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Ferroelectric domain morphologies of  (001) PbZr,_, Ti, O3 epitaxial thin
films
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Ferroelectric domain morphologies(®01) PbZr, ., Ti,O5 epitaxial thin films were studied using the
phase-field approach. The film is assumed to have a stress-free top surface and is subject to a biaxial
substrate constraint. Both the electrostatic open-circuit and short-circuit boundary conditions on the
film surfaces were considered. The phase-field simulations indicated that in addition to the known
tetragonal and rhombohedral phases, an orthorhombic phase becomes stable in films under large
tensile constraints. The orthorhombic domain structure contai®® and (010 90° domain walls

and (110 and(1-10 180° domain walls. For the rhombohedral phase in a thin film, the domain
walls are found to be alonffl01}, (100), and(010 of the prototypical cubic cell. It is shown that

the short-circuit boundary condition and compressive substrate constraint enhance the out-of-plane
polarization component while the open-circuit boundary condition and tensile substrate constraint
suppress it. It is also shown that the depolarization field promotes the formation of herringbonelike
morphology for the rhombohedral phase.2805 American Institute of Physics
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I. INTRODUCTION field simulationst®~?! However, the rhombohedral domain
. o . . . structure in epitaxial thin films is much less well understood
High remanent polarization, high piezoelectric constant, .
. . . although a few attempts have been made to analyze them in
and relatively low processing temperature make lead zircon;: L o 24 - o5 28
. . : . both epitaxial thin film&2* and bulk ceramic&?® It has
ate titanate PbZr,Ti,O5 (PZT) films the candidates for non- : . o
. . been shown previously that in addition to the tetragonal and
volatile ferroelectric random access mem@BeRAM) and S
. o . . ... rhombohedral phases that exist in bulk PZT systems, an
ultrahigh-density information storage devices. PZT thin films . I ;
) . ; orthorhombic phase can be stabilized at certain substrate
often have quite different properties from their bulk counter- : . .
. . . constraints and temperaturésThe main focus of this paper
parts due to substrate constraints and finite thickness. Their . . .
: . ; is to study the ferroelectric domain morphologies and
ferroelectric properties are mainly controlled by the ferro- . . .
. . . . domain-wall orientations of the rhombohedral, orthorhom-
electric domain structures and their evolution. Therefore, . ; . o
. . ) bic, and tetragonal domains as a function of composition,
study of ferroelectric domain structure is of both fundamen- ; :
X oS : temperature, substrate constraint, and electrostatic boundary
tal interest and technological importance and is expected tg__"." . . . -
. . : . ~condition. This paper is organized as follows: in Sec. Il, a
provide clues to modify ferroelectric properties by heteroepi- , . : .
. . . phase-field model to describe ferroelectric transition and do-
taxy and strain engineering. ) S . .
. . . main structure evolution is described. Section Il presents the
In this work we employ the phase-field approach to in-_. . .
. . . O simulation results on rhombohedral, orthorhombic, and te-
vestigate the ferroelectric domain morphologies in PZT

. . . tragonal domain morphologies. The effect of depolarization

films. The phase-field approach has been recognized as_a . ; )
. X . : field on rhombohedral domain structures is addressed in Sec.

powerful tool to predict microstructures during solid phaseIV and conclusions are summarized in Sec. V.

transformations:? It does not make anpriori assumptions ’ Y

on fthe occurrence of certain phe_lse and domain m_orphologP{' PHASE-FIELD MODEL

during the microstructure evolution. The stable microstruc-

ture is a direct consequence of minimizing the total free en-  In order to describe the ferroelectric transition and do-

ergy. The PZT film considered here is assumed to be a singi®@ain structures using the phase-field approach, the three

crystal having a stress-free top surface and subject to a biaxomponents of the space-dependent spontaneous polarization

ial substrate constraint. Although it is difficult to synthesizeP=(P,,P,,P3) are chosen as the field variables. The tempo-

single crystals of PZT over a large compositional rangeral evolution of the polarization field is described by the

across the solid-solution phase diagram, it is possible téime-dependent Ginzburg—Land&ODGL) equations

grow epitaxial thin films at different compositiofis. The P x.) S

ferroelectric tetragonal domain structures and the resulting i =—L (i=1,2,3, (1)

properties of PbTi@ and PbTiQ-rich PZT (e.g., a SPi(x,1)

