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Two-dimensional thermodynamic theory of epitaxial Pb„Zr,Ti …O3 thin films
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Pohang University of Science and Technology (POSTECH), Pohang 790-784, Korea
~Received 9 February 2000; revised manuscript received 16 August 2000!

Effects of film stresses on the phase stability and various ferroelectric properties of the epitaxially oriented
Pb(Zr,Ti)O3 thin film were theoretically investigated. For this purpose, a two-dimensional thermodynamic
model was developed using the Landau-Devonshire phenomenological theory. The theoretical computation
predicts an increase in the para-ferroelectric transition temperature and an enhanced thermodynamic stability of
the tetragonal-phase field, irrespective of the sign of stress~i.e., both tensile and compressive!. In particular, it
is predicted that tensile stress makes a new ferroelectric orthorhombic phase stable. We have also shown that
dielectric properties usually exhibit their maximum values at a newly established Zr-rich morphotropic phase
boundary, except for those parallel to the direction of the spontaneous polarization.
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I. INTRODUCTION

The lead zirconate titanate@Pb(Zr12xTix)O3 ; PZT# solid
solutions with compositions near the morphotropic ph
boundary~MPB! have been widely used in various piez
electric transducers.1–3 The MPB of PZT system is charac
terized by a compositional phase boundary on which tetr
onal and rhombohedral phases coexist without the solub
gap.4 It is known that polycrystalline PZT ceramics usua
exhibit their maximum values of the relative dielectric pe
mitivity and the electromechanical coupling constant in
vicinity of the MPB.5

In recent years, extensive efforts have been made for
applications of PZT thin films to various modern device
These include~i! pyroelectric IR sensors,6 ~ii ! electro-optic
devices,7 ~iii ! surface acoustic wave~SAW! applications,8

~iv! nonvolatile ferroelectric random access memo
~FRAM! devices,9–12 and~v! microactuators.13,14 It is known
that PZT thin films, in general, are quite different from the
bulk ceramic counterparts in the microstructure and fer
electric properties.15–21 These differences have been attri
uted to~i! the presence of second phases between PZT fi
and substrates,15,16 ~ii ! nonstoichiometric compositions,17

~iii ! residual stresses in films,18,19or/and~iv! surface and size
effects of thin films.20,21 Optimization of thin-film process
could possibly eliminate the effects of these factors on
structure and properties of PZT thin films. However, it
very difficult, if not impossible, to remove the effects
thermal stress even in an epitaxially deposited thin film.
thermal stress in a thin film usually arises from~i! the dif-
ference in the thermal expansion coefficient between the
strate and the film, and from~ii ! the difference between th
working temperature and the deposition temperature.22 Thus,
a thermal stress is exerting two-dimensionally with its dire
tion parallel to the surface of a given thin film~Fig. 1!.

A stress is one of the important variables which not o
influence ferroelectric properties but also affect the reliabi
of ferroelectric devices.22–24 Therefore, extensive effort
have been made to theoretically understand the effect
stresses on various properties of PZT solid solutions use
modern electronics industries. However, contrary to the s
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ies of hydrostatic stress effects on the bulk polycrystall
PZT,25–27 few theoretical studies have been made on the
fects of thin-film stresses on various properies of epitax
PZT thin films. Recently, Oh and Jang28 briefly examined the
effects of the film stress on the phase stability of the epita
PZT thin film. Using the Landau-Devonshire-type thermod
namic approach, they predicted an enhanced thermodyna
stability of the tetragonal-phase field under a tw
dimensional compressive stress. However, their study
limited to the epitaxial film under a compressive stress on
Furthermore, until now no one has systematically inve
gated the effects of the film stress on various ferroelec
properties of the epitaxial PZT thin film.

