :n

(¢

ciezoelecic phase ( inter fiber spacing ), non—cucular dbers - square, rectangular, ellipucal as well
3s fbers of varying cross=sectional diameter such as a conical frustum are being :nvesugated.
Resuits should 2e available in the next few months. A new formulanon that can take advantage of

certamn new 3-D plezoelecme elements incorporated into the ANSYS package are aiso under

cevelopment. A powertul ool has been developed for computer aided wansgucer design.

[. NTRODUCTION:

PZT/polymer composite materials have been widely used in ultrasonic applicauons due to
thewr desirable material propernes such as high electromechanical coupling and low acousnc
umpedance. An ultrasonic probe that has broadband performance and high sensinvity charactensucs
:s considered 1n this report. In order o properly evaluate the performance and realize 3 3ood design,
ve need beth expenmental venificanon and analyncal simulanon. The finite zlement approach has
ceen used to sumulate the vibranons of 2 composite disk contaunng prezoelecmc elements in the form
ot rods. The detailed denvation and formuladon has been reported berore, and is eaclosed agaun as
in Appendix o this report. [n these studies, the effect of fluid loading and matenal camping was
considered. The advantages of this formulation are that (1) the details of the modal .nformation for
dirferent mucroswructures are mven, (2) the erfect of fluid loading on mansducer pertormance can be

2asily included via the effecuve modal force on the ransducer face, (35 the effect of matching layer,



the electic impedance, and the internal losses are included in the computanon.
0. NUMERICAL RESULTS AND DISCUSSIONS:

The numerical results presented are the normalized frequency specwa and the normalized
elecmic conductance specta. In additon, the frequency constant is tbulated for different designs. As
mentioned, the width to the thickness rato w/t, is an important factor in designing and fabricating
PZT/Polymer probes. We proposed several different micrastructures and different host matrix
matenals in the computaton o study this effect. In all cases the fiber cross sectdon is square. These
cases are

‘A Host Matenial is Spurr Epoxy which has acousuc impedance as 2.27*E06 kg'm-sec:
(). wia=1/10, Q) wii=1/3, 3) wit=1,2.3, (4) wit=i,2,

tB) Host Marterial is RE2039/HD34735 which has acoustic impedance as 3.117=ED6 kg'm=sec:
(D). wit=1/10, (2) w/t=1/3, (3) w/t=1/2.5,

(A) Host Material is Insulcast 135 which has acoustic impedance as 4.707*E06 kg/m-sec:
(D). wh=1/10, (C) wh=1/3, (3) wh=1/4, (+) wi=1/3.

As we can see, these cases cover 1 wide range of design parameters that can be usec. in designing
the 1-3 composite transducer. Concerning the choice of a host medium, for instance, we have
computed cases with a low acousac impedance 2.27E06 kg/m=sec, as well as a higher acoustic
impedance, 4.71E06 kym=sec. Most of the commercial epoxy which are suitable for using as the
host medium are located 1n this range. Based on computanons, we are abie to decide the width o

thickness rano, the operatng frequency and the matching impedance for special purposes.

Two tables are presented. Table I lists the acousnc propertes of the three host materials.
The Spurr epoxy is an acousacally soft material and the Insulcast 133 is an acousucaily hard
matenal in conmrast. Table [T lists the frequency constants for the composite disk if operadrg in air
and when operaung in a water medium. The water loading lowers the frequency constant by about
10 % and can be considered as an external damping effect. From Table II, it can be concluded that
the higher the acousuc impedance of the host medium, the higher the frequency constant. It implies
that the operanng frequency of a wansducer can be increased for the same thickness of the
composite disk by varying the acousuc impedance of the host medium. Furthermore, the results
show that acousticaily hard materials operate with a smaller w/t ratio than acoustically soft

matenals for getung a clear thickness vibranon mode..