PbZ, ;Tig §Og) thin films have been extensively studied by where L is a kinetic coefficient which is related to the

experiment$,** thermodynamic theorie¥,"" and phase- gomain-wall mobility.F is the total free energy of the sys-

tem. 8F/ 6P;(x,t) is the thermodynamic driving force for the

dElectronic mail: yill@psu.edu spatial and temporal evolution &(x,t). Xx=(xy,X,,X3) andt
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are the spatial coordinate and time, respectively. to accommodate the structural changes. The associated elas-
The total free energy of a film includes the bulk free tic energy is calculated by

energyFp i, domain-wall energyF,,,, elastic energyFeas foole e
and electrostatic energyee, i.€., elas= 2CijkI &€l
= 3Ciu(eij = &) (e — £p)
F = Fouk(Pi) + Fuai(Pij) + Feiad Pis€ij) + Feied Pi Ei) i s W
= 5Ciji (&ij — QijmnPmPn) ek = QuimnPmPr)
= Four(P) + fuai(Pi) + ferad P&
JJ fv[ oudP2) + Fua(Pis) * Toad Py = 5Cij1 QijmnQuistPrPnPsPy = Cij i QumnPrmPn
+ foed P, Ei) 103, (2) + %Cijklsijskly (7)

whereV is the volume of the film and®x=dx,dxdx, We  Wheree;=e;—&j is the elastic straing; is the total strain of
assume that the strain fietg) and electric fielcE; are always ~ the film compared to the parent paraelectric phase canis
at equilibrium for a given polarization field distribution, i.e., the elastic stiffness tensor. It is seen that the introduction of

the elastic strain field and electric field of the film are func-€lastic energy alters the coefficients of the quadratic and

tions of the polarization field. fourth-order terms in the bulk free energy polynomial in Eq.
The bulk free energy density is described by a conven(3_)- Consequentl_y, the ferroel_ectric properties of the <_:rysta|

tional Landau-type of expansion. For example, a Landau exWill be changed if the crystal is clamped. The calculation of

pansion up to sixth order is the strains and elastic energy in an elastically anisotropic
film with a stress-free surface constrained by a much thicker
fouk = a1(P% + P3+ P3) + ay(P] + P3 + PJ) + a;o(PIP; substrate has been discussed in our previous Wotkand is

based on an analytical solution obtained by combining the
mesoscopic elasticity theory of Khachaturyan and Shatalov
+P3) + P3P+ Pj) + P3(PT+ P3)] + a1,5P2P3P3,  and Khachaturyali and the Stroh formalism of anisotropic
(3) elasticity by Strof? and by Ting?’3
To consider the dipole-dipole interaction during ferro-
whereaq, ayq, a1, @111, @112 andaq,5 are the phenomeno- electric domain evolution, the electrostatic energy of a do-
logical coefficients which determine the nature of the transiimain structure is introduced through
tion, the transition temperature, the spontaneous polarization, fo—_lgp 8)
and the dielectric susceptibility as a function of temperature ~ ©ec~  2="D
in the bulk crystal. It should be emphasized that the set ofvhere E; is the dipole electric-field component due to the
coefficients are measured under the stress-free boundary cqogelarizationP=(P,, P, P3). The electric fieldg; depends on
dition. The paraelectric state with zero polarization is re-the distribution of the polarization and the boundary condi-
garded as a reference for measuring the free energy. tions on the film surfaces. We assume that the electric feld
The domain-wall energy can be introduced through thés always at equilibrium for a given polarization field distri-
gradients of the polarization field. For a general anisotropickution. Calculation of electric fields under the open-circuit

+ P3P3+ P3PD) + ay14(PS + PS + PY) + oy, { P3(P3

system, the gradient energy density is calculated by surface boundary condition or under given electric potential
1 difference between the top and bottom surfaces is presented
fwan = 3Gijia Pi P, (4) in Refs. 19 and 34.

whereP; ;=dP;/dx; and Gj; are the gradient energy coeffi-
cients. The nonzero components ®fy are determined by Ill. FERROELECTRIC DOMAIN MORPHOLOGIES

the symmetry of the parent paraelectric phase. The summa- The temporal evolution of the polarization and thus the

fclanclo_nile;tg)nlzfor the rep(_aated |nd|c_esd is employed amZiomain structures are obtained by numerically solving the
1J,K,1=1,2,3. For ansotropic system, it degenerates o rpg. equations in Eq(1) using the semi-implicit Fourier-

foo=1G (P2 +P2 . +P2.+P2. +P2. +P2.+P2 spectral method for the time-stepping and spatial
well ™ 2 121( 1’12 L2i s tal ez nas el discretizatior?> A model size of 128x X 128Ax X 36AX is
+P5,+ P39, 5 employed and periodic boundary conditions are applied

