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Abrupt changes and hysteretic behavior of 90° domains in epitaxial ferroelectric thin films
with misfit dislocations

A. Yu. Emelyanov and N. A. Pertsev
A. F. Ioffe Physico-Technical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
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The influence of misfit dislocations on the statics and dynamics of 90° domains~twins! in epitaxial thin films
is studied theoretically. The misfit dislocations create additional potential barriers, which hinder the movements
of domain walls along the film/substrate interface. For ferroelastic 90° walls, these barriers are considerable
because anelastic interactionexists between 90° domains and misfit dislocations owing to the coupling of the
dislocation stresses to the spontaneous strains generated at the proper or improper ferroelastic phase transition.
The energy of elastic interaction is evaluated for a single 90° domain embedded into a tetragonal film con-
taining a periodic array of edge misfit dislocations. On this basis, the equilibrium width of a single embedded
90° domain is calculated as a function of the misfit strain in the film/substrate system. It is found that, at some
threshold values of the misfit strain, the gradual variation of the domain width is interrupted by steplike
changes. The evolution of the 90° domain pattern during the polarization switching in ferroelectric films with
misfit dislocations is analyzed in detail. The calculations show that the electric-field-induced growth of an
embedded 90° domain involves three different stages. Remarkably, at some critical value of the applied electric
field, one of the 90° domain walls jumps over the neighboring misfit dislocation, which is accompanied by
abrupt changes of the domain width and position in the film. The steplike movements of 90° domain walls over
the misfit dislocations are proposed as a possible microscopic mechanism of theBarkhausen effectoccurring in
ferroelectric thin films during the polarization reversal. The hysteretic behavior of 90° domains at the cyclic
variation of an applied electric field is also demonstrated.
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I. INTRODUCTION

The presence of misfit dislocations is a characteri
structural feature of epitaxial thin films grown on dissimil
substrates.1 These linear defects provide a partial relaxati
of lattice strains in the films exceeding a critical thicknes2

In ferroelastic thin films, the formation of elastic domai
~twins! represents an additional microscopic mechanism
the strain relaxation.3 As observed experimentally,4–19 this
relaxation mechanism often operates in epitaxial films of p
ovskite ferroelectrics, which are improper ferroelastics. T
generation of misfit dislocations in perovski
films6,15,17,20–26is believed to occur mainly at the growt
temperatureTg ,14,22 because the dislocation glide must
suppressed atT!Tg;700 °C due to the relatively high
Peierls barriers in perovskites. In contrast, the domain for
tion takes place well belowTg at a phase transition temper
tureTc , and the ferroelastic (90°) domain walls remain m
bile down to room temperature.27,28 Thus, the statics and
dynamics of 90° domains in ferroelectric thin films may
affected considerably by the interaction with~immobile!
misfit dislocations.

The effect of misfit dislocations on the domain structu
of epitaxial perovskite films was first studied theoretically
Speck and Pompe.29 In their fundamental paper, it wa
shown that arrays of misfit dislocations screen the film fr
the substrate potential so that an effective substrate la
parameterb* must be used to predict equilibrium doma
configurations in real epitaxial systems. The theory of Sp
and Pompe, however, was developed in a continuum
proximation, which replaces the actual arrays ofdiscrete
0163-1829/2003/68~21!/214103~10!/$20.00 68 2141
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misfit dislocations by continuum distributions of fictitiou
dislocations with infinitesimal Burgers vectors. This simp
approximation provides a correct description of the ‘‘ave
age’’ effect of misfit dislocations on thestatics of domain
patterns. For relatively thick films, where the equilibriu
domain widths are much larger than the dislocation spac
the accuracy of this approximation is quite good~see Sec.
III !. On the other hand, the continuum approach cannot p
erly describe the influence of misfit dislocations on thedy-
namics of ferroelastic and ferroelectric domains. This a
proach allows for a relaxation of mean mechanical stresse
the film but neglects highly inhomogeneous stress fie
which are induced by the dislocation arrays near the fi
substrate interface. These fields create additional pote
barriers, which hinder the movements of ferroelastic dom
walls in the film plane.