Figures 1 to 7 present the frequency spectrum, which is the transmission efficiency vs.



normalized frequency. The mansmussion efficiency is defined as the amount of acousuc pressure,
which 1s generated by a unit driving voltage, radiated into the fluid medium. Figures ia, 2a, and
3a present results considening only the fluid loading effect wile Figures 1b.2b. and 3b present
results which include both the fluid loading effect and the matenal damping 2ffect. For Spurr
epoxy, a coupled vibradon mode can be observed in Figure 3 with w/t ratio equal 0 1/5. The
wave spectum was distorted and showed two peaks. Thus, the optimized w/t rano we suggest is
1/4.5. For Insulcast 133, the coupled mode appears for a w/t rado equal w0 1/3, see Figure 7,
which 15 a higher value than that of Spurr epoxy. For the same saw cut slot. w, the Insulcast 133
can be fabricated as a thinner disk and realize a higher frequency conswant. For REZ039/HD 3473,
\he frequency specoum shows caaracternisacs simlar 0 the Spwrr Epoxy but with higner wyt mauo.

as shown tn Figure o.

The matenal damping rauo. 3, 1s 2qual 0 0.06 for Spurr Epoxy. [t is determined by
measuring the mechanical Q of the composite disk in air which has a value of 8.4, From the
compurauon, the mechanical Q of the composite disk is cakculated as 7.06 for w/t=1/10 by
considening only the fluid loading effect. The two Q values, one for the damping 2ffect and :h
other for the {luid loading 2rfect, are very close o each other. This shows that the fluid loading and
the matenal damping have an equal erfect on Tansducer performance and both cannot be neglected

1n transducer design simulaton programs.

The maximum peak value decreases when the w/t rano increases, as shown tn Figures 3 to
7. It can be interpreted as the stong coupiing between the lateral vibration and tne thickness
vibranon as the w/t ratio increases. We also nonce that the lateral vibranon results in a distoraon ot
the main specmal peak. The distornon 1 some cases, 2g. w/t=1/5 in Fig.4, can broaden the
spectrum, however, it can also suppress the resor.ance band to several resonance peaks as shown
in Fig. 3, 5 and 7. Thus,we can achieve an optimized design by varying the w/t rano according 0
the mamx matenal o have a broadband response, lcw mechanical (J, and a smooth specaum.

Figures 3 10 13 show the the normalized conductance, G, vs the normalized frequency.
Figure 9, reveals that the first lateral mode, f;], which occurs at £=1.68, has a very soong electic
coupling. This coupling enhances the broadband charac:erisacs in the frequency spectrum. It
means that the effectuve coupling factor is enlarged. However, the elecmc impedance of the

wansducer 1s also increased.

[I. EXPEROVIENTAL RESULTS:
First the numencal simulation was used to compare with the resuits obtaned by Gururaja et



al with reladvely lower frequency PZT - polymer composite tansducers. Sample #101 of their
paper 1] has w= 45mm, t = 1.95 mm and periodicity is 1.27 mm. The volume fraction of PZT is
10%. The expenimental results and the simulation values ( number in parentheses ) agres gquite
well:

Thickness mode frequency 640 kHz (599 kHz )

First lateral mode frequency 804 kHz ( 813 kHz)

Second lateral mode frequency 1096 kHz ( 960 kHz)
Discrepancies can be atmbuted to inaccuracies in the input values of material constants in the
computer program and alignment of the PZT rods.
Two new samples were aiso made. They were composite disks made for further

exzenmental venficanon of theory. These samples were fabnicated by the dicing and fiilin

aq

rechnique 1n wiiuch a PZT disk was saw-cut o resemoie a pericdic arrangement of piilars or
scarghe fivers protruding from a solid disk, the inter fiver spaces was filled with a polymer ard th
solid base was then macnined off. Spurr Epoxy was considered as the filling material. Its
longiudinal and wansverse wave velocides were measured to be 2060 m/sec and 1150 my/sec
respecavely. The acoustc impedance is 2.27E+06 kg/m2-s and the density is 1100. kg/m?3.