In view of these facts, the main purpose of the pres
study is to systematically develop a phenomenological th
modynamic theory that can be applied to PZT thin film
having a wide range of compositions under both tensile~e.g.,
PZT/Si wafer! and compressive stresses~e.g., PZT/MgO!.
For this purpose, we have defined new boundary conditi
relevant to various possible phases in the epitaxial PZT fi
followed by the development of the elastic Gibbs functio
and various theoretical relations as to ferroelectric propert
Using this approach, we have then theoretically predicted
effects of two-dimensional film stress on the thermodynam

FIG. 1. Schematic representation of three normal stres
(X1 ,X2 ,X3) exerted on the epitaxially oriented thin film with it
crystallographic axes (a1 ,a2 ,a3).
14 757 ©2000 The American Physical Society
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stability of various relevant phases~i.e., phase diagrams! and
the temperature-dependent dielectric/ferroelectric proper

II. THEORETICAL DEVELOPMENT

The Landau-Devonshire-type phenomenological the
can be applied to investigate various properties of typ
perovskite-based ferroelectrics that include BaTiO3 ,
PbTiO3, and PZT. In developing phenomenological therm
dynamic formalisms one has to first identify order para
eters relevant to each phase transition. The PZT solid s
tion has various stable phase fields, depending
temperature and composition. These include paraelectric
bic (PC), ferroelectric tetragonal (FT), ferroelectric rhombo-
hedral (FR), and antiferroelectric orthorhombic (AO) phases,
as shown in the PZT phase diagram~Fig. 2!. In addition to

FIG. 2. Phase diagram of PbZrO3-PbTiO3 ~PZT! solid-solution
system.
or

at
a-
th
en
rm
r

-

e

s.

y
l

-
-
u-
n
u-

these, the rhombohedral phase is further divided into a h
temperature field (FR(HT)) and a low-temperature on
(FR(LT)). Contrary toFR(HT) , FR(LT) has a tilting or a partial
rotation of the oxygen octahedron about the@111# axis of the
perovskite unit cell.27,29–31 It is known that the
FR(HT)-FR(LT) transition is driven by a softening of the coun
terclockwise oxygen rotational phonon mode.

Upon cooling, the paraelectric cubic phase undergoe
proper ferroelectric transition either to the tetragonal ph
or to the high-temperature rhombohedral state, where
spontaneous polarization is the order parameter relevan
this type of transition. On the other hand, theFR(HT)-FR(LT)
transition is an improper ferroelectric phase transition
which a spontaneous tilting of the oxygen octahedron is
order parameter needed to describe the phase transitio
addition to these, an antiferroelectric-type polarization dev
ops when a discontinuous transition takes place from
ferroelectricFR(HT) state to the antiferroelectricAO state. In
this case, therefore, the appropriate order parameter is
antiferroelectric polarization. In this study, however, w
have not consideredFR(LT) andAO phases because the coe
ficients that are related to the oxygen tilt angle and the a
ferroelectric polarization have not been determined yet.
cause we are mainly interested in~i! the para-ferro
transitions (PC-FT and PC-FR(HT)) and ~ii ! the tetragonal-
rhombohedral (FT-FR(HT)) transition near the MPB, we be
lieve that this simplification does not significantly alter o
computational results.

Let us now consider the elastic Gibbs function. Based
the Landau-Devonshire phenomenological thermodyna
theory, it can be expanded28,32 in powers of polarization and
stress as
DG5a1~P1
21P2

21P3
2!1a11~P1

41P2
41P3

4!1a12~P1
2P2

21P2
2P3

21P3
2P1

2!1a111~P1
61P2

61P3
6!

1a112@P1
4~P2

21P3
2!1P2

4~P3
21P1

2!1P3
4~P1

21P2
2!#1a123P1

2P2
2P3

22
1

2
s11~X1

21X2
21X3

2!2s12~X1X21X2X31X3X1!

2
1

2
s44~X4

21X5
21X6

2!2Q11~X1P1
21X2P2

21X3P3
2!2Q12@X1~P2

21P3
2!1X2~P3

21P1
2!1X3~P1

21P2
2!#

2Q44~X4P2P31X5P3P11X6P1P2!, ~2.1!
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ys-
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wherePi andXi are the magnitude of the polarization vect
and the stress along the directioni, in accordance with the
crystallographic axes of the cubic phase,a1 is the dielectric
stiffness,a i j , a i jk are the high-order stiffness coefficients
a constant stress, andsi j are the elastic compliances me
sured at a constant polarization. The last three terms
contain Qi j represent the electrostrictive coupling betwe
stress and polarizations. In the reduced notation, the no
stresses are denoted byX1 , X2, andX3, whereas the shea
stresses are denoted byX4 , X5, andX6. The dielectric stiff-
ness constant,a1, is assumed to be a linear function of tem
perature near the Curie point~the Curie-Weiss law!. All
other coefficients are assumed to be independent
temperature.25,32 All the phenomenological coefficients wer
at

al

of

optimized by the numerical fitting of the phenomenologic
computations to the available experimental data for polycr
talline PZT ceramics. Their optimized values are given in
series of articles reported by Haun and co-workers.32