The discreteness of misfit-dislocation arrays can be ta
into account by using the actual stress fields of straight
locations in the theoretical calculations. Recently, we deriv
an integral expression for the energy of elastic interact
between 90° domain configurations and discrete misfit dis
cations in an epitaxial film.30 This expression was used t
calculate the interaction force for a 90° wall inclined at 4
to the surfaces of a tetragonal thin film. It was shown that
misfit dislocations with the Burgers vector orthogonal to t
film/substrate interface create substantial pinning forces
the domain wall. The critical electric field, which should b
applied to a ferroelectric film in order to overcome the p
ning of 90° walls by these misfit dislocations, may be
large as 107 V/m.30

In this paper, we investigate the statics and dynamics
©2003 The American Physical Society03-1
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90° domains embedded into a tetragonal film containin
periodic array of edge misfit dislocations. We focus on
most important type of domain pattern, which consists
dissimilar domains with the tetragonalc axis orthogonal and
parallel to the interface. Thesec anda domains are separate
by 90° walls inclined at about 45° to the interface, which a
widely observed experimentally.4,5,9,11The interaction energy
of an embedded domain with the dislocations having
in-plane orientation of the Burgers vector is evaluated i
linear isotropic approximation~Sec. II! The screening of the
dislocation stress field by the film free surface is taken i
account, as well as the finite thickness of 90° walls, which
a typical feature of ferroelastic domain boundaries.31–34The
calculated interaction energy is used to study the energe
of an isolated 90° domain in the epitaxial film grown on
dissimilar cubic substrate~Sec. III!. The energetically mos
favorable position of the embedded domain with respec
the dislocation array is determined, and the equilibrium
main width is calculated as a function of the misfit strain
the film/substrate system. In Sec. IV, the growth of the fer
electric 90° domain in a gradually increasing external el
tric field is described. The results of theoretical calculatio
are discussed in Sec. V. It should be emphasized that t
results may be useful for theoretical studies of the influe
of misfit dislocations on the physical properties of ferroele
tric thin films, which are important for their applications
microelectronic and micromechanical devices.

II. ELASTIC INTERACTION BETWEEN FERROELASTIC
DOMAINS AND MISFIT DISLOCATIONS

Proper and improper ferroelastic phase transitions in c
tals lead to changes of the sizes and shape of the unit c34

When the crystal is free of mechanical stresses, th
changes are completely determined by thespontaneous
~transformation! strainsSi j

0 ( i , j 51,2,3) of the lattice. In the
presence of the sources of internal stresses~or external me-
chanical loading!, the total lattice strainsSi j

t (r ) differ from
the spontaneous strainsSi j

0 (r ) since the crystal lattice is als
deformedelastically. Moreover, the mechanical stressess i j
may produce a work during the development of excess lat
strains at the phase transition. A nonzero magnitude of
work indicates the existence of an elastic interaction betw
the ferroelastic phase and a source of stress.

The interaction energyWint may be evaluated in the ap
proximation of the linear theory of elasticity.35 Using Colo-
netti’s theorem, it can be shown that the spontaneous str
Si j

0 (r ) only must be taken into account in the calculation
the work produced by stressess i j . Defining the tensor of
spontaneous strainsSi j

0 (r ) in the crystal reference fram
common for all elastic domains, we obtain

Wint52E
V
Si j

0 ~r !s i j ~r !dV, ~1!

where the integration is carried out over the volumeV of
ferroelastic phase, and the summation over repeated ind
should be carried out. The strainsSi j

0 (r ) involved in Eq.~1!
take different values in dissimilar domains and vary in
21410
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continuous manner across ferroelastic domain walls havin
finite thickness. Therefore, the interaction energyWint de-
pends on the type and geometry of domain structure form
in the ferroelastic phase.