The width or diameter of fiber (w) to thickness of the mansducer (t) rade, w/t, is 1/10 for
Sampie 1 and is 1/4.1 for sampie 2. The volume fracaon 1s 25% since the fiver diameter is equal 0
the perntodic intertiber spacing. The frequency specxa measured in water, are plotted in Figures 14
and 15 for sample 1 and 2 respecuvely. The mechanical Q for the two sampies has the value of 3.6
and 8.4 in arr and 3.75 and 3.4 in water. A small distortion is nodced in Figure 135 due to the
erfect of the first lateral resonance mode. The experiment results show that the composite disk has
good umpedance matching with the fluid medium compared with pure PZT disk for which the Q
value 1s around 30 in water. The measured frequency response also agrees very well with the
predicted {requency response in Figures 1 and 2 ( note this is for w/t=1/5, whereas sample has
w/t=1/4.1)

[V. CONCLUSION:

In this study, we have performed an experimental and analytical study of composite
Tansducer design. The numencal simulanons were ventied by the expenmental measurement and
the pubiished data on the literature. Based on the expenmental analysis, we can gan pracacal
insight tnto manufacturing difficuldes. Currently non-availability of proper cutting technoiogy for
cerarmucs limuts the upper limut for the frequency. In this report, we have presented two Tables and




fifteen figures which provide adequate guidance for the designer to design a 1-3 PZT/epoxy
qansducer for different purposes. Parametric studies varying the voiume fraction of the
piezoelecwic phase ( inter fiber spacing ), non—Circular fibers - square, rectangular, ellipacal as weil
as fibers of varying cross=sectional diameter such as a conical frustum are being invesugated.
Results should be available in the next few months. A new formulaton that can take advantage of
certain new 3-D piezoelecic elements incorporated into the ANSYS package are also under
development. A powerful tool has been developed for computer aided transducer design.
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T.R. Gururaja, W.A. Schulze, L.E. Cross, R.E. Newnham. B.A. Auid and Y.J. Wang, [EZ
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FINITE ELEMENT - EIGENMODE ANALYSIS FOR
THE DESIGN OF 1-3 COMPOSITE TRANSDUCERS
INCLUDING THE EFFECT OF FLUID LOADING

Jiann-Hwa Jeng, Xiaoqi Bao, Vasundara V. Varadan and Vijay K. Varadan
Research Center for the Engineering of Electronic and Acoustic Materials
The Pennsylvania State University
University Park, PA 16802

Abstract

A finite element - eigenmode analysis is presented for analyzing the dynamic performance of a
composite transducer interacting with a fluid medium. The composite transducer contains a
periodic distribution of piezoelectric rods forming a 1-3 composite. The mathematical model
proposed reduces the boundary value problem to a typical forced vibration problem. Thus, the
damping of the composite slab can be easily introduced into the formulation. Based on the
analysis, the resonance spectrum and the electrical admittance spectrum are calculated. The
analysis can be used to simulate transducer performance under fluid loading and becomes a

powerful design tool.

I. Inroducton

The analytical problem of the response of a piezoelectric plate in contact with water to
applied stresses or voltage is analogous to the problem of acoustic wave interaction with a
fluid-loaded anisowopic plate. Both problems are of considerable practical importance and have
been solved by several different mathemadcal techniques. For instance, many authors have
developed a complete procedure for obtaining analytical solutions for thin-or muld-layered plates
immersed in a fluid medium, provided that each layer is isowopic. This solution has many
applications, such as impedance matching layer design, quarter wave wansformer design etc.[1].

Recently, piezoelectric composite materials have been widely used due to their desirable material
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properties such as high elecromechanical coupling and low acoustic impedance [2-4]. These
advantages are of value in ultrasonic applications. Due to their high electromechanical coupling
and good impedance matching with water, piezo-composite material have been considered for
acoustic-wave absorbing purposes as well as in wansducer design. For these composite
transducers, the problem is further complicated by the strong coupling of the fields at the
interface. Analytical solutions are not available for composite slabs having arbitrary
microstructure which in this case is also anisotropic. In order to properly describe the dynamic
properdes of the mansducer in the presence of fluid loading, a numerical approach is necessary.

