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Effect of interfacial dislocations on ferroelectric phase stability and domain
morphology in a thin film—a phase-field model

S. Y. Hu, Y. L. Li,a) and L. Q. Chen
Department of Materials Science and Engineering, The Pennsylvania State University, University Park,
Pennsylvania 16802

~Received 13 January 2003; accepted 15 May 2003!

A phase-field model was developed for predicting the domain structure evolution in a thin film with
an arbitrary distribution of dislocations and subject to a substrate constraint. The effect of interfacial
dislocations on the formation of tetragonal ferroelectric domains in a cubic paraelectric matrix was
studied. It was found that the presence of interfacial dislocations locally modifies the ferroelectric
transition temperature and leads to the preferential formation of ferroelectric domains around misfit
dislocations. The types of tetragonal variants depend on the directions of the dislocation lines and
their Burgers vectors. ©2003 American Institute of Physics.@DOI: 10.1063/1.1590416#
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I. INTRODUCTION

The nature of the ferroelectric phase transition and
resulting domain structure evolution can be significantly
fected by the presence of internal electrical and struct
defects. A defect can locally modify the atomic bonding a
thus the local transition temperature. It can also influence
phase transition through the field that it generates. In a p
nomenological description using the Landau theory, the le
ing contribution of defects to the total free energy can
simply described by1

f d5
DA~x!

2
h2~x!2hd~x!h~x!, ~1!

wherex5(x1 ,x2 ,x3) is the spatial location,h~x! is the order
parameter describing the phase transition,DA(x) is the
change in the coefficient of the second-order term in
Landau expansion due to the presence of defects, andhd(x)
is the local field produced by the defects, which may prod
nonzero local values for the order parameter even above
Curie temperature.

In this work, we consider a special type of structu
defect, namely, dislocations, which generate inhomogene
elastic fields. Our focus is on the effect of interfacial dis
cations on the formation of ferroelectric domains in a th
film. Interfacial dislocations are generated to release
strain energy arising from a lattice mismatch between a fi
and a substrate.2 The effect of interfacial dislocations o
ferroelectric domain formation in thin films has been d
cussed previously using the reduced average substrate
straint due to the formation of misfit dislocations.3–7 In this
study, we consider both the average macro effect of a s
strate and the local effect on the ferroelectric phase trans
and the accompanying domain formation. For this purpo
we use the phase-field approach. Phase-field approach
previously been applied by Leonard and Desai to modelin
similar problem, phase separation in a binary thin film w
dislocations.8 However, since they employed analytical ela
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tic solutions to incorporate dislocations, it is difficult to a
ply their method to cases with an arbitrary distribution
dislocations. In this work, we focus on the ferroelectric pha
transformations and domain structure evolution in a thin fi
with an arbitrary distribution of dislocations.

II. PHASE-FIELD MODEL

A ferroelectric transition from cubic to tetragonal is co
sidered. The bulk thermodynamics in a stress-free stat
described by a Landau expansion using the unpolarized
unstressed crystal as the reference,

f Lan5a1~P1
21P2

21P3
2!1a11~P1

41P2
41P3

4!

1a12~P1
2P2

21P2
2P3

21P3
2P1

2!1a111~P1
61P2

61P3
6!

1a112@P1
2~P2

41P3
4!1P2

2~P1
41P3

4!

1P3
2~P1

41P2
4!#1a123P1

2P2
2P3

2, ~2!

where P5(P1 ,P2 ,P3) is the polarization vector, anda1 ,
a11, a12, a111, a112, anda123 are phenomenological coef
ficients which determine the nature of the transition, the tr
sition temperature, and the dielectric susceptibility as a fu
tion of temperature. It should be emphasized that the se
coefficients in Eq.~2! is measured under the stress-fr
boundary condition.

Under the stress-free condition, the ferroelectric ph
transition is accompanied by a spontaneous strain~called the
eigenstrain in micromechanics!

e i j
0P5Qi jkl PkPl , ~3!

whereQi jkl is the electrostrictive coefficient tensor, and t
superscriptP means the eigenstrain arising from the pola
ization.