. . - along thex; andx, axes in the film planeAx is the space
wher,e G are the corresponding gradient coefficient of they o eqn any two nearest grid points. The thickness of the
Voigt's notation. For instance,,=Gyyyy , film is taken ash;=20Ax. In order to include the contribution
U.n.der. the stress—free condition, a ferroelegtnc phas%f substrate deformation to the elastic energy, we allowed the
trf';\ n5|t|on.|s.acc9mpan|ed by a spontaneous strain, or Calle|%gion of the substrate withihy=12Ax from the substrate-
eigenstrain in micromechanics, film interface to deform due to the formation of domain
88 = QPP (6) structures in the film. Our simulation showed a little change
in the results whenhg exceeds about half of the film
where Q;; is the electrostrictive coefficient tensor. If the thicknes<?°
interfaces between parent phase and product phase or be- To simulate the domain structures in ferroelectric PZT
tween different orientation product phases are coherent, elasingle-crystal thin films, we employed the bulk free energy
tic strains are generated during the phase transition in ordemd electrostrictive coefficients previously determined by

Downloaded 14 Apr 2007 to 128.118.88.141. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



034112-3 Li, Hu, and Chen J. Appl. Phys. 97, 034112 (2005)
Haun et al®*=° (see the Appendix According to the bulk least one order of magnitude less thaiti=1,2,3. There-
phase diagrarﬁ? there is an antiferroelectric transition close fore, we simply take the average ®f; and «,, for «;;, and
to pure PbZrQ and a transition from the “high-temperature” 5, and x;,=k23=k13=0 for solving the electrostatic equa-
rhombohedral phas@ g, space-grougR3m) to the “low-  tions.

temperature” rhombohedral phafes r, space-groufR3c)

through the rotation of oxygen octahedron. The bulk free

energy given in Eq(3) does not incorporate these two tran- A- Rhombohedral domain morphology

sitions. However, we are mostly interested in the ferroelec-  Based on the bulk PZT phase diagram and the phase
tric domain morphology. The rotation of the oxygen octahe-giagram of a PZT film under a substrate constr&inte
dral does not change the nature of the point-group symmetihombohedral phase is stable at room temperature and a
reduction and so should not affect the specifics of rhombogma|l mole fractionx of PbTiO,. Figure 1 shows three ex-
hedral domain formatiorispace-group&3m and R3c both  amples of rhombohedral domain morphologies obtained at
have point-group 8).%? Thus, the antiferroelectric transition x=0.20 andT=25 °C. They correspond to three different
and the rotation of oxygen octahedron will not be consideredypstrate constraint¢a) e,=0.005,(b) &,=0.0, and(c) e,=
in this work. -0.005. We started the simulation from a homogeneous
We assume that the elastic constants are independent ghraelectric phase created by assigning each component of
the mole fractionx and have cubic anisotropy. Specifically, the polarization field a zero value at each grid point plus a
we use the values for PbTid" ¢;;=1.75x 10" Nm™ ¢;,  small random noise of uniform distribution. For all three
=7.94xX 10" Nm™, andc,,=1.11x 10" Nm™. We also as- cases, the initial polarization distribution is the same. The
sume that the domain-wall energy is isotropic. For convedomain structures are plotted using the isosurfacéPgff

nience, we employ th*e reducgd units*in our .Z,imulatic*fﬁs, =|P|=P1q, | P3| =Pso with the values oPyq, Py listed below
:P/PO,4 a;=ay/ ap, @y = 541/11P0/ ap, Aqp= alZIZO/ ap, @y the figures.
=ayPolag, = anPolas, g arpPolag, Gy According to the symmetry relationship between the cu-

=G11/Giig X =x/lg, AX =Ax/lg, c;;=Cii/(agP}), €,  bic paraelectric crystal and the rhombohedral ferroelectric
=C1al (2oP), Cus=Caal (aoPf), Q11=QuiPg, Q1,=Q1P5, Qi state, there are eight crystallographically distinct variants of
=QuP5, wo=woay, E'=E/(agPy), t'=tagl, where a;  noncentrosymmetric rhomboheral domains with the polariza-
=|ealxe1.07225 °c lo= G110/ ap, Po=|Ply=1.01=25c  tions along the(111) directions of the parent cubic phase.
=0.757 Cm?is the spontaneous polarization of bulk PbTiO However, only four of the eight variants have a unique de-
atT=25 °C, andw,=8.85x 1012 Fm™ ! is the dielectric per- formation state with respect to the prototype since the spon-
mittivity of a vacuum. If 1p=1nm, G;,0=1.73 taneous strains for positive and negative polarizations are the
X 101°C2m*N. The gradient coefficienG;;=0.6 was same. It has been shown previously that the possible orien-
used for the simulation. The corresponding wall thickness atations of twin domain walls that separate the four rhombo-
T=25 °C for PbTiQ is about 1.8x". The grid space is cho- hedral variants ar€l00 and{110.22>>"?®In order to main-
sen asAx =1.0 and the time step i&t"=0.1. tain the charge neutrality for the domain wall, the normal
The macroscopic constraint from the substrate is deeomponent of the polarization vector needs to be conserved
scribed by the average straifs (o, =1, 2) while the con-  across the domain wall. Since the short-circuit electrostatic
tinuities of the deformation and stresses on the film/substrateoundary was employed in the simulation, there will be no
interface provide the microscopic constraint. A uniform bi- polarization charges in the out-of-plane direction. Therefore,
axial constraint ok, =¢,,=€,, ande;,=0 is considered. Itis the short-circuit electrostatic boundary condition promotes
known from our previous simulations that the stable ferro-the film being poled in the out-of-plane direction, which can
electric phase in the film could be the distorted rhombohedrabe seen from Fig. 1 wherB;>0 through the whole film.
(|P4]=|P4|>0,|P5|>0), orthorhombic (|P,|=|P,/>0,P;  The corresponding domain walls shown in Fig. 1 are, respec-
=0) or tetragonal(|P,|>0, P,=P3=0 or |P,/>0, P,=P; tively, parallel to plane$-101) and (0-11), which is con-
=0 or |P4 >0, P,=P,=0), dependent on the temperature, sistent with the theoretical analysis.
composition, and substrate constragt’ In order to con- It should be emphasized that because of the biaxial sub-
sider the dipole-dipole interactions, the short-circuit surfacestrate constraint, the magnitude of the out-of-plane compo-
boundary condition is used in the following domain structurenent, P, is different from the in-plane componen®; and
simulations. The short-circuit boundary condition can beP,, i.e.,|P;|=|P,| #|P|. As a result, th§011} domain walls
achieved by placing top and bottom electrodes when lettinfleviate slightly from the ideal 45° direction. As shown in
both electrodes grounded. The electrodes compensate the geig. 1, a compressive constraint decreases the angle between
larization charges on the surfaces, so no depolarization fielthe domain wall and film/substrate interface whereas a ten-
develops. In order to calculate the electrostatic field, the relasile constraint enlarges it.
tive dielectric constants;; of the film are needet. Sincex; We calculated the volume average of the polarization
strongly depend on the domain structures in the film, thexcomponent over the domain structure and obtained the fol-
vary with composition, temperature, as well as the substratwing values for the three different substrate constraiais:
constraint. In the simulations, we approximatg through  |Py|=0.377, |P,|=0.392, |P5|=0.334; (b) |P;|=0.341, |P,|
xij = mj/ wo and 73;= x;;* by taking x;; as the volume average, =0.333,[P;/=0.379; and(c) |Py|=0.262,|P;/=0.252, [P}
Xi,—:1/fof\,<92f’/<9Pi(?de3x,37 where f'=fou(P;)  =0.431. It is seen thgP;| and |P,| are close to each other
+fead Piygij). It is found thatx;,~ «kp, and (i #]) is at  but different from|P;| because of the uniform biaxial con-
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FIG. 2. Orthorhombic domain morphologies in Phdliy 05 films at T
=280 °C andey=0.005. (8) k11=k2=700.6, k33=2404 and(b) xi1=x5,
=668.0,k33=2417.

directions in each domain are shown. It is observed that the
polarization configures across the domains are all of head-to-
tail arrangements, consistent with electrostatic energy mini-
mization. Although Figs. @) and 2b) look quite different,
they have similar domain shapes and almost the same dielec-
tric constants. The relatively high dielectric constants are due
to the fact that the temperature is near the ferroelectric tran-
sition temperature. It should be pointed out that although the
orthorhombic phase has been predicted from the simulation
based on the thermodynamic parameters given by Hdun
al.***%it has not yet been confirmed by experiments.

FIG. 1. Rhombohedral domain morphologies in Rpfi, 05 films at T
=25°C. (@) €=0.005, x13=Kpp=177.3, k35=221.9; P1g=0.32, P3,=0.29;
(b) €,=0.00, k11=k,,=233.4, k33=188.2; P,,=0.31, P3,=0.36; and(c) e,
=-0.005, k1= kp,=396.9, k33= 165.7; P14=0.20, P3,=0.42.

C. Tetragonal domain morphology
straint. Obviously, the compressive substrate constraint in-
creases$P;| while tensile constraint suppresses it. The distor-

. . st
tion of the rhombohedral phase by the substrate constralrfﬁe tetragonal phase is stable in a PZT film with mole frac-

also leads to anisotropic dielectric constants, i~k . .
# K33, Which can be easily seen from the values listed in thd'on of PbTiQ; x>0.5. It has been shown that the stable
egion of the tetragonal phase extends to the range of

figure caption. Therefore, it is possible to use the substrat8

constraint to modify the dielectric constants and polarizatiorf 0'.5 under a subs.trate constraint regardl_ess vyhether It Is
magnitude. ensile or compressive. There are totally six variants of te-

tragonal phase. They aré+P,,0,0, (0,%+P,,0), and
(0,0, +P3), respectively. Due to the biaxial substrate con-
straint and the electrostatic boundary conditiBg,is differ-
Under a large tensile substrate constraint, the orthorhoment from P; and P, but |P,|=|P,|, similar to the case of
bic phase with polarization gP,|=|P,|>0 andP;=0 can be rhombohedral domains. Conventionally, the domains with
stabilized at higher temperature in a PZT film with small polarization (+P;,0,0), (0,%P,,0), and (0,0,+P;) are
mole fraction of PbTi(Q.29 There are four variants for the called a; domain,a, domain, andc domain, respectively.
orthorhombic  phase, i.e., (P,,P;,0), (P;,—-P1,0), The interfaces between these variants are the 90° domain
(=P1,P1,0), and(-Pq,-P4,0). These variants form 90° do- walls along{110.
main walls of{100}; orientation or 180° domain walls along Figure 3 shows two tetragonal domain structures for two
{110.% Figure 2 shows two examples of orthorhombic do-different substrate constraintgg=0.001 ande,=0.01, in a
main structures obtained at=0.20, T=280 °C, andey,  PbZi ,TiggP; film at T=25 °C. The three colors represent
=0.005. The two domain structures correspond to two differthe a;, a,, and ¢ domains, respectively. The domain-wall
ent initial random polarization distributions. The polarization orientations are well defined in the simulated domain struc-

Tetragonal domain structures are probably the most often
udied in experiments. Based on the phase stability 2ﬁ’1ap,

B. Orthorhombic domain morphology
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a,-domain

FIG. 3. Tetragonal domain morphologies in Ppdn O3 films at T
=25 °C with(a) e,=0.001 andb) €,=0.01.

tures. As expected, under a biaxial substrate constraint, the
volume fractions of; anda, domains are approximately the
same, and they increase with the tensile steinFor ex-
ample, for the two domain structures in Fig. 3, the corre-
sponding domain volume fractions are, respectivélg;
=0.177,Va,=0.179, andVc=0.644 fore,=0.001 andVa,
=0.493,Va,=0.505, andvc=0.002 fore,=0.01. The dielec- (d)

tric constants corresponding to the domain structures are ,g@ ,\vf@
K11= Kpo= 135.6,K33:71.4 f0r60:0001 andKn: K22:80.5,
k33=169.6 forey=0.01. Therefore, one can see that the out-
of-plane dielectric constants; has a larger value in a film
dominated bya;/a, domains than that in the film wheie
domain is the majority.

IV. EFFECT OF DEPOLARIZATION FIELD ON
RHOMBOHEDRAL DOMAINS

The results presented in Sec. Il were obtained under thelG. 4. (a-¢ Rhombohedral domain morphologies in Ppdii, ;05 films at
short-circuit electrostatic boundary condition, and hence nd =25 °C ande=0.005 under the open-circuit surface boundary condition
depolarization field between the top and bottom film surfaceggipfr:enstghemat'c flustrations of the - polarization  directions - and
exists. To study the effect of electric boundary conditions on
the domain structure, we also consider the open-circuit
boundary condition for the film surfaces. The domain strucvolume average of the polarization componBgtwas close
ture of a PbZggTiy .05 film at temperatureT=25 °C and to zero, which corresponds to an unpoled state in the out-of
substrate constrairgy=0.005 is shown in Fig. 4. plane directiorf? In order to understand the driving forces

The domain structure in Fig.(d was obtained by di- that are responsible for the formation of herringbonelike
rectly applying the open-circuit electrostatic surface boundmorphology, we artificially increased the value of;. Fig-
ary condition. The dielectric constankg;=«,, and k33 are  ures 4b) and 4c) display the domain structures obtained by
evaluated using the same method discussed in Sec. lll, arfiking k1= k,,=200 and taking«;3=1000 and 1500, respec-
K11= Kpp=202.4,k33=493.2 for the final domain structure at tively. As one can see that the larger thg, the weaker the
the end of the simulation. It shows a herringbonelike mor-effect of the open-circuit boundary condition is. The herring-
phology and is very different from the one shown in Fige)l  bonelike morphology gradually disappears with the increase
although the only difference between the two simulations if 33 From these simulations, we may conclude that the
the different electrostatic boundary conditions. From Fig.herringbonelike morphology is due to the effect of strong
4(a) one can see that all the domain walls are perpendiculadepolarization field. Herringbonelike morphology was often
to the film/substrate interface. The results showed that thexperimentally observed in bulk syste%%8 but has not
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been reported for films. As shown in the schematic polariza- 7, =[2.6213 + 0.42748- (9.6 + 0.01250%)e 12%]
tion arrangement in Fig.(d), the herringbonelike morphol-

4

ogy consists 0f110) and (1-10 domain walls which were X 104Co,

E)Org\i)logil%/ ﬁpl)rr:]eg;gted to be unfavorable wall orientations in 7,=[0.887 - 0.76978+ (16.225 - 0.088658)e2125%]
The impact of the open-circuit boundary condition on X 10%%/Cy,

tetragonal domain structures was shown to be similar to that

in lead titanate films? For the orthorhombic domain struc-  T,=189.48 + 843.4— 2105.5%+ 4041.&3 - 3828.%*

tures, the film surface boundary condition does not have a 4133785

significant effect since the polarization in the orthorhombic e

phase is in plane and perpendicular to the depolarization field r 21716

from the open-circuit boundary condition. Co= - 5+0.13K+ 2_01} X 10°
| 1 +500.0%5x-0.5

when 0.0 x=< 0.5,

V. SUMMARIES AND CONCLUSIONS

P . : i i 2.8339
A_phase fl_eld model |s_employed to 3|mu_late the ferro Co= 5+ 1.4132] X 10°,
electric domain morphologies 001 PbZr_,Ti,O5 (PZT) | 1+126.56x-0.5
e_p|ta_><|al thin films. The electros_ta_ltlc short-cwcun_ and open- when 0.5< x < 1.0,
circuit surface boundary conditions are considered. The
{100 and {110} domain walls between different rhombohe- wherex is the mole fraction of PbTiQin PZT andwy is the
dral variants, the 90° domain walls oriented aldd@C be-  dielectric permittivity of a vacuum. The units are in Sl units
tween the orthorhombic variants having in-plane polariza-and temperature is in °C. Some typos of the coefficients in
tion, and the 90° domain walls between the tetragonathe original published articles were corrected here.
variants were predicted from the simulations. It is found that
both the substrate constraint and the electrostatic boundar} Q. CEen and Y. Z. Wang, JOMS, 13 (19(96- )

e i yAifi ; ; i L. Q. Chen, Annu. Rev. Mater. Re§2, 113(2002.
condition can S|gn|f!cantly alt_er the orlenta_mon and magni °R. Takayama and Y. Tomita, J. Appl. Phy85, 1666(1989.
tude of the_ polarlzat!on, doma'_n morphologles, as well as _the40. M. Foster, G. R. Bai, R. Csencsits, J. Vetrone, R. Jammy, L. A. Wills,
ferroelectric properties. The simulation results may provide E. Carr, and J. Amano, J. Appl. Phy81, 2349(1997.

insight for strain engineering of PZT ferroelectric films. ®J. G. Hong, H. W. Song, S. B. Hong, H. Shin, and K. No, J. Appl. Phys.
92, 7434(2002.
®T. Oikawa, M. Aratani, H. Funakubo, K. Saito, and M. Mizuhira, J. Appl.
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