A. Boundary conditions

The first step toward the thermodynamic formulations
the establishment of suitable boundary conditions. For
purpose, we have assumed that the stress distribution
the thickness direction can be approximated by an aver
two-dimensional film stress.28,33 Then, the following rela-
tions hold under this condition:

X15X25H, X35X45X55X650, ~2.2!
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whereH denotes the two normal stresses whose directi
are parallel to the substrate plane or to the crystallograp
axes,a1 anda2 ~Fig. 1!. A thin film is under a tensile stres
if H.0 and under a compressive stress whenH,0.

Let us now consider various boundary conditions that
related to the spontaneous polarization, and name thes
the boundary conditions for the phase stability. Then, e
relevant phase in the PZT system should satisfy the follo
ing boundary conditions for the phase stability.

Paraelectric cubic PC :

P1
25P2

25P3
250; ~2.3a!

Ferroelectric tetragonal FT :

FT1 : P1
2Þ0, P2

25P3
250, ~2.3b!

FT3 : P1
25P2

250, P3
2Þ0; ~2.3c!

Ferroelectric orthorhombic FO :

P1
25P2

2Þ0, P3
250; ~2.3d!

Ferroelectric rhombohedral FR(HT) :

P1
25P2

2Þ0, P3
2Þ0, P1

2ÞP3
2 . ~2.3e!

As shown in Eqs.~2.3b! and ~2.3c!, the ferroelectric te-
tragonal phase is further divided into two different fieldsFT1
andFT3, depending on the direction of polarization.FT1 de-
notes the ferroelectric phase in which the polarization de
ops along thea1 or a2 direction, whereasFT3 designates the
tetragonal phase in which the polarization is parallel to
a3 direction~Fig. 1!. It is known that the ferroelectric ortho
rhombic phase,FO , is not stable under the condition of ze
stress. We have included the boundary condition forFO be-
cause a stress in a thin film can possibly make the or
rhombic phaseFO stable. The three polarization vectors a
generally equal in their magnitudes in the ferroelectric rho
bohedral phaseFR(HT) . Under the condition of two-
dimensional stress, however, it is expected that they are
equal to each other, as given in Eq.~2.3e!.
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B. Elastic Gibbs functions

We are now in a position to derive various relations as
ferroelectric properties starting from a generic form of t
elastic Gibbs function given in Eq.~2.1!. Applying various
boundary conditions summarized in Eqs.~2.2! and ~2.3! to
Eq. ~2.1!, one can obtain the following expressions for t
elastic Gibbs functions.

Paraelectric cubic PC :

DG52~s111s12!H
2; ~2.4a!

Ferroelectric tetragonal FT :

FT1 : DG52~s111s12!H
21@a12~Q111Q12!H#P1

2

1a11P1
41a111P1

6 , ~2.4b!

FT3 : DG52~s111s12!H
21~a122Q12H !P3

21a11P3
4

1a111P3
6 ; ~2.4c!

Ferroelectric orthorhombic FO :

DG52~s111s12!H
212@a12~Q111Q12!H#P1

2

1~2a111a12!P1
412~a1111a112!P1

6 ; ~2.4d!

Ferroelectric rhombohedral FR(HT) :

DG52~s111s12!H
21a1~2P1

21P3
2!1a11~2P1

41P3
4!

1a12~P1
212P3

2!P1
21a111~2P1

61P3
6!

12a112~P1
61P1

4P3
21P1

2P3
4!1a123P1

4P3
2

22Q11P1
2H22Q12~P1

21P3
2!H. ~2.4e!