In references [5-8], a finite element analysis has been presented for the fluid-structure
interaction problem of a single, isotropic and homogeneous body immersed in a fluid. The
vibrations of a composite disk containing piezoelectric elements in the form of rods have been
studied by some authors [9,10] using a finite element approach. In these studies, the effect of
fluid loading was not considered and further the analysis was restricted to a study of the
eigenmodes of vibradon. Other than the finite element analysis, electrical equivalent circuits have
also been used to evaluate a piezoelectric resonator. Smith et al.[11] weated the 1-3 type of
composite as a ansmission line model to study the transmitting and receiving sensidvity. The
material parameters in their model were determined by fitting the electric impedance curve
measured near the thickness resonance with one face of the composite disk in water. Thetal.[12]
extended the model in terms of five effective parameters with consideration of internal losses.
Again, these effective model parameters were obtained from experiments. In their simulation, a
sample should be properly fabricated to specification and the requisite measurements have to be
made. Thus, these methods cannot be used for ransducer design.

Recently, Angel and Achenbach [13,14] studied the reflection and transmission of elastic
waves by a periodic array of cracks. Due to the periodicity of the geometry, only a typical
element of the solid which contains half of a single crack is considered in their calculatons.
Varadan et al. [15] have developed an analytical approach for the ransmission and reflection

study of SH waves incident on a bimaterial slab, inside which identical cylinders with parallel
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orientation (axes parallel to the surface) are periodically distributed. The approach is based on
Fourier-Bessel expansion and T-matrix technique.

Both these approaches could be applied to the problem at hand, but are limited to isomopic
microstructure. Arbitrary geometry of the substructure necessitates an approximadon for the
shape and field representation. As mentioned above, to properly describe the microstructure and
to simplify the computation for various problems, a finite element technique combining the
eigenmode expansion analysis is inroduced. The advantages of this method are that (1) the
derails of the modal information for different microstructures are given, (2) the computation of
the eigenmode expansion technique is a standard procedure and can be easily applied, (3) the
effect of the matching layer and the internal losses are included in the computation without any
further modificaton.

In the formulation, the boundary-value problem of wave interacdon with a solid structure
can be recast as a typical forced vibradon problem. The damping effect can then be automancally
included in the dynamic equation [16]. Due to the periodicity of the structure, the mathematical
model is further simplified by employing Floquet's theorem and symmetric boundary conditions.
Representing the field with suitable eigenmodes and imposing appropriate boundary conditions
on the interfaces, eigenmodes and eigenfrequencies can be computed. Since the dynamic

equaton is well defined, the method of soluton is simple.

II. Formulation of the Problem
The geometry, as shown in Fig.l, has three regions in which the fields need to be
described. The composite disk, namely region (II), separates the infinite homogeneous medium
into two regions, (I) and (II), thus forming the two planar interfaces Sy and Sy The composite
slab, considered here, contains a periodic array of rods made of a piezoelectric material which are
embedded in rubber. The period of the array is 2a and 2b in the x- and y- directdons respectvely.
(a) Mathematcal Model

The composite slab in region III is characterized by using the finite element analysis. For
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an elastic medium, a discrete model for vibradon analysis is set up as follows:

(K-ioC-@*M)U=F (1)
where
K - is the stiffness matrix,
C -is the damping matrix,
M - is the mass matrix,
U - is the displacement vector, and
F - is the force vector
By solving a homogeneous undamped system with appropriate boundary condidons:
(K -0*M)d=0 )
we obtain the eigenvalues and eigenvectors which describe the normal modes of the system.
Thus, we have
Eigenvalues W) < O < e < Wy
Eigenvectors dp, dg , e , dp

and the eigenvectors satisfy the orthogonality reladon

dpdoV= ’
VJ PENVE s ©)