By definition, ferroelastic~twin! walls separate domains
which differ by at least one componentSkl

0 of the strain ten-
sor Si j

0 (r ). Accordingly, translational displacements of the
walls in a stress field withsklÞ0 will change the interaction
energy even in the case when the field is homogeneous.
coupling betweenSkl

0 andskl represents the most importan
term in Eq.~1! since it gives rise to the thermodynamic forc
acting on domain walls, which is proportional to the stre
skl itself. The existence of other contributions to the intera
tion energy is due to local changes of the strain compone
Si j

0 (r ) inside domain walls.32,33 These terms are less impo
tant because the associated forces are governed by the
gradients¹s i j (r ) only. Restricting our analysis to the stre
sources withsklÞ0, we can retain in Eq.~1! only the leading
term Skl

0 skl and ignore the other terms in the first approx
mation.

To evaluate the interaction energyWint quantitatively, it is
necessary to specify the strain fieldSkl

0 (r ) in a polydomain
~twinned! crystal. In the linear approximation, which ne
glects the influence of mechanical stresses on the order
rameters, the homogeneous spontaneous strains charac
ing the inner regions of domains may be set equal to
strainsSkl

0 developing in a stress-free single-domain cryst
The variation of strainsSkl

0 (r ) inside domain walls should
match in a continuous manner the plateau values atta
within the neighboring domains. Using a simple model intr
duced in Ref. 36, we may assume a linear variation ofSkl

0

inside domain-wall regions with an effective thickness 2w.
As for the geometry of domain pattern, we shall suppose
ferroelastic domain boundaries are flat and oriented al
specific planes that determine the energetically most fav
able orientations of domain walls in a stress-free crysta37

Accordingly, the curvature of domain boundaries, which m
be induced by inhomogeneous extraneous stresses, wi
neglected in our calculations. The approximation of plan
boundaries is justified by the fact that curved twin walls a
the sources of long-range stress fields and so energeti
strongly unfavorable.38

We now focus on the case of a~001!-oriented thin film
experiencing a cubic to tetragonal phase transition. In
crystallographic frame (x1 ,x2 ,x3) with the x3 axis orthogo-
nal to the film surfaces~see Fig. 1!, the nonzero spontaneou
strains inside thec domain are equal toS11

0 5S22
0 5(a

2a0)/a05Sa
0 andS33

0 5(c2a0)/a05Sc
0 . ~Herea andc.a

are the lattice parameters of a stress-free tetragonal ph
and a0 is the lattice constant of the prototypic cubic sta
extrapolated to a given temperatureT,Tc .) In thea domain
with the tetragonal axis parallel to thex1 axis, the spontane
ous strains becomeS11

0 5Sc
0 andS22

0 5S33
0 5Sa

0 . It can be seen
that the strain componentsS11

0 and S33
0 change on crossing

the boundary betweenc and a domains. Accordingly, we
shall assume that, inside thec/a domain wall,S11

0 and S33
0

3-2
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ABRUPT CHANGES AND HYSTERETIC BEHAVIOR . . . PHYSICAL REVIEW B 68, 214103 ~2003!
vary linearly between the values ofSa
0 and Sc

0 . In contrast,
the componentS22

0 may be taken to be uniform in the wa
region.

Consider first thec/a/c domain configuration, which con
sists of the singlea domain embedded into the otherwis
c-domain film. For our purposes, it is convenient to count
interaction energyWint characterizing a polydomain sta
from the value calculated for a reference single-domain st
Then from Eq.~1! we obtain the following integral expres
sion for the interaction energyDWint

a 5Wint
c/a/c2Wint

c of the
embeddeda domain:

DWint
a 52

1

2
~Sc

02Sa
0!E

2`

`

dx2E
2H

0

dx3

3H E
l 12&w2H2x3

l 11&w2H2x3 F11
~x11x32 l 11H !

&w
G

3~s112s33!dx11E
l 11&w2H2x3

l 22&w2H2x3
2~s112s33!dx1

1E
l 22&w2H2x3

l 21&w2H2x3F12
~x11x32 l 21H !