C. Spontaneous polarization

Various expressions for the spontaneous polarization
be derived from the elastic Gibbs functions using the sta
ity criterion of the first partial derivative (]DG/]Pi50), as
shown below.
Paraelectric cubic PC :

P3
250; ~2.5a!

Ferroelectric tetragonal FT :

FT1 : P1
25

2a111Aa11
2 23a111@a12~Q111Q12!H#

3a111
, ~2.5b!

FT3 : P3
25

2a111Aa11
2 23a111~a122Q12H !

3a111
; ~2.5c!

Ferroelectric orthorhombic FO :

P1
25

2~2a111a12!1A~2a111a12!
2212~a1111a112!@a12~Q111Q12!H#

6~a1111a112!
; ~2.5d!

Ferroelectric rhombohedral FR(HT) :
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P3
25

2~a1112a112P1
2!1A~a1112a112P1

2!223a111@a122Q12H1~2a1121a123!P1
412a12P1

2#

3a111
; ~2.5e!

P1
252

2a111a1212a112P3
21a123P3

2

6~a1111a112!

1
A~2a111a1212a112P3

21a123P3
2!2212~a1111a112!@a12~Q111Q12!H1a112P3

41a12P3
2#

6~a1111a112!
. ~2.5f!
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In case of the rhombohedral phase,P1 andP3 could be ob-
tained, in principle, by simultaneously solving two se
consistent equations, as given in Eqs.~2.5e! and~2.5f!. How-
ever, we were not able to obtain analytical expressions
P1 andP3. Therefore, we have employed the Newton’s n
merical method to obtain these.

D. Dielectric properties

Various expressions for the reciprocal relative dielec
susceptibility ~relative dielectric stiffness,x i j ) can be de-
rived using the boundary conditions given in Eqs.~2.2! and
~2.3! and the second partial derivative of the free ene
function x i j (5«0]2DG/]Pi]Pj ), where«0 is the dielectric
permittivity of free space. The results for each relevant ph
are summarized below.

Paraelectric cubic PC :

x115x2252«0@a12~Q111Q12!H#,

x3352«0~a122Q12H !,

x125x235x3150; ~2.6a!

Ferroelectric tetragonal FT :

FT1 :

x1152«0@a116a11P1
2115a111P1

42~Q111Q12!H#,

x2252«0@a11a12P1
21a112P1

42~Q111Q12!H#,

x3352«0~a11a12P1
21a112P1

422Q12H !,

x125x235x3150; ~2.6b!

FT3 :

x115x2252«0@a11a12P3
21a112P3

42~Q111Q12!H#,

x3352«0~a116a11P3
2115a111P3

422Q12H !,

x125x235x3150; ~2.6c!

Ferroelectric orthorhombic FO :

x115x2252«0@a11~6a1112a12!P1
2

1~15a11117a112!P1
42~Q111Q12!H#,

x3352«0„a112a12P1
21~2a1111a123!P1

422Q12H…,
r
-

c

y

e

x1254«0~a12P1
214a112P1

4!, x235x3150; ~2.6d!

Ferroelectric rhombohedral FR(HT) :

x115x2252«0@a11~6a111a12!P1
21~15a11117a112!P1

4

1~6a1121a123!P1
2P3

21a12P3
21a112P3

4

2~Q111Q12!H#,

x3352«0@a112a12P1
21~2a1121a123!P1

4112a112P1
2P3

2

16a11P3
2115a111P3

422Q12H#,

x1254«0~a12P1
214a112P1

41a123P1
2P3

2!,

x235x3154«0@a12P1P31~2a1121a123!P1
3P3

12a112P1P3
3#. ~2.6e!

The dielectric susceptibility coefficientsh i j can be deter-
mined from the reciprocal of the dielectric stiffness matric
x i j as follows.

Paraelectric cubic PC :

h115h2251/x11, h3351/x33,

h125h235h3150; ~2.7a!

Ferroelectric tetragonal FT :

FT1 :

h1151/x11, h2251/x22, h3351/x33,

h125h235h3150; ~2.7b!

FT3 :

h115h2251/x11, h3351/x33,

h125h235h3150; ~2.7c!