Based on the modal analysis, namely, the normal mode summation method, the displacement of
the soucture under forced excitation is represented by the sum of a finite number of normal
modes of the system multplied by the generalized coordinates. The displacement field can then
be expanded as
n
U=, a4 @

i=1

with unknown weighting q; The summadon is truncated to the first N terms for numerical
purposes. Substituting Eq. (4) into Eq. (1) and using the orthogonality condition Eq. (3), the

equations of moton can be uncoupled into ‘N" algebraic equations. Thus, we have
(0f-21&00,-0*)q =f (5)

where &; is the modal damping rado; f; is the effectve force.
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(b) Piezoelectric Phase

In many practcal problems, due to the enormous difference in the speed of propagation of
elasdc waves and electromagnetic waves, the quasi-static approximation is made. Usually the
frequencies relevant to elastic waves in solids or acoustic waves in fluids are less than 10 MHz,
At theseé frequencies, the wavelength of electromagnetic waves is quite large and it is reasonable
to assume that the electric field is a quasi-static field [17]. It is important that the disdnction
between statdc and quasi-static is retained. In the quasi-static approximation, a constitutive
equation is derived in invariant form relating the swess and swain tensors that includes the
" piezoelectric coupling coefficients.

Hence, for a piezoelectric material, the stiffness matix K can be formulated as that of a
elastic solid by subsdtuting the stiffened elastic constants which include the piezoelectric coupling
effect [18]. This simplification is valid for the case in which the piezoelectric material is shaped
as a long rod [17]. Thus, elements listed in the ANSYS library [19] can be used to describe the
behavior of the piezoelectric phase.

Next , we should consider the discretization of the equation for a piezoelectric material. A
further simplification can be made when the piezoelectric material is fabricated into a long-bar
shape which satisfies a constant D-field approximation. In such approximation, the D-field along
the z-axis of a PZT- bar is constant as shown in Fig.2. The D-field which is proportional to the
charges distributed on the electrodes is represented as

D, =0, D, =0, DZ=-§-Z-=> D=y;Q  (©

By using the consttutive equations of a piezoelectric material which have the form as
T=C"S-h D
E=h S+ D )

and applying a variational principle, a discrete finite ¢element equation for the long-bar

piezoelecric material can be expressed as
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(KP-iaC- ™M) U=PQ+F
e, 1
V=- o
P'U COQ 8)
where

P= [B hy,av
1 A
&= [ v B wpav
0
CD s the elastic constant with D-constant; h is the piezoelectric coupling constant and BS is the
constant strain dielectric constant.

By using the orthogonality condition of the normal modes representation, Egs.(3), (4),

Eg. (8) can also be uncounled into a group of algebraic equations.and is expressea as

Qq= XQ+D,F

9
V=-X'Q+g—

Co

where De; are the eigenvectors, further
Q=w-2iknw- 0 ; X=D_P (10)

where o is the operating frequency; w, is the eigenvalue; and &; is the modal damping ratio.

(c) Effect of Fluid Loading
The effect of the fluid loading can be formulated as part of the exciting force acting on the
ransducer surface which is the F term as shown in Eq.(7). Due to the pericdicity and symmetry
of the substructure, only a portion of the composite slab needs to be considered. As shown in
Fig. 3 the unit cell contains one quarter of the rod which is of dirnension 'a’ and 'b’ along the x- )
and y- axis respectively. This domain will be described by the finite element approximation. The

normal displacements on the x=0, x=a, y=0, and y=b plane are egual tc zero due to the four fold

R TS

symmetry in the geomerry.




In regions I and II, the field must be represented by a periodic functdon in the x-y plane

due to the periodic dismibution of the rods in the composite disk. Floquet theorem is used to

describe periodicity in terms of the Floquet modes {15] and is given as

— R 1 ikxm ik I
Wm=Z[Ame K +anelk“z] g Y e (114
mn

where
kem = B + k sin 6, (11b)
kyn=t0- + ksin B, (1lc)
and
- (@ 2 2
Km = \/ (P =) — (k) (11d)

where ‘c' is the acoustic speed in water.
Employing the Floquet conditon for the field radiating into the infinite regions [ and II, the
total geometry, region III, is broken up into an infinite number of unit cells with a length 2a

along the x- axis and a length 2b along the y- axis. Eq. (6) can be modified further and has the

form
\-\'/m =Amn €05 (Kgp X) €0 (Kyn ¥) of (Kam Z- O ) (12)
There is a cutoff frequency for this periodic substructure
c
Mg off = - = Max ( 2a,2b) (13)
cut off

The cutoff frequency is a function of geometry of the substructure and is an important design
factor. Whether a mode W, can propagate or not, depends on the value of k;y. If the value is

real, then Wy, is a propagating mode, otherwise, W, is a decaying or evanescent mode.