&w
G

3~s112s33!dx1J , ~2!

wheres i j 5s i j (x1 ,x2 ,x3) are the stresses created by mis
dislocations~or other defects!; l 1 and l 2 denote the positions
of domain boundaries in the film,H is the film thickness, and
it is assumed that thec/a walls are parallel to the~101! plane
of the prototypic cubic phase~see Fig. 1!. It can be easily
shown that the interaction energyDWint

c 5Wint
a/c/a2Wint

a of the
c domain embedded into thea-domain film differs from
DWint

a only by the opposite sign.
When the stress fields i j (x1 ,x2 ,x3) is known, Eq.~2!

makes it possible to evaluate the energy of elastic interac
as a function of the domain position in the film and t
domain widthd5 l 22 l 1 . The differentiation of Eq.~2! with

FIG. 1. Domainc/a/c configuration in a tetragonal epitaxia
film containing two periodic arrays of edge misfit dislocations. T
embeddeda domain of the sized is bounded by 90° walls having
the thickness 2w. Symbols' denote edge dislocations with th
Burgers vectorB1 distributed along the interface with the periodL.
The dislocation array with the Burgers vectorB2 parallel to the
twinning axisx2 is not depicted. The vectorsPs show the sponta-
neous polarizations of ferroelectric domains.
21410
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respect to the parametersl 1 and l 2 also enables a calculatio
of the in-plane thermodynamic forcesF int

(a)52]DWint /] l a

(a51,2) acting on thec/a anda/c domain boundaries in the
presence of mechanical stressess i j . It can be seen that eve
a homogeneous stress fields i j may exert a nonzero force o
these ferroelastic 90° walls.

The stressess i j (x1 ,x2 ,x3) created by misfit dislocations
in a thin film depend on the geometry of the dislocati
pattern and the orientation of the Burgers vectors with
spect to the dislocation lines. For a perovskite film grown
the paraelectric cubic state on a~001!-oriented cubic sub-
strate, the formation of two arrays of mutually orthogon
straight edge dislocations parallel to the@010# and @100#
crystallographic axes is expected.29 We shall assume, for
simplicity, that these dislocations are distributed along
film/substrate interface with the same spacingL and lie ex-
actly on this interface. Since only the in-plane components
the dislocation Burgers vectorsB1 andB2 provide the relax-
ation of misfit strain in the epitaxial system, these vect
may be taken to be parallel to the@100# and @010# axes,
respectively. Then the analytic expressions derived in Ref
for the stresses created by a straight edge dislocation in
isotropic elastic half-space can be used in our calculation
we neglect the anisotropy and inhomogeneity of elastic pr
erties of the film/substrate system. The stress field of an
finite periodic dislocation array can be easily found by su
ming the stresses of individual dislocations.35 Substituting
the calculated total stressess i j (x1 ,x2 ,x3) created by two
dislocation arrays into Eq.~2! and performing the integra
tion, we finally obtain the interaction energy of thea domain
as

DWint
a 5

GB~Sc
02Sa

0!

2~12n! H E
0

dFJS x1 l 1&w

L
,
H

L D
1JS x1 l 2&w

L
,
H

L D Gdx1E
2&w

&w x

&w
FJS x1 l

L
,
H

L D
2JS x1d1 l

L
,
H

L D Gdx7
H2

p&w
F I S l 1&w

L
,
H

L D
2I S l 2&w

L
,
H

L D2I S d1 l 1&w

L
,
H

L D
1I S d1 l 2&w

L
,
H

L D G24n
dH

L J , ~3!

whereG andn are the effective shear modulus and Poisso
ratio of the film/substrate system treated as an elastic
isotropic and homogeneous half-space,B is the projection of
the dislocation Burgers vectorB1 on thex1 axis ~the projec-
tion of B2 on thex2 axis is the same in the cube-on-cub
epitaxy!, l defines the position of the left domain bounda
with respect to the misfit-dislocation array~see Fig. 1!, and
the interaction energy is given per unit domain length alo
the @010# axis. The upper and lower signs in the second l
of Eq. ~3! correspond to the two possible orientations of t
boundaries of a 90° domain, i.e., those parallel to the cr
3-3
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tallographic planes (101)̄ and ~101!, respectively. The di-
mensionless functionsJ and I involved in Eq.~3! have the
forms

J~x,y!5
1

4p
lnFcosh~4py!2cos~2px!