Ferroelectric orthorhombic FO :

h115h225x11/~x11
2 2x12

2 !, h3351/x33,

h1252x12/~x11
2 2x12

2 !, h235h3150; ~2.7d!

Ferroelectric rhombohedral FR(HT) :
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FIG. 3. Elastic Gibbs free energy of tetrago
nal, orthorhombic, and rhombohedral phas
plotted as a function of temperature for the PZ
70/30 (Zr/Ti570/30) at three different values o
two-dimensional stress:~a! 0 Pa, ~b! 100 MPa,
and ~c! 2100 MPa.
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h115h225
x13

2 2x11x33

~x112x12!@2x13
2 2~x111x12!x33#

,

h335
2~x111x12!

2x13
2 2~x111x12!x33

,

h125
2x13

2 1x12x33

~x112x12!@2x13
2 2~x111x12!x33#

,

h235h315
x13

2x13
2 2~x111x12!x33

. ~2.7e!

The above relative dielectric susceptibility coefficients a
based on the three crystallographic axes of the cubicPm3m
symmetry. Dielectric susceptibilities, in general, are e
pressed as values according to the polar directions. Th
fore, for orthorhombic and rhombohedral phases, new s
ceptibility coefficients are needed because the direction
polarization, in these cases, are not parallel to those for
original cubic axes. However, in case of the rhombohed
state, the newly formed dielectric susceptibility coefficien
are extremely complicated to handle because the magni
of polarization vector depends on the direction~i.e., P1

2

5P2
2ÞP3

2) under a two-dimensional stress. Therefore, in t
study, we have examined various ferroelectric properties
ing the dielectric susceptibility coefficients obtained from t
original cubic axes.
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III. RESULTS AND DISCUSSION

In this section, we will present various computational r
sults related to the phase stability and ferroelectric proper
of the epitaxial PZT thin film. For this purpose, we have us
various equations derived in Sec. II and the phenomenol
cal coefficients reported in the literature.32 The ferroelectric
properties that we have examined include the elastic Gi
free energy, the spontaneous polarization, and the diele
susceptibility. For the purpose of comparison, we have c
sen the PZT systems having two different compositions w
Zr/Ti570/30 and 30/70. In the absence of stress, the for
~i.e., Zr/Ti570/30) corresponds to the rhombohedral pha
while the latter belongs to the stable tetragonal-phase fie

A. Phase diagram

The presence of film stress may strongly affect the th
modynamic stability of various phases involved. Therefo
it is useful to systematically examine the effect of the nat
~or sign! of film stress on the stability of each relevant pha
for a wide range of temperature. In Figs. 3 and 4, the ela
Gibbs free energies are plotted as a function of tempera
for three different stress states. In case of the tetrago
phase, we have plotted the results only for the more sta
phase among the two possible states,FT1 andFT3. Certainly,
the free energies of both states are equal to each other~de-
generate! in the absence of stress. The effects of the tw
dimensional film stress on the elastic Gibbs free energy
the PZT 70/30 (Zr/Ti570/30) are summarized in Fig. 3. I
the absence of stress, the rhombohedral phase has the lo
-
es
T
f

FIG. 4. Elastic Gibbs free energy of tetrago
nal, orthorhombic, and rhombohedral phas
plotted as a function of temperature for the PZ
30/70 (Zr/Ti530/70) at three different values o
two-dimensional stress:~a! 0 Pa, ~b! 100 MPa,
and ~c! 2100 MPa.
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free energy for temperatures below the Curie pointTC and,
thus, is the stable state. This is consistent with the conclu
drawn from the experimental phase diagram presente
Fig. 2. As shown in Fig. 3~b!, the para-ferro transition poin
(TC) increases and the ferroelectric orthorhombic phase
comes the stable phase field betweenTO-R and TC in the
presence of tensile stress. It is expected that the presen
tensile stress expedites the polarization to align along thea1
or a2 direction. In the presence of compressive stress,
para-ferro transition point (TC) also increases but the tetra
onal FT3 phase now becomes the stable phase betweenTT-R
andTC , as shown in Fig. 3~c!. It is expected that the com
pressive stress promotes the spontaneous polarization
oriented along thea3 direction or perpendicular to the sub
strate plane. Thus theFT3 phase becomes stable with in
creasing compressive stress.