Defining a set of functons Yy, in the form as:
Wnn = €08 ( Ky X) cos ( kyny) (14)

the displacement field U} and the radiating pressure field , Pfin region [ are represented as




— 'kunnz
U= ) Doy Veme (15)
mn
P topWme ™ (16)
mn

The radiating pressure field is the acoustic pressure on the surface due to vibradons of the elastic

body.

In region II, the displacement field U, and the transmitted pressure field Pt have the same

form as
U,= ) Do Wme (17
mn
L -1
P= Bun Ve ™ (18)
mn

As we know, either the displacement field or the pressure field is enough to describe the infinite
fluid medium. The set of unknown coefficients in both displacement and pressure fields are
related. Based on the displacement-pressure relation

p____fg -.vF (19)

the dependence of the unknown coefficients in Egs. (15), (16) and in Egs. (17), (18) are

obtained as

Oma =-1D_, p00Cirq (20)
Ban= i Dmnz pOCprp (21)
Ban = 1 sz p&Cnn @

where Cp, is the velocity of the m—n th mode.

The unknown coefficient can be computed by matching the boundary condition across the
interface which require the normal displacements to be continuous. For computational
convenience, the surface fieid represented in a normal mode expansion is transformed to the

Fourier series representation as follows

ﬁmf:u:c = ZZ Apni & Ymn (%Y) (22)

mn j

e —




where Ap,; are Fourier expansion coefficients, Thus
Dent = Z Z Atrni G 3)
mn 1 -

and

%o = z —ig A, POCh, (24)

i
Here, we have assumed that the pressure field radiates only into region I because only one side

of the transducer is acave. The modal pressure field is defined as

DdF=j - d; gn sp B 4S (25)
S

and can be rewritten as the known Fourier expansion coefficients App; and the unknown

weighting coefficients qj as follows:
Dy F= 2 q Z
1

= ) D P0C T Apg A @, (26)

i mn

Nmn is the normalized constant.

I1I. Method of Soludon

The model used for computation was a disk with diameter D >> A (wavelength), so it can
be thought of as an infinite slab in the x-y plane. Thus, it can be broken up into an infinite
number of unit cells and the plane wave field can be represented in terms of the Floquet modes.

The eigenmodes for the computations can be obtained by the finite element analysis. The
finite element package ANSYS, instalied in a VAX 11/780 was chosen for the this purpose. The
reasons for using this package are as follows.The ANSYS uses a Householder procedure to
solve the problem of free rigid body motion. Due to the symmewic boundary condition in our
problem, we require rigid body modon only in the z- direction. Also, ANSYS allows us to

define a damping ratio & for a material dependent damping constant in the modal analysis. Thus,




an effective damping rato, £,, based on a material weighted strain energy average for each mode
is calculated as,
-
2, G
=

& ZE:n

m

(29)

where El and &, are the strain energy and damping ratio for the mt element in the it mode
respectively. The & obtained from Eq. (29) is in fact the modal damping rado described in
Eq. (9).

The "3-D anisotropic solid element’ [19] was chosen to model the solid structure. The
behavior of an element is defined by eight nodal points each of which has three degrees of
freedom: manslation in the x, y, and z directdons. In all the computations, 66 elements with 124
nodal points are used to mesh a symmetric quadrant of the unit cell.