In the phase-field model, the domain structure is d
scribed by a spatially inhomogeneous polarization distri
tion. Therefore, the eigenstrain is also inhomogeneous in
domain structure, resulting in long-range anisotropic ela
interactions among ferroelectric domains. Similarly, any
bitrary spatial distribution of dislocations can be describ
2 © 2003 American Institute of Physics
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by a space-dependent eigenstrain distribution. For examp
dislocation loop on slip planes with a Burgers vectorb
5(b1 ,b2 ,b3) can be expressed through the stress-f
eigenstrain9,10

e i j
0D5

1

2d0
@~binj1bjni !#d~x2xD!, ~4!

where n5(n1 ,n2 ,n3) is the unit vector normal to the slip
plane, d0 is the interplanar distance of the slip plan
d(x2xD) is the Dirac function, andxD is a point inside the
dislocation loop. Therefore, for a spatial distribution of ma
dislocation loops, the associated eigenstrain can be obta
by considering the total eigenstrains due to all individu
dislocation loops. We consider film-substrate interfacial d
locations with dislocation lines parallel tox2 axis ~see Fig.
1!. In order to describe the interfacial dislocations using d
location loops, image dislocations are introduced, as sh
in Fig. 1 by the dotted dislocation symbols.

With the total eigenstrain for a domain structure w
dislocationse i j

0 5e i j
0P1e i j

0D , the elastic strains and stress
can be obtained by solving the mechanical equilibrium eq
tion, through a combination of Stroh’s algorithm and the m
soscopic elasticity theory of Khachaturyan.11–15 The me-
chanical equilibrium equation is given by

]s i j

]xj
5

]~ci jkl ekl!

]xj
50, ~5!

whereei j is the elastic strain component, which can be o
tained by subtracting the stress-free eigenstraine i j

0 from the
total straine i j , i.e.,ei j 5e i j 2e i j

0 , andci jkl is the elastic stiff-
ness tensor.

To validate the elastic solution, we compared the str
field obtained from the present approach and that from
analytical solution16 for the case of a climb or glide disloca
tion in a half plane, assuming isotropic elasticity. It w
found that our numerical solution agrees very well with t
analytical solution~see Fig. 2!.

The elastic energy density of a domain structure is giv
by

f ela5
1

2
ci jkl ei j ekl . ~6!

Expanding Eq.~6!, we have

FIG. 1. Schematic illustrations of simulation model and dislocations
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f ela5
1

2
ci jkl ei j ekl5

1

2
ci jkl ~e i j 2e i j

0D2e i j
0P!~ekl2ekl

0D2ekl
0P!

5
1

2
ci jkl ~e i j 2e i j

0D2Qi jmnPmPn!

3~ekl2ekl
0D2QklmnPmPn!

5
1

2
ci jkl Qi jmnQklstPmPnPsPt

2ci jkl ~e i j 2e i j
0D!QklmnPmPn

1
1

2
ci jkl ~e i j 2e i j

0D!~ekl2ekl
0D!. ~7!

It is seen that the introduction of elastic energy alters
coefficients of the quadratic and fourth-order terms in
bulk Landau free energy polynomial in Eq.~2!. Since the
eigenstrain describing the misfit dislocations is spatially
homogeneous, it is easy to see that the presence of dis
tions modifies the local properties inside a ferroelectric d
main in which the polarization is otherwise homogeneou

For simplicity, we consider only the effect of elast
fields and ignore the explicit change in local atomic bond
due to the presence of misfit dislocations. We assume tha
interfacial dislocations are generated during a film depo
tion, and no additional dislocation forms during cooling. W
also assume that the dislocations do not move during dom
evolution. The effect of mobile dislocations will be consi
ered in a future publication.

The temporal evolution of a ferroelectric domain stru
ture is described by the time-dependent Ginzburg-Lan
equation

]Pi~x,t !

]t
52L

dF

dPi~x,t !
~ i 51,2,3!, ~8!

whereL is related to domain-wall mobility,F is the total free
energy of the film, andt is time. The total free energy in

FIG. 2. Comparison of stresses from analytical solution~lines! and from our
numerical calculation~scatter symbols! of an edge dislocation in an elasti
cally isotropic half space with shear modulusm and Poisson’s ration. The
plotted stresses are along the dashed line ofAB.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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cludes the bulk free energy, domain wall energy, elastic
ergy, electric energy, and surface and interface contributio
The domain-wall energy is introduced through gradients
the polarization field.15,17,18Since this work emphasizes th
effect of film/substrate interfacial dislocations, the interfac
contributions and the electric energy are ignored. The ef
of electric energy was discussed in one of our previo
papers.18

III. RESULTS AND DISCUSSION

Numerical simulations of ferroelectric domain formatio
were carried out by solving Eq.~8! using the semi-implicit
Fourier-spectral method.19 A lead titanate (PbTiO3) thin film
is considered.20 The coefficients of the Landau free ener
expansion as well as the electrostrictive and elastic const
are listed in Ref. 21, adapted from Refs. 22 and 23. With
set of coefficients, the transition is first order in the bu
under stress-free conditions. However, it becomes secon
der under clamped boundary conditions. Therefore,
paraelectric to ferroelectric transition is continuous or sp
odal under a substrate constraint in the sense that nucle
of ferroelectric domains in a paraelectric matrix is barri
less. A computational cell size of 512Dx31Dx3128Dx was
employed withDx5d0 being the grid size for the spatia
discretization. Periodic boundary conditions are appl
along thex1 and x2 axes lying along the film plane. Sinc
only one grid point is used in one of the dimensions,
simulation is essentially two dimensional. However, sin
our main interest is in studying the initial nucleation of d
mains around misfit dislocations, this quasi-two-dimensio

FIG. 3. Temporal morphologies of ferroelectric domains~c domains! at T
5485 °C in PbTiO3 film in the presence ofCI-type interfacial dislocations.
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system is sufficient, although the equilibrium volume fra
tions of each domain variant may not be accurate due to
two-dimensional nature. The film thickness was taken ashf

560Dx, and the heterogeneous elastic deformation in
substrate is limited to a distance ofhs554Dx from the film/
substrate interface. The parameters defining the disloca
eigenstrain are chosen asb0 /d051/3. The dimensionless
time increment~in units of 1/L) was taken asDt50.06.

The transition temperature for PbTiO3 from the paraelec-
tric cubic phase to the ferroelectric tetragonal phase wasTc

5479 °C under clamped boundary conditions with ze
strain. Therefore, in the absence of any local strain field,
paraelectric cubic phase is stable at a temperature higher
Tc . In the presence of dislocations, however, the inhomo
neous strain field of dislocations leads to the variation
transition temperatures in space, and it is possible for
ferroelectric phase to appear at a temperature higher than
bulk Tc . The local transition temperature can be determin
from the modified coefficient ofPm

2 ,

am8 5a11Dam , ~9!

Dam52ci jkl ~ekl2ekl
0D!Qi jmm , ~10!

where no summation is taken for the repeatedm. If am8 ,0,
the paraelectric phase is unstable with respect to its trans
to a ferroelectric phase.

To study the domain formation, we started the simulat
from a high-temperature paraelectric state. The initial st
was generated by assigning a zero value at each grid p
for each component of the polarization field plus a sm
random noise of uniform distribution. The average substr

FIG. 4. Temporal morphologies of ferroelectric domains~a domains! at T
5485 °C in PbTiO3 film in the presence ofCII-type interfacial dislocations.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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constraint was fixed to be zero, implying the lattice para
eter of the film along the film plane is constrained to t
value corresponding to the stress-free paraelectric state
ing a ferroelectric phase transition. Our simulation show

FIG. 5. Temporal morphologies of ferroelectric domains~c domains! at T
5485 °C in PbTiO3 film in the presence ofGI-type interfacial dislocations.

FIG. 6. Temporal morphologies of ferroelectric domains~a domains! at T
5485 °C in PbTiO3 film in the presence ofGII-type interfacial dislocations.
Downloaded 14 Apr 2007 to 128.118.88.141. Redistribution subject to AI
-

ur-
d

that the ferroelectric phase does not nucleate from
paraelectric parent phase in the absence of misfit dislocat
at 485 °C. When interfacial dislocations were introduce
ferroelectric phases appeared around the dislocations a
same temperature.

The spatial distribution of the ferroelectric tetragon
phase atT5485 °C is shown in Figs. 3–6 for the four type
of dislocationsCI , CII , GI , andGII ~see Fig. 1 for the defi-
nition of the types of dislocations!. In the figures, the sub
strate and the ferroelectrica domains of (6P1,0,0) andc
domains of (0,0,6P3) are shown in gray, light gray, an
dark gray, respectively. The domain structures were plo
using the contours ofuPi u/Ps50.5 wherePs is the stress-free
spontaneous polarization at the corresponding tempera
The bright regions in the film represent the parent cu
phase. The black straight lines label the dislocation s
planes and dislocation locations. It is shown that both
climb CI and glideGI types of dislocation favor the forma
tion of c domains, whereasa domains preferentially nucleat
around climbCII and glideGII dislocations. For different
types of dislocation, both the location of the initial ferroele

FIG. 7. Spatial distributions ofDa1 andDa3 in Eqs. ~9! and ~10! around
the given interfacial dislocations. The plotted contours are based on
value ofDam /a0 (a05ua1uT525 °C). The outermost contour corresponds
the value ofuDam /a0u50.15 while the inner contours are drawn with in
creasing values ofuDam /a0u at intervals of 0.1.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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tric domains and the rate of domain growth are different. F
example, ferroelectric domains nucleate at both sides o
climb dislocation but only at one side of a glide dislocatio
For each case there is only one kind of domain, eithera or c
domains, i.e., two types of domain cannot form simul
neously around the same type of dislocation. This obse
tion can be easily explained by the spatial variation ofDam

in Eqs.~9! and~10!. Figure 7 shows the contours ofDa1 and
Da3 based on the value ofDam /a0 (a05ua1uT525 °C). The
a and c domains are favored to form in the regions whe
Da1 and Da3 have negative values, respectively. It is se
that both theCI andGI types of dislocation favorc domains.
Thec domains form at both sides of aCI dislocation but only
at the left-hand side of aGI dislocation, which is clearly
shown by the variation ofDa3 /a0 . Similarly, CII and GII

types of dislocation favora domains. It was observed that th
domain structures show little change fort>4000Dt at the
given temperature.

After 4000 time steps of annealing atT5485 °C, we
decrease the temperature in steps of 10 °C and hold the
tem at each temperature for 200 time steps. Figure 8 pres
the domain morphologies at room temperature,T525 °C.
For comparison, a domain structure without the presenc
dislocations is also shown in Fig. 8. It is interesting to o
serve that the dislocations are always located inside
ferroelectric domains, eitherc or a domains, depending on
the type of dislocation. Moreover, the domains having dis
cation inside have larger sizes compared with the dom
without dislocations. Dislocations inside domains have a
been observed experimentally.20,24

In the work of Dai et al.24 it was pointed out that a

FIG. 8. Domain structure morphologies atT525 °C.
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domain boundary is likely to be pinned by dislocation
However, our simulations revealed that dislocations prefe
be located inside the ferroelectric domains. In order to inv
tigate the energetically favorable locations for dislocatio
we made a numerical calculation, i.e., we inserted a dislo
tion in a ferroelectric domain structure and examined its
teraction with the domain structure. Figure 8~e! is the do-
main structure without dislocations. After inserting
dislocation, we calculated the elastic energy excessDFela

due to the insertion of the dislocation. Plots ofDFela versus
the position of dislocation are presented in Fig. 9 for the fo
types of dislocation considered in this work. The light-gr
and dark-gray stripes indicate thea andc domains along the
film/substrate interface. Negative values ofDFela mean that
the elastic energy is lower with the presence of a dislocat
i.e., the existence of the dislocation is energetically favor
It is found thatDFela reaches a minimum~negative values!
mostly when theCI or GI type of dislocation is inserted in
the middle region of a ferroelectricc domain. That is, for the
given domain structure in Fig. 8~e!, an inserted dislocation o
theCI or GI type is energetically favored to locate inside t

FIG. 9. Elastic energy excessDFela versus the position of the dislocatio
due to the insertion of an interface dislocation. The light-gray and dark-g
stripes just indicate thea andc domains along the film/substrate interfac
the same as those shown in Fig. 8~e!.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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c domains. TheCII or GII types of dislocation always in
crease the total free energy of the system. However,
dislocation of either theCII or GII type is present at the
interface, it prefers to be in the middle of ana domain where
DFela is minimum. The energetic analysis agrees with o
simulation shown in Figs. 8~c!–8~d!. It is interesting to note
that DFela also has a local minimum at a domain bounda
that is parallel to the normal of the dislocation slide pla
@see the left sides of Figs. 8~e! and 9~b!#, implying that a
dislocation of theGI type could be locally pinned at a do
main boundary due to the elastic interactions. It should
borne in mind that the dislocation core energy is ignored
all of our calculations.

IV. CONCLUSION

A phase-field model is developed for predicting doma
structure evolution in a ferroelectric thin film with arbitrar
spatial distribution of dislocations and subject to a subst
constraint. The micromechanical concept of ‘‘eigenstrain’
employed to describe the discontinuous displacement wi
dislocation loops on slip planes. An elastic solution is o
tained for a thin film with an eigenstrain distribution asso
ated with a distribution of dislocations and domains. T
effect of interfacial dislocations on ferroelectric doma
nucleation and growth was simulated. Based on the ela
interactions, the interfacial dislocations are energetically
vored to locate inside a ferroelectric domain instead of
domain walls.
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