Figure 4 presents the elastic Gibbs free energy of the
rich PZT 30/70 as a function of temperature. Irrespective
the sign, the presence of film stress increases the Curie
perature slightly, and the tetragonal phase is the stable p
field below TC . The computational results further indica
that the stability ofFT1 is enhanced by the presence of te
sile film stress while the tetragonalFT3 is stabilized under a
compressive stress. This is because the polarization is li
to align along the direction of tensile stress.

The computed phase diagrams of the epitaxial PZT t
film under two-dimensional tensile and compressive stres
are respectively presented in Figs. 5 and 6. For the iden
cation of phase boundary, we have used the fact that a p
transition occurs whenever two lowest free energy cur
intersect each other. The dotted lines represent the p
boundaries in the absence of stress while the solid lines
respond to those under a two-dimensional stress. As sh
in the figures, irrespective of the sign of film stress, the Cu
temperature increases and the tetragonal-rhombohedral
sition points ~the MPB! move toward the rhombohedra
phase field under a two-dimensional film stress. One of
prominent features of the simulated phase diagram und
tensile stress is the appearance of the stable orthorhom
phase field. The simulated result thus predicts a possibilit

FIG. 5. The computed phase diagram of PbZrO3-PbTiO3 ~PZT!
pseudobinary system, showing the effect of two-dimensional ten
stress on the stable phase field. The dotted lines represent the
boundaries in the absence of stress. On the other hand, the
lines correspond to those under a tensile stress of 100 MPa.
n
in

e-

of

e

be

i-
f
m-
se

-

ly

n
es
fi-
se
s
se
r-
n

e
an-

e
a

ic-
of

the existence of a new ferroelectric orthorhombic phase
fore it is experimentally identified.

To experimentally test our theoretical predictions, w
have estimated the cubic-tetragonal transition temperatur
the epitaxial PZT 30/70 film~thickness 200 nm! on a MgO
~001! substrate using the method of differential therm
analysis~DTA; Perkin Elmer DTA-7!. In addition to this, we
have separately prepared a high-purity sol-gel-derived P
30/70 powder and measured the transition temperature in
absence of any stress. The transition point of the PZT 30
film on MgO was 470 °C~cooling cycle!. The difference in
the transition temperature between these two PZT sam
was slightly larger than 30°, suggesting that the compres
thermal stress developed in the film was larger than 100 M
~Fig. 6! for temperatures above the transition point. XR
analysis further indicated that the film was highlyc-axis ori-
ented for the thickness up to 200 nm. This indicates that
FT3 phase is stable below the cubic-tetragonal transition te
perature, and is consistent with the theoretical prediction
presented in Fig. 6. From these experimental observat
one can conclude that the displacivePC-FT3 phase transition
temperature of the PZT 30/70 film on a MgO~001! substrate
is substantially higher than the transition point of the stre
free PZT 30/70 powder.

According to our detailed theoretical estimates, the Zr
ratio should be greater than 60/40 for the fabrication of
epitaxial PZT film in which tetragonal and rhombohedr
phases coexist~abbreviated as the MPB PZT film!. This ratio
significantly deviates from the bulk MPB compositio
(Zr/Ti552/48). Therefore, our computations, partly pr
sented in Figs. 5 and 6, adequately explain the obser
difficulty in the fabrication of the MPB PZT film using a film
composition in the vicinity of the bulk MPB. Based on a
these theoretical arguments, we have recently fabricated
epitaxial MPB PZT film using the Zr/Ti ratio greater 60/4
supporting our theoretical prediction. A more detailed d
cussion on the fabrication of the epitaxial MPB PZT fil
will be given in a forthcoming paper.

le
ase
lid

FIG. 6. The computed phase diagram of PbZrO3-PbTiO3 ~PZT!
pseudobinary system, showing the effect of two-dimensional co
pressive stress on the shift of stable phase boundaries. The d
lines represent the phase boundaries in the absence of stress. O
other hand, the solid lines correspond to those under a compre
stress of2100 MPa.
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B. Spontaneous polarization