In real applicadons, it is important to know the transmitting sensitvity of a projector and
the receiving sensitvity of a sensor. In order to evaluate the ransmitting sensitivity, a voltage of
fixed amplitude is applied to the wansducer. For a given voltage supply , using Eq.(26), Eq.(9)

can be rewritten as

(Q+ Zy- XX G ) 9=X, Gy V @7

Q = CO V + Xj qJCO (28)
the only unknown shown in Eq.(27) is q, and can be easily solved. While qj is given, the charge
distribution Q can be calculated from Eq.(28).

V. Numerical Results and Discussion

The numerical results presented are the resonance spectrum and electric conductance
specaum of a disk.

To assess the feasibility of the numerical formulation, we first consider the simple case of

a uniform isotropic steel plate immersed in an infinite fluid medium. The calculadons were made
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to examine the effect of the fluid loading with a normal incoming acoustic wave acting on the

plate. The steel plate has longitudinal wave velocity V}, = 5220 m/sec and thickness h=5 cm,

thus, the first thickness mode occurs at 52.2 KHz. The reflecdon coefficient and ransmission

coefficient are plotted versus frequencies in Fig. 4. In this figure, both the numerical results and
exact results are plotted. The reﬂection‘coefﬁcients.approach unity below the first thickness
mode, 52.2 KHz, due to the high impedance qusmeich at the water-steel interface. The damping
of the steel is neglected in the computation for comparison purposes. The data shows that these
two results agree with each other exactly. The comparison is a good indication of the
appropriateness of the numerical approach.

Based on the simulation, the performance of two different disks will be presented. One is
the pure PZT-5 disk, the other is the 1-3 composite disk. For the second case, spurts epoxy was
considered as the filler matix. Its longitudinal and transverse wave velocides were measured to
be 2060 m/sec and 1150 m/sec respectively.

Figure 5 presents the resonance frequency spectrum, i.e. the ransmission efficiency vs.
frequency for both the pure PZT and composite PZT disks, whick are driven with the same
voltage and radiate acoustic waves into the water. The solid line in the figure is for the PZT-5
disk. It shows that the pure disk transducer has a very high Q factor compared with the
composite transducer. We can see that the amplitude value near the resonance are close for both
cases. We can infer from this result that the composite transducer has similar transmission
efficiency as the pure PZT disk under the fluid loading conditon. We also nodce that the lateral
vibration results in little distortion of the main broadband signal in the composite transducer.

Figures 6 and 7 show the real and imaginary part of the conductance curve respectively.
Both figures are in general agreement with the known behavior of a pure PZT disk under fluid
loading.

V. Conclusions
Based on the theoretical derivadon and the computed results, it is concluded that this

technique is capable of solving a problem involving complex geometry and material anisoopy.
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In addition, the analysis provides detailed mode information describing the composite disk. This
information contributes to the understanding of the mechanisms of wave-material interaction.
With the basic understanding of the wave motion and vibrations in the piezoelectric swucture, it is
possible to optimize the design of ransducers for specific purposes. The damping effect also has
been introduced in the normal mode expansion analysis. As a conclusion, the analysis can be
used to simulate transducer performance under fluid loading and becomes a powerful design

tool.
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Figure Capdons

Figure 1. Geometry of the problem
Figure 2. Constant D field along Z-axis.
Figure 3. Symmetric boundary conditions for a unit cell

Figure 4. The reflection coefficient vs. Frequency, Hz, and the wansmission
coefficient vs. Frequency, Hz,------- for steel slab immersed in water.

Figure 5. Transmission efficiency vs. frequency; Solid line is for the pure PZT-3 disk, dash line 1s
for the 1-3 composite disk.

Figure 6. Admittance curve (solid line) and susceptance curve (dot line) Vs. frequency for pure
PZT-5 disk.

Figure 7. Admittance curve (solid line) and susceptance curve (dot line) Vs. frequency for 1-3
composite disk.
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Boundary conditions:
(Normal displacement equals
to zero at four side walls)
Ux=0, at X=0 and X=g
Uy=0, at Y=0 and Y=b

Figure 3. Symmeic boundary conditions for a unit cell
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Figure 4. The reflection coefficient vs. Frequency, Hz,

coefficient vs. Frequency, Hz,------- for steel slab immersed in water.
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