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Stability of 180° domain in ferroelectric thin films
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(Received 21 January 2003; accepted 9 April 2003

Ferroelectric random access mem@RRAM) has attracted much attention in the last two decades
due to its ideal properties such as nonvolatility, high speed, and low power consumption. There is
a strong incentive to develop high-density FRAMSs, in which the switched domains, developed under
low voltage or short pulses, are necessarily very small, and are therefore usually unstable and suffer
from significant backswitching upon removal of the external voltage. In this investigation, a general
form of energy expression for a ferroelectric material containing 180° domains is derived, from
which evolution equations of the domain are established. By choosing the change in internal energy
as the Liapunov function, a general formulation is developed to determine the stability conditions of
the switched domain. This is applied to the case of an ellipsoidal 180° domain and yields a criterion
for the stability of switched domains. We note that our approach is generally applicable to many
other fields, including phase transformation, nucleation, expansion of dislocation loops in thin films,
etc. © 2003 American Institute of Physic§DOI: 10.1063/1.1578529

I. INTRODUCTION et al® considered the stability of an electrodeless near-
Ferroelectric materials fall into a special group of polarsurface ferroelectric domain, and fpund that the domain is
dielectrics in which the spontaneous polarization can bémstable unless the surface charge is compensated. Therefore
it is very important for us to know the stability conditions for

switched with an external electric field. Different ferroelec- o N .
tric domains have different piezoelectric, pyroelectric a domain in the absence of an external electric field. In this

electro-optic, and nonlinear optic constants, and many applf€92ard; the critical dimension of a stable 180° domiie.,
cations of the ferroelectric materials are derived from thisPn€ that does not switch back after the removal of external
characteristic. Over the last decade, interest in ferroelectric¥0!tag®, induced by the AFM tip on the surface of a ferro-
has dramatically increased due to their wide application irf/€ctric material, is important information for fabricating
various electronic and optoelectronic devices, and as a resdfTo€lectric memories with reliable retention properties.

of recent achievements in the processing of ferroelectric thin DU to the direct influence of domain structures on the
films. macroscopic properties of ferroelectric samples, many fabri-

The unique ability of a ferroelectric film to maintain its Cation techniques are based on domain structure optimiza-
polarization even in the absence of an external voltage makd©n- In general, a 180° domain evolves under combined ac-
it very useful as a nonvolatile memory device. Random action of the externally applied electric field, the depolarization

attracted much attention recently, due to their ideal propertie§lectric field that may originate from defects in the matetial.
such as nonvolatility, high speed, and low powerUnderan external electric field, a 180° domain nucleates and

consumptiort-2 expands, but may shrink back under action of the depolar-

The development of high-density FRAMSs requires theization field and surface tension when the external field is
fabrication of switched domains of very small size under |0Wremoyed. _ o
voltage or short pulses. Recently, atomic-force microscopes ~Since domain switching has profound effects on the per-
(AFMs) have been successfully used to impfiot “write” )~ formance of devices made of ferroelectrics, a lot of research
small ferroelectric domains onto the surface of ferroelectrigvork has been done to understand the phenomena. In an
materials’ Devices prepared in this way have been propose@arly study, Landaué|_con3|dered the possible formation of
for possible use as high-density nonvolatile memory becausé@ermally induced, spike-shaped ;Jlomams of reversed polar-
of the very small feature size achievable using this techization in BaTiG. Rickmanetal.” reported treatment of
nique. Polarization in AFM writing is accomplished with the twin domain formation energetics in ferroelectric materials.
high electric field of the AFM tip. There is no need to use aSpecket al? described domain formation in epitaxial sys-
top electrode, like in the usual poling process. Howevertems in terms of a defect theory. The kinetics of domain wall
without electrodes, there is no bound charge to tie the po|a|ev_aluati50n were considered by Loge and Sw@opalan and
ization charge. Therefore, the depolarization energy mapMitchell> carried out a systematic study of the switching
cause serious depoling when the AFM tip is removed. Litime, domain wall velocities, and stabilization mechanisms
of 180° domains irZ-cut LiTaO; crystals. Huo and Jiang