12cos~2px! G
1

y sinh~4py!

cosh~4py!2cos~2px!

22py2
@cosh~4py!cos~2px!21#

@cosh~4py!2cos~2px!#2 , ~4!

I ~x,y!5arctan@ tan~px!coth~2py!#. ~5!

Equations~3!–~5! will be used below to describe quantita
tively the influence of misfit-dislocation arrays on the stat
and dynamics of 90° domains in epitaxial films.

In conclusion of this section we emphasize that pur
ferroelectric 180° domain walls interact with the misfit di
locations as well. The interaction force of elastic orig
however, is expected to be relatively weak since it is de
mined by the gradient¹s i j (r ) of the dislocation stress field
To calculate the interaction force for an 180° domain wall
is necessary to take into account the local changes of s
taneous strains inside the wall,33 because the tensorSi j

0 is the
same in both domains adjoining the 180° wall.

III. STATICS OF 90° DOMAINS IN EPITAXIAL FILMS
WITH PERIODIC DISLOCATION ARRAYS

Consider the energetics of thec/a/c and a/c/a domain
configurations in tetragonal thin films with periodic arrays
misfit dislocations. The changeDUa

md of the internal energy
of an epitaxial system at the formation of the embeddea
domain is defined by the sum of the domain self-energyDWs

a

in a dislocation-free film and the interaction energyDWint
a of

this domain with misfit dislocations. In the linear approxim
tion, the energyDWs

a reduces to the sum of the elastic co
tribution and the energy of two 90° domain walls. For thea
domain with boundaries of finite thickness 2w, the self-
energyDWs

a per unit domain length along the@010# axis has
been calculated in Ref. 40 as

DWs
a5

G~Sa2Sc!
2H4

16p~12n!w2 H 2gS d

2H D12gS&w

H D
2gS d12&w

2H D2gS d22&w

2H D J
2

2GH2

~12n!
~11n!Sa~Sa2Sc!

d

H
12&sH, ~6!

whereSa5(b2a)/a, Sc5(b2c)/c, b is the lattice param-
eter of a cubic substrate,s is the 90°-wall energy per uni
area, and the dimensionless functiong is given by
21410
s

y
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g~x!5S 8x22
14

3 D ln~11x2!2
2

3
x4lnS 11

1

x2D
1

16

3
x~42x2!arctan~x!. ~7!

Using Eqs.~3! and ~6! and taking into account that in rea
epitaxial systemsSa , Sc , Sa

0 , Sc
0!1, we can represent th

energyDUa
md in the following general form:

DUa
md5s

H2

H0
H 1

4p S H

2wD 2

ZS d

H
,
2w

H D2
Sr

Sr
0

d

HJ
1

sBH

~Sc
02Sa

0!H0

YS d

H
,
2w

H
,

L

H
,

l

L D12&sH, ~8!

whereZ denotes the function given by the expression in
curly brackets in Eq.~6!, Y is the expression in the curly
brackets in Eq.~3! divided by 2H, H05s(12n)/@G(Sa
2Sc)

2# is the characteristic thickness for polydoma
films,41 Sr5(b2a)/(c2a) is the relative coherency strain42

characterizing lattice misfits between the polydomain tetr
onal film and the cubic substrate, andSr

051/@2(11n)# is the
threshold value ofSr .41 The energyDUc

md of the singlec
domain embedded into thea-type film is defined by the re-
lation, which differs from Eq.~8! only by the replacemen
Sr /Sr