Let us now examine the simulated spontaneous polar
tion as a function of temperature. The effects of the tw
dimensional film stress on the temperature-dependent s
taneous polarization of the Zr-rich PZT 70/30 epitaxial th
film are summarized in Fig. 7. As shown in the figure, t
presence of two-dimensional film stress, irrespective of
sign, increases the para-ferroelectric transition tempera
However, phase transition characteristics are not sign
cantly influenced by the presence and the sign of film str
Under a tensile stress, the spontaneous polarizationP1 asso-
ciated with the formation of the orthorhombic phaseFO first
appears at the Curie temperature, and the polarization
creases until the orthorhombic phase,FO , transforms to the
rhombohedral phase,FR(HT) . Under a compressive stress, o
the other hand, the spontaneous polarizationP3 of the tetrag-
onal phase,FT3, occurs first upon cooling from the paraele
tric state. These predictions are consistent with those of
computed phase diagrams of the epitaxial PZT thin films
presented in Figs. 5 and 6.

As discussed in the previous theoretical section,P1
25P2

2

ÞP3
2 for FR(HT) under a two-dimensional stress whileP1

2

5P2
25P3

2 in the absence of stress. Furthermore, under
condition of tensile stress, the polarization parallel to thea1
or a2 direction should be larger than that parallel to thea3
direction~Fig. 1!. This explains whyP1 is consistently larger
than P3 for temperatures below theFO-FR(HT) transition
point, as shown in Fig. 7~b!. Contrary to this, a reverse tren
is expected under a compressive stress, as shown in Fig.~c!
for temperatures below theFT-FR(HT) transition point.

The effects of the film stress on the temperatu
dependent spontaneous polarization of the Ti-rich PZT 30
epitaxial thin film are summarized in Fig. 8. Irrespective
the sign of stress, the tetragonal phase becomes stable b
TC and the Curie temperature increases slightly under a t
dimensional stress. As indicated in the figure, the direction
the spontaneous polarization is parallel to thea1 direction

FIG. 7. Simulated spontaneous polarization of the PZT 70/30
temperature at three different values of two-dimensional stress~a!
0 Pa,~b! 100 MPa, and~c! 2100 MPa.
a-
-
n-

e
re.
-
s.

n-

e
s

e

-
0

f
low
o-
f

under a tensile stress while it is parallel to thea3 direction
under a compressive stress. All these computational res
are consistent with those of the Ti-rich region of the sim
lated phase diagrams, as shown in Figs. 5 and 6. Besid
comparison of the results shown in Fig. 7 with those in F
8 indicates that, irrespective of the sign of film stress, a d
continuous change in the spontaneous polarization at the
rie point is much more pronounced in the Ti-rich region
the MPB ~i.e., PZT 30/70!. This reflects the fact that the
discontinuous volume change at thePC-FT3 ~or FT1) transi-
tion point is significantly larger than that at thePC-FR(HT)
transition temperature.

C. Dielectric properties

The computed dielectric susceptibility coefficients of t
PZT 70/30 and 30/70 epitaxial thin films are plotted in Fig
9 and 10, respectively, as a function of temperature.
shown in Fig. 9, there occur two consecutive ferroelec
transitions in the epitaxial PZT 70/30 under a tw
dimensional film stress. They are thePC-FO andFO-FR(HT)
transitions under a tensile stress, whereas they are
PC-FT3 and FT3-FR(HT) transitions under a compressiv
stress.

In the presence of tensile stress,h11 should be much more
susceptible to thePC-FO transition than theFO-FR(HT) tran-
sition. This is because thePC-FO transition involves a dis-
continuous change in the polarizationP1 but not in P3. On
the other hand, the latter invokes a discontinuous appear
of P3 from 0 @Fig. 7~b!# upon cooling the epitaxial film.
Therefore,h33 should be susceptible to theFO-FR(HT) tran-
sition while it is rather insensitive to thePC-FO transition
that does not involve a change inP3. Nevertheless, there
should be an additional weak peak inh33 at thePC-FO tran-
sition point and inh11 at theFO-FR(HT) transition tempera-
ture.

Similar arguments can be applied to an epitaxial film u
der a compressive stress. In this case,h11 should be much

s FIG. 8. Simulated spontaneous polarization of the PZT 30/70
temperature at three different values of two-dimensional stress~a!
0 Pa,~b! 100 MPa, and~c! 2100 MPa.
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more susceptible to theFT3-FR(HT) transition than the
PC-FT3 transition because the former involves a discontin
ous change in the polarizationP1 ~or equivalentlyP2) from
0. On the other hand,h33 should be susceptible to th
PC-FT3 transition because it accompanies a discontinu
change inP3 at the Curie point. The computational resu
shown in Fig. 9~c! clearly supports these conclusions. B
cause theFT3-FR(HT) transition also involves a change in th
direction and the magnitude ofP3 , h33 should also be sen
sitive to this first-order transition. As you see in Fig. 9~c!,
there is a discontinuity inh33 at theFT3-FR(HT) transition
point.

It is interesting to notice that the dielectric susceptibil
parallel to the polar axis is higher than the susceptibi

FIG. 9. Computed dielectric susceptibility of the PZT 70/30
temperature at three different values of two-dimensional stress~a!
0 Pa,~b! 100 MPa, and~c! 2100 MPa. All the computations ar
based on the original cubicPm3m symmetry.

FIG. 10. Computed dielectric susceptibility of the PZT 30/70
temperature at three different values of two-dimensional stress~a!
0 Pa,~b! 100 MPa, and~c! 2100 MPa.
-

s

-

perpendicular to the polar axis in the vicinity of the Cur
point. However, as shown in Fig. 10, this trend is reversed
temperature decreases and goes away from the Curie p
This is caused by the ratio of2a12/a11 used in the phenom
enological thermodynamic theory. For BaTiO3 and PbTiO3
systems, this reversal in the dielectric susceptibility has b
studied theoretically and confirmed experimentally.34–36Fig-
ure 10~b! also shows that the dielectric susceptibilities for t
FT1 phase under a tensile stress are different from each o
(h11Þh22Þh33). These differences are formally given i
Eqs.~2.6b! and ~2.7b! and are caused by the special boun
ary conditions related to theFT1 phase, as presented in E
~2.3b!.

The compositional dependence of the dielectric susce
bility coefficients of the epitaxial PZT film at 25 °C is plotte
in Fig. 11 for three different states of two-dimensional stre
As indicated in the figure, the MPB composition that leads
the FT-FR(HT) transition at near 25 °C moves toward th
rhombohedral-phase field, regardless of the sign of tw
dimensional film stress. As a result of this, the dielect
susceptibility under a two-dimensional stress generally
hibits its maximum value at a newly established MPB co
position ~i.e., Zr/Ti.52/48).

For the susceptibility corresponding to the direction of t
spontaneous polarization, however, the composition for
peak dielectric susceptibility is little changed from its orig
nal MPB composition~i.e., Zr/Ti552/48), as shown in Fig
11~b! for h11 and Fig. 11~c! for h33. Under a two-
dimensional compressive stress, thea3 direction, which is
the direction of the spontaneous polarization ofFT3, is rela-
tively under a tensile stress. Because a tensile stress e
along the direction of the spontaneous polarization,h33 is
not likely to be greatly influenced by the film stress. Simil
arguments can also be made forh11 under a two-dimensiona
tensile stress. All these computational results suggest
dielectric properties generally exhibit their maximum valu

FIG. 11. Computed dielectric susceptibility of PZT solid
solution system at 25°C plotted as a function of composition
three different values of two-dimensional stress:~a! 0 Pa,~b! 100
MPa, ~c! 2100 MPa.
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at a newly established Zr-rich MPB composition, except
those parallel to the direction of the spontaneous polariza
that tends to align along the direction of tensile stress.

IV. CONCLUSIONS

Effects of film stresses on the phase stability and vari
ferroelectric properties of the epitaxially oriente
Pb(Zr,Ti)O3 ~PZT! thin film were theoretically investigate
using a two-dimensional thermodynamic model based on
Landau-Devonshire phenomenological theory. For this p
pose, we defined boundary conditions relevant to vari
possible phases in the epitaxial PZT film, followed by t
development of the elastic Gibbs functions and various t
oretical relations as to ferroelectric properties.

The theoretical computation predicts an increase in
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