30n leave from Harbin Institute of Technology, Harbin, China; electronic and Rosak!s a_nd q|angropose(_j a Contmuum. model f.or

mail: mmwangb@polyu.edu.hk domain switching in polycrystalline ferroelectric ceramics,
P’Corresponding author: electronic mail: mmchwoo@polyu.edu.hk and studied the morphology of ferroelectric domains. Lynch
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=a, andc=a;. For the prolate case<c [Fig. (@], and
for the oblate casea>c [Fig. 1(b)]. Under an applied elec-
C trical field, a 180° domain will nucleate and expand. The
driving force for domain evolution is the reduction in free
C energy in the process, which can be calculated by a surface
integral derived by Wang and Xi&bfor a general shape. In
a this connection, the electrostatic energy of a ferroelectric ma-
a terial with a general 180° domain depends on the geometry
of the domain. The energy driving force can be derived di-
rectly by taking the derivative with respect to each parameter
governing the geometry. For example, if the domain is as-
sumed to be an oblate or prolate spheroid, we can obtain the
driving force directly by taking the derivatives with respect
(a) (b) to shape parametessandc.
FIG. 1. Schematic of the prolate spheroidal and oblate spheroidal domains. Since there is rlO strain involved m, the 180° domain,
only the electrostatic energy and domain-wall energy enter
into our analysis. The ferroelectric material can be modeled

and co-worker® examined the nonlinear behavior of PLZT aS an ordinary dielectric material with spontaneous polariza-
based on a domain switching mechanism. Wang and*Xiao tion Ps, whereas inside the 180° domain, the spontaneous
investigated the dynamic process of domain switching. Yangpolarization is— Pg. This problem can also be considered as
et al’* made a direct optical observation of pinning andtwo subproblems? one that is related to a uniform dielectric

bowing of a single 180° ferroelectric domain wall under amaterial with spontaneous polarizati&y, and the other re-
uniformly applied electric field using a collection mode near-|ated to this dielectric material, with an embedded region
field scanning optical microscope. Li and Weéndeveloped with spontaneous polarizatid®* = —2F3$, corresponding to

a micromechanical theory for the nonlinear behavior of ferhe 180° domain.

roelectrics. Recently, domain switching and the back-  cgnsider a dielectric body, containing an inclusio)
switching process have attracted many researchers. For ex-

. . o . Wwith spontaneous polarizati0ﬁ2l55, subjected to an ap-
amplfa, M_atyjase’i? .StUd'ed the depolarlzatlo_n effect in a.glied electric field. The total electric field is the sum &}
telluric acid ammonium phosphate crystal using the nemati 0 oo S
o . o 17 . andE;, whereE; is the electric field applied in the absence
liquid-crystal decoration technique; G al.** studied the of the inclusion. and: is due to the spontaneous polariza-
domain stability of (Pk7Ca, »9 TiOs thin film using piezo- » anc P P

[ESDONSE MICrosCoby: Gruverman and TarBiavestioated tion prescribed in the inclusion. In the absence of strain, the
P by 9 . fundamental work associated with the change in electric field

the nanoscale mechanism of retention behavior ing given by
SrBi,Ta,Og (SBT) thin films by piezoresponse scanning
force microscopy.

In this article, we intend to establish a general formula-  SW* =3EJD, (&N
tion to determine the stability conditions and the stable di-

mension of a 180° domain in a ferroelectric material to avoid . L
whereD is the electric displacement vector.

backswitching. An expression for the energy of a ferroelec- Under two different boundary conditions, we can derive

tric material as a function of the domain geometry is first : . .
. ) . .. the following two different energy expressions for the
derived. The thermodynamic driving force and the k|net|cSystem

equations governing the evolution of the domain are then . L
established. Based on the kinetic equations of the domain (1)00n boundaryS Othe electric charge is given by’
and using the internal energy change as a Liapunov function, ni(Di+Dy), whereODi andD; are the electric displace-
a stability analysis is carried out, and the critical geometry o{h ent vect(?rs due tp” and t.he inclusion, respectively. -

the domain is determined. Finally, as an example, we con- _!f the intemal energy is assumed to be zero wiien
sider an ellipsoidal 180° domain in a ferroelectric material.=P, E/=0, and the uniform ferroelectric polarization
The ranges of its two size parameters for which backswitchcharges were neutralized, the electrostatic energy can be
ing will happen are determined. written as

Il. ENERGY EXPRESSION

Assumed as a near-equilibrium thermodynamic process,
the speed of domain evolution can be assumed to be propor-
tional to the energy driving force, i.e., the total free energy
reduction rate with respect to the change in domain size. FovhereH () is the Heaviside step function in domain region
simplicity, the 180° domain is assumed to be in the form of(). SinceD; ;=0 inV andn;D;=0, n,D%=p° on S, wheren,
an oblate or prolate spheroid, the geometry of which is deis the inward unit normal vector on the boundary, integration
scribable in terms of two parameteesandc, wherea=a; by parts gives

vv*%fff[D?+Di—PrH<m](E?+Ei>dv, @)
\%
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o where Eqgs(4) and (5) were used to derive E@6). Without
j j j Di(Ef +Epdv the 180° domain, and assuming that a dielectric body is sub-
v jected top® alone, the Gibbs free energy is given by
1
- [ [o@o+a),-p, @0+ @y Go=3 [ [ [ 200w [ [ powaas (7)
\% \% S
= _f f nD;(®°+ ®)ds=0, 3) If sponta_neous polarization due to inclusio_ns_ is introduced in
V, the Gibbs free energy of the system will increase by
S

1
AG=G-G :——JJJEP*dv. 8
J' J’ J’ DioEidV:f f f SijEJQEidV 0 2 0 b ( )
\% \Y

One may be puzzled by this surprising result: the change in

:J J J EiO(Di_ P)dv Gibbs free energy of the system, due to the introduction of

inclusions with spontaneous polarization, is just the depolar-

v ization energy of the inclusions. There is no interaction be-

tween the electric field applied and the spontaneous polariza-

:_f f f EPPIdv. (4)  tion. In fact, this surprising result is due to the boundary
a condition we assumed. The electric charges along the bound-

ary remain unchanged when spontaneous polarization inclu-

Substitution of Egs(3) and (4) into Eq. (2) yields sions are introduced into the body, which means that the
electric charges induced by the inclusions on the boundary
1 00 1 . have been discharged. Thus, the interaction between the elec-
W*ZEJ J J DiEfdv— EJ J J P Eidy tric field applied and the spontaneous polarization has been

v Q eliminated.

It is not easy to fix the electric charge distribution along

_f f f p* g0, (5) the boundary during the whole process. The result obtained

b here in Sec. Il suggests that the effect of the electric field

@ applied on domain switching may be eliminated by properly

, . . adjusting the boundary conditions. More familiar results can
Here the first term is the electrostatic energy due to the eleG;. jhtained if the following boundary condition is used in-
tric field applied in the absence of the spontaneous polarizas—tead

tion inclusion. The second term is the electrostatic energy (2) On boundaryS, the electric potentiafb® is given

due to the depolarization field of the spontaneous polarizag o can derive the electrostatic energy using @y. Thus,
tion, and the third term is the interaction energy of the twog. .n  _0 D% -0 inV and®=0 on S integration by
Il r LI

electric fields. It is interesting to note that the electrostaticparts gives
energy is not the sum of the two energies due, respectively,

to E® andP, as stated by Colonnetti’'s theorem in the coun- 0 0
terpart elastic problert?"?° Under constant temperature, the f f f Ei(Di+Dj)dv= _f j j [®(Dy+Dy)],idv
electrostatic energy can be treated as the Helmholtz free en- v v

ergy of the body. One needs to subtract the work done by

external charges to derive its Gibbs free ene@yy :f f n(D%+D,)dds=0. (9)
I I I .
S

f{/fE?Didv=J'J\’/jEiO(SijEj"‘Pi)dV
:jJ;fD?Eidy+J£JE?PrdV
_ f £ f EOP¥ do. (10

Substitution of Eqs(9) and(10) into Eq. (2) yields

G=W*—jjp°(<bo+(l>)ds

S

=V\rk—ffp°q>0ds—ff<bnio?ds
S S

:%f f f E?D?dv—ffpoqnods

\Y S
1 *
([ [etan ®

Q
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change associated with the growth of the domain. In the
following, we derive the explicit energy expressions for an
y ellipsoidal domain. We divide the problem of an 180° do-
main in a ferroelectric body into two subproblems, as men-
:_J j f DiOEi()dV__j f j EP*dy. (11) tioned earlier. For an ordln.aray dielectric mat'erlaI. Wlth uni
2 2 form spontaneous polarizatid?y, the electric field is given
It is interesting to note that the electrostatic energy here is

W*=%JJJ[D?+Di—Pi*H(Q)](EiO+Ei)dV

the sum of twq contributions due 16 andP} , rgspectively. EO—g0_ P_S (13)
The increase in Gibbs free energy can be written as €
1 whereé® is the electric field applied in the dielectric material
AG=G—-Gy= _EJ f f EP*dv without spor?tanie_ous polarization, which may include inter-
0 nal electric fieldE' as follows:
0_F [t Fi
_f f j EOP* d, (12 &0=Eok+E, (14)
a in which the electric field applied is assumed to be parallel
_ . i with the z axis, whereas the spontaneous polarization is
where in deriving Eq(12), we have used Ed10) again.

X . along the opposite direction of theaxis. When there is a
Equations(5), (8), (11), and(12) are general expressions 180° domain with spontaneous poIarizatienZﬁ in this
for the electrostatic energy and the changes in energy assai—elec s

ciated with the introduction of a different ferroelectric do- ~ . 'tI’IC 'matenal, the electric field inside the ellipsoidal do-
e . . . main is given by®

main in a ferroelectric material under different boundary

conditions. It can be seen that only the internal electric field P

inside the domain is needed to evaluate the energy. Bs=—5ls E1=E2=0, (19

A given electric potential is the most common boundary
condition used. In this case, E€L2) gives the free energy where for ellipsoidal domairl,; is given by*

4mca?{log c/a+(c/a)>—1]—c?—a?/c}/(c>*—a?)%? prolate spheroid,c>a

l3=1 4m/3 sphere,c=a (16)
41ra’c[\(alc)?>—1—arccosc/a)]/(a®—c?)%? oblate spheroid,c<a.
|
Substitution of Eqs(14) and(15) into Eq. (12) yields (17) gives only the change in electrostatic energy due to the
introduction of an 180° domain. One needs to add the surface
AG=G-G, energy of the wall as follows:

AT=—cal| 5 13— 2(Eg T E)P,

1
=—§fHEiPrdv—HfE?Prdv am [ P? 2p2
Q Q &

4
_ — 2
3 ca

PS

+I'(a,c)o, (18)

P e P
I3—2(Eg+E")Pg

2me ' (17

~ R where o designates the surface energy per unit area of the
where P* =2P.k, and we assume that the internal electricwall, and I" is the surface area of an ellipsoidal domain,
field acts in parallel with the electric field applied. Equation given by

c
a-+ arcsin(\1—a?/c?) |, prolate spheroid,a<c
J1-a?/c?

2m7a

I'(a,c)= ; B (19)
Ta sphere,a=c

2ma[a+cly(alc)>—1log(a/c+ y(a/c)>—1)], oblate spheroid,a>c.
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J(AT)
a ja
¢ = J(AT) 20
= (20
As discussed by Loge and Stidhe evolution rate can be
? reasonably assumed to be proportional to the corresponding
% driving force,
Z de . dAT)
¢ dt ¢ ac '
da—Mf M J(AT) ”
dat @ ga @D

whereM is a material constant.
As discussed earlier in Sec. |, investigation on the back-
switching process, i.e., shrinking of the switched domains
FIG. 2. The free energy as a function of the domain size. after the removal of the electric field applied, is of both prac-
tical and scientific interest. Here, the back-switching process
is driven by reduction of the depolarization energy and the
The energy expressions, E(8), derived here can be used domain-wall energy, whereas the internal electric field and
to calculate the change in free energy due to the introductiofhe coercive field provide resistance.
of a ferroelectric domain in a general ferroelectric sample. Equation(21) is a system of nonlinear differential equa-
We assume that the process is isothermal, so that effecifons, which we will not attempt to solve. Instead, our inter-
due to a change in entropy can be neglected. Generallyst is in the conditions of stability of the solution. Knowing
speaking, the spontaneous polarization is a decreasing fungat (a,c) =(0,0) is a stationary point, we can determine the
tion of the temperature; it approaches zero when the tentondition under which backswitching can be avoided if we
perature approaches the Curie temperature of the materigdan find its area of attraction, because all solutions of Eq.
Thus the effect of the temperature can be taken into aCCOUf(IQJ_) Starting in this area will asymptotica”y approach the
by substituting the spontaneous polarization as a function Osf,tationary point.
the temperature. In practice, the initial ferroelectric polariza- Although the Liapunov critericif may be used to deter-
tion charges on the surface can be neutralized in sufficienhine the stability of a stationary point and an associated area
time, therefore the third term in the square bracket in Edqof attraction, there is no guarantee that this area contains all
(17) can be omitted. the starting points of solutions that eventually end up in the
For PZT thin film, we can use the following material stationary point. In the following, we will determine the area
constant$: spontaneous polarizatio®s=30 uClcn?; rela-  of attraction using the phase diagram of the solution. We can

tive dielectric constants,=1000; domain wall energys  choose the change in internal energy of the system as a Li-
=4 mJ/nf. If electric field Eq=120 kv/cm is applied and  apunov function:

the internal electric field is assumed to be zero, the change in 1
free energy, Eq(18), is a function of the 180° domain di- La,c)=— Ef f f EP*dv+T(ac)0, (22)
Q

a *10”(m) ¢ *107(m)

mension{a,c}, as shown in Fig. 2.
It is interesting to note from Fig. 2 that for a given trans-

verse size of the domain once the semiaxiong the sym-  \yhere the first term comes from E@.7) by setting the elec-
metric axis is above a critical value, the free energy of thgyic fielqd applied to zero. It is obvious tha(a,c)>0 for all
system will decrease. On the other hand, if one fixes the SiZE’a,c)a&O, andL(0,0)=0. Therefore, the total derivative of

of the domain along the symmetry axis, the free energy alg,e Liapunov function corresponding to B&1) is
ways increases with an increase in the transverse size of the

domain. This provides an explanation for the observation dL L d—a+ﬁ Jc
that the 180° domain always develops along the direction of dt gda dt dc ot
applied electric field first, and then sidewise developmen

follows.#

JL
a9a

JL
+ fC%> . (23)

tI'he stability condition for the stationary poif@, 0) can be

identified if dL/dt<<0. This can be expressed as
gL\? [aL\% oL 4 o
A [ eteran
. . Jc Ja da
For a spheroidal domain, two parametergndc, com- o
pletely describe the geometry of the domain. The rate of

Ja
evolution of the domain then depends on the driving forces oL ¢
b g fffE?Pi*dKo.
Q

IIl. KINETIC EQUATIONS OF EVOLUTION

which are the free energy reduction rates accompanying the + Jc dc (24)

change ofa andc, i.e.,
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For an ellipsoidal domain, 5
a’c 8 1
L(a,c)= 3e Psls(a,c)+I'(a,c)o, , |

C

0px . _ 8T 2 o i £ °r 1

fJJEiPi dv—?a c(E°+E")P;. (25 é ;

Q § )

We set the electric field applied & =0. Taking PZT

material as an exampleand assuming an internal field of 60 3r |
kV/cm, spontaneous polarization iBs=30uClcn?; the ! i

relative dielectric constant is, =1000; the domain wall en-
ergy is c=4 mJ/nf. For an ellipsoidal domain, Eq24) T
gives, to good approximation, a linear relation betwa@md o
C

1 [} 1 1 1 1 T
0 2 4 B 3 10 12 14 16 13 20
aspect ratio of the domain

c<3.2a+ay, (26) FIG. 3. Parameter;(B) vs the aspect rati@=c/a.

wherea, is about 4 nm. The region given by E(6) in-

cludes the stationary poiri@, 0). It is obvious that the zero

solution is asymptotically stable. Next we need to determine, ~ Since Eq.(21) is an autonomous equation with a simple
the area of the origin, which contains all the starting pointsattractor at the origing,c)=(0,0), it is easy to compute its
of solutions that have the origin as a stationary point. If thePhase diagram based on

transverse size of the ellipsoidal domain is much larger dc f,
thana,, the critical aspect ratio approaches a constant, i.e., =7 (32
a
—9
Bo=3.2+ 4x10 ~3.2. (27) From the phase diagram, the region of instability can be

determined for PZT material. Any solution that starts from
this region will eventually end up in the attractor at the ori-
gin, i.e., shrink to zerdgFig. 4).

c=katb, (28) Experimental results of the aspect ratio of stable 180°
domains in a bulk ferroelectric body were always found to be
much larger than the critical value. For example, Gopalan
and MitchelP found that the aspect ratio of dagger shape
domains for TGS single crystal is 13:@.2. Woo et al?®
found an aspect ratio of 5:14 for the dagger shape domain in
PZT thin film. To quantify the back-switching resistance of
the domain, one can replace internal electric figldy co-

A generalization of Eq(26) can be written as

where slopé is found to depend on the internal electric field
and the spontaneous polarization, and paranteisrfound
to depend mainly on the wall energy.

Noting thatb is very small, we make the approximation
that 8=c/a remains constant. Then E4) can be written
as

L8 6 }
—Psa|3(,8)—§7TaEIPS+O'F(B)

C% 3e
x1078
ralt| 2 b2y 8 raBiP.+oT(8)|>0, (29 T | |
a(?C 3 Sa 3(B) 377a sT O (B) ’ ( ) a5k
whereI'(a,c,c)=acl'(B). SincedL/da>0 anddL/dc>0, 4/

and numerous numerical calculations have shown that the 35/

wall energy contribution is small, Eq29) can be approxi- £

mated by o 3Y
8 16 25
3s Psals(B)— 3 maE'P>0. (30)

Sincea>0, we have

2meE!

I5(8)> P

(31) "

Y

domain of attraction

SIS L S LSS
0 02 04 06 08 1 12 14 16

am x107°

in which we have considered thif(8), S=c/a is a mono-

tonic decreasing function of the aspect raffag. 3). Substi- g
tution of the material constants into E§1) gives the critical

aspect ratioB.~3.4, which agrees very well with our nu-

merical results. FIG. 4. Unstable area of 180° domashadedl
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o)
pis}
o

main. Even if the starting shape of a domain is spherical, it
may not keep its spherical shape during the evolution pro-
cess. The stability analysis should not be performed under
the a priori assumption of spherical symmetry. For the ex-
pansion process of the 180° domain, the driving force comes
from the interaction energy of the electric field applied and
spontaneous polarization, whereas the resistance is provided
by the depolarization energy, domain wall energy, and coer-
cive field. One can also carry out a stability analysis based
on the foregoing formulation to determine the critical dimen-
sion of the domain, above which it will expand into the
whole sample in an unstable manner.

critical radius (nm)
— p—y [N] N (1)
Qo h Q (55 Q
o [m=) a a o
1 1 1 1 1

[os]
o
T
1

qEIIJ 150 11I1|J . 1lI3EI 1é|El 260 220 IV. CONCLUDING REMARKS
electric fleld (kvicm) Based on evolution equations, a general formulation for
FIG. 5. Critical radius of 180° domain nucleation vs the electric field the investigation of the stability of microstructures has been
applied. established. If only one parameteis needed to describe the
kinetic equation,
dx
ercive field E; as Li etal* did. However, their stability qi =, (37)

analysis gave a minimum aspect ratio of a stable domain of o ) _

the order of 100 for PZT thin film, which is unrealistically ©ne can determine its stable point and the associated attrac-

too large. It may be worthwhile to redo the stability analysistion region by considering its right-hand side. But if more

of the AFM-tip/PZT film/substrate configuration using our than two parameters are needed to describe the system evo-

formulation. lution, one can choose the internal energy change of the sys-
As a simple example, we consider a spherical domaintem, expressed as a function of the microstructural param-

We further assume unrealistically that it will expand along®t€rs and environment, as the Liapunov function. The

the radial direction. In this case, E(L8) becomes stability properties of the system can then be analyzed
readily. As an important application, the method is used to

4w [2P% i itical di ions in whi i -
AT= a8 22 o p.| +4mae, 33) fjetermme th_e critical _dlmer!smns_ in which switched domains
3 3e in ferroelectric materials will switch back upon removal of
and the evolution equation becomes external voltage. Besides the pr|ous scientific mterest, such
a theory can be used to provide the necessary guidance for
da 5 2P§ the production of stable switched domains. This is especially
gt - ~Mjamat| ==—2EPs| +8mao|. (34 important for the fabrication of ferroelectric memory de-

) ] ) ) o vices. Although the analysis has focused on an ellipsoidal
If we define the stationary point at which driving forceé  jomain in a bulk ferroelectric material in which an explicit

da/dtis zero, i.e., expression for the depolarization energy can be derived, it

a. =0, can be extended to cases of more complicated geometry, in

which the depolarization field and energy may be evaluated

a 20 (35) numerically. The effect of the temperature can also be taken
c2

2EoP— 2P§/(3s) ' into account through the temperature-dependent spontaneous
polarization. In this analysis, we assumed the driving force
for shrinkage of the domain is the depolarization energy and
the domain-wall energy, and that resistance is provided by
the internal electric field. However, the reversal of polariza-
tion would necessitate domain-wall motion, which is a dissi-
pative process commonly characterized by a coercive field.
Thus one can also replace or add the resistant terms by the
coercive field in the energy expressions. Furthermore, the
analysis is sufficiently general that it can be extended to
many similar phenomena, such as phase transformation, dis-
location loop nucleation, expansion, etc.

it is easy to verify thab ;=0 is a stable equilibrium point,
whereasa., is a nonstable stationary point from the sign of
the derivative of the right-hand side of E®4). That means

if the 180° domain size is in the range ok@&<a,,, it will
shrink to zero, if its domain size is in the range @t a.,
will expand to fill the whole sample. Thue., is the critical
radius of 180° domain nucleation. The variation of critical
radius a; versus the electric field applied, for PZT is
shown in Fig. 5. Using Eq(35), one can also obtain the
condition for the electric field applied or the internal electric
field, under which the 180° domains will always shrink,
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