0→22Sr /Sr
0 and by the opposite sign of the secon

~interaction! term.
Equation ~8! demonstrates that the normalized ener

changeDUa
md/(sH) is a function of the relative domain siz

d/H and the domain positionl /L with respect to the dislo-
cation array. The domain energy also depends on the nor
ized wall thickness 2w/H and the periodL/H of the dislo-
cation arrays, which may be regarded as constant quant
when analyzing the statics and dynamics of 90° doma
Besides,DUa

md/(sH) depends on the standard paramet
Sr /Sr

0 and H/H0 of the film/substrate system and on th
dimensionless ratiob5B/@H0(Sc

02Sa
0)#, which character-

izes the relative magnitude of the Burgers vectorB.43

The equilibrium domain sized* and the energetically
most favorable domain positionl * in the film can be calcu-
lated from the system of simultaneous equations]DUa

md/]d
50, and]DUa

md/] l 50, which follows from the minimiza-
tion of the energy ofc/a/c state. Therefore, the equilibrium
values ofd* andl * normalized byH0 appear to be functions
of the parametersSr /Sr

0, H/H0 , L/H, 2w/H, andb of the
material system under consideration. Using Eqs.~3!–~7!, we
calculated numerically the dependence ofd* /H0 and l * /H0

on the relative misfit strainSr /Sr
0 in the epitaxy at some

representative values of the remaining parameters of
problem. Figure 2 shows this dependence determined fo
epitaxial system with relatively sparse misfit dislocatio
(L5H5100H0). It can be seen that the variation of th
domain sized* with the misfit strain is marked by the pres
ence of steplike changes, which interrupt the gradual dom
growth. As demonstrated by Fig. 2~a!, these abrupt change
take place when the domain size approaches the valued*
3-4
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5nL (n51,2,3,4,...). At corresponding threshold coheren
strains, the 90° domain walls also shift considerably w
respect to the misfit dislocations@see Fig. 2~b!#.

The analysis of the calculated dependencesd* (Sr) and
l * (Sr) makes it possible to reveal the following peculiariti
of the domain behavior in epitaxial films with misfit disloc
tions. Suppose that initially the strain parameterSr /Sr

0,1
has a certain value at which the sized* (Sr /Sr

0) is smaller
than the dislocation spacingL. If the Burgers vector is posi
tive (B.0), the embeddeda domain will be situated be
tween two neighboring dislocations because this is the m
energetically favorable position under given conditions. D
ing the increase of the coherency strainSr , which may be
caused by the substrate bending or temperature variat
the 90° walls will first gradually approach the misfit disloc
tions. Owing to the elastic interaction with the dislocation

FIG. 2. Equilibrium geometry of thec/a/c domain pattern in a
tetragonal film with two orthogonal arrays of misfit dislocatio
having Burgers vectorsB15B25B.0. Variations of the sized* of
the 90° domain and the equilibrium domain-wall positionsl 1 andl 2

with the relative misfit strainSr /Sr
052(11n)(b2a)/(c2a) in the

epitaxy are shown in~a! and~b!, respectively. The film thicknessH
and the dislocation spacingL are taken to beH5L5100H0 . The
90° walls are parallel to the~101! plane, and their thickness i
assumed to be 2w5H0 here and below. Similar plots describe th
equilibrium geometry of thea/c/a domain configuration in an ep
itaxial system withSr /Sr

0.1 and the dislocation arrays havingB1

5B25B,0. These plots can be obtained using the replacem
Sr /Sr

0→22Sr /Sr
0.
21410
y
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-
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the increase of domain sized* slows down in this situation.
Then, at some threshold valueSr* of the coherency strain, a
shift of the 90° domain as a whole into a new position b
comes energetically favorable. Above this value, the dom
center displaces along the interface by a distance of ab
L/2 so that one of the neighboring dislocations turns to
located inside the embedded domain~at approximately equa
distances from the junctions of 90° walls with the interfac!.
The domain shift is accompanied by a steplike increase
the equilibrium domain sized* . The direction of the shift is
defined by the orientation of domain walls with respect to
substrate surface.

The next abrupt change of the 90° domain configurat
occurs when the coherency strainSr reaches a subseque
threshold value, at which the domain sized* approaches 2L.
The shift of the domain center by aboutL/2 in the film plane
leads to the appearance of the second dislocation inside ta
domain and to an abrupt increase of its size by some am
Dd* . During the further variation of the coherency strainSr ,
the gradual growth of the embedded domain also altern
with step-like changes of the equilibrium domain size. As t
strain parameterSr /Sr

0 approaches unity, the difference b
tween adjacent threshold values ofSr reduces due to the
increasing steepness of smooth segments on the c
d* (Sr) @see Fig. 2~a!#.

When the misfit dislocations in an epitaxial system ha
negative Burgers vectors (B,0), it becomes energetically
favorable to place the embeddeda domain of a small size
d* ,L in a different position, where one of the dislocatio
is situated inside the 90° domain at approximately equal
tances from the wall junctions with the interface. In this ca
an abrupt change of the domain configuration takes pl
when the boundaries of the growing domain approach
middle positions between neighboring misfit dislocation
Above the corresponding threshold value ofSr , the domain
shifts by a distance of aboutL/2 so that the number of dis
locations inside it increases by unity. This shift is again a
companied by a steplike increase of the domain width.

The above theoretical results may be compared with
dependenced* (Sr) calculated in the continuum approxima
tion. The latter can be found by replacing the actual array
discrete dislocations by continuous distributions of dislo
tions with infinitesimal Burgers vectors.29 The densitiesr21
andr12 of the dislocation distributions on the film/substra
interface should satisfy the relationsr215B1 /L and r12
5B2 /L, which in our case ofB15B25B reduce to the
equality r215r125B/L. As shown by Speck and Pompe,29

the introduction of such uniform dislocation distributions
equivalent to the replacement of the nominal substrate lat
parameterb by the effective parameterb* 5b(12B/L) in
the basic expressionSr5(b2a)/(c2a) for the relative co-
herency strain. Therefore, the sought dependenced*( Sr) can
be calculated from the equation]DWs

a/]d50, where the
self-energyDWs

a of the embeddeda domain is given by Eq.
~6! with the strainSr replaced bySr2bH0 /L.

Figures 3 and 4 demonstrate representative results o
rigorous calculations allowing for the discreteness of mi
dislocations in comparison with the dependencesd* (Sr) de-

nt
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A. YU. EMELYANOV AND N. A. PERTSEV PHYSICAL REVIEW B68, 214103 ~2003!
termined in the continuum approximation. Remarkably, ev
in the case of relatively sparse misfit dislocations (L5H) the
continuum model correctly describes the general trend of
domain-size variation with the coherency strain in an epit
ial system@Fig. 3~a!#. The error in the calculated domai
width d* , which is caused by the neglect of the discreten
of dislocations, does not exceed several per cent@see Fig.
3~b!#. When the distances between misfit dislocations
very large (L@H), however, the deviations from the actu
dependenced* (Sr) become significant~Fig. 4!. Moreover,
the continuum model may lead to appreciable errors in
calculations of the stability range of a polydomain state
the strain scale, underestimating this range for films w
sparse misfit dislocations. As can be seen from Fig. 4, e
the minimum coherency strainSr , at which thec/a/c state
becomes stable in an epitaxial film with misfit dislocation
is significantly smaller atL510H than the value determine
in the continuum approximation.

FIG. 3. Equilibrium sized* of the embeddeda domain as a
function of the relative misfit strainSr /Sr

0 in the film/substrate sys
tem. The sized* is normalized either by the characteristic fil
thicknessH05s(12n)/@G(Sc2Sa)2# ~a!, or by the equilibrium
domain widthd0 calculated in the continuum approximation~b!.
The film thicknessH and the dislocation spacingL are taken to be
H5L5100H0 . The results obtained in the continuum approxim
tion are shown in~a! only for a film without misfit dislocations
(B50). Similar smooth curves plotted for films containing spa
misfit dislocations (L5H) differ only slightly from the plots calcu-
lated from Eqs.~3!–~7!.
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IV. DYNAMICS OF A FERROELECTRIC 90° DOMAIN
IN ELECTRIC FIELD

In this section, we shall describe the influence of mis
dislocations on the evolution of 90° domain patterns in
ferroelectric film subjected to an external electric field. O
analysis will be restricted to relatively low-frequency field
which are used in the measurements of polarization hys
esis loops in ferroelectrics. When the film is sandwiched
tween two continuous electrodes, as in a conventional pl
capacitor setup, the electric field intensityE is predominantly
oriented in the film-thickness direction. Therefore, the a
plied field interacts mainly with the out-of-plane spontaneo
polarizationPs existing in thec domains. Owing to this in-
teraction, the width of a uniformly polarizedc domain tends
to increase or decrease after the application of electric fi
In the absence of misfit dislocations, the embedded 90°
main in thec/a/c and a/c/a patterns will simply grow or
shrink gradually, following temporal variations of the fie
intensityE(t). As will be shown below, the behavior of 90
domains may change markedly in epitaxial systems cont
ing the misfit dislocations.

Consider as a representative example the dynamics o
a/c/a domain configuration, where the polarization vect
Ps in thec domain is oriented along the applied field. In th
situation, the increase of the field intensityE should lead to
the growth of the embeddedc domain. To quantify this pro-
cess, we can employ the procedure proposed earlier in
44, where the effect of electric field on the energetics of 9
domains was studied for films without misfit dislocations.
was found that, in the linear approximation, the presence
potential differenceDV between the top and bottom ele
trodes is equivalent to a change of the strain parameterSr /Sr

0

by a value 6E/E0 , where E5DV/H, and E05G(Sa
2Sc)

2/@(12n)Ps# is the characteristic electric field intro
duced for a polydomain film. Then from Eq.~8! it follows
that the field-induced variations of the equilibrium doma

-

FIG. 4. Dependence of the normalized equilibrium sized* /H0

of the a domain on the relative misfit strainSr /Sr
0 in the epitaxial

system. The curves are plotted for a film with the thicknessH
510H0 and the spacing between the misfit dislocationsL
5100H0 . The results obtained in the continuum approximation
shown by dotted lines.
3-6
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width d* (E) and positionl * (E) can be found using the
dependencesd* (Sr) and l * (Sr) calculated in Sec. III.

In order to determine the evolution of thea/c/a domain
structure in an increasing electric field, we shall analyze
dependence of the energy changeDUc

md of an epitaxial sys-
tem on the in-plane positionl of the c domain at a fixed
coherency strainSr in the epitaxy. Since according to Eq
~3! and ~8! the energyDUc

md is a periodic function of the
relative domain positionl /L with respect to the dislocation
array, it is sufficient to calculateDUc

md in the range 0, l /L
,1. In the course of these calculations, an optimum dom
size dop( l /L) must be found from the equation]DUc

md/]d
50 and then substituted back into Eq.~8! to find the mini-
mum domain energyDUc

md( l /L) at each given value ofl /L.
Performing necessary numerical calculations, we determ
the dependenceDUc

md( l /L) for several slightly different val-
ues of the coherency strainSr ~see Fig. 5!.

When discussing our theoretical results, we shall supp
that the relative coherency strain in an epitaxial system
the valueSr51.006Sr

0 , which corresponds to curve 1 in Fig
5. The potential reliefDUc

md( l /L) described by this curve
involves two minima separated by a potential barrier so t
it has the form of a double-well potential. Since at the abo
value of Sr and the chosen sign of the dislocation Burge
vectors (B,0) the left minimum is deeper than the rig
one, it is energetically favorable to embed thec domain hav-
ing a small sized* ,L between two neighboring misfit dis
locations (l * .d* ), as shown in Fig. 6~a!. The subsequen
application of an electric field and the increase of its inte
sity E will lead to the growth of the embedded domain. Th
process can be divided into three different stages.

During the first stage of the process, a gradual increas

FIG. 5. EnergyDUc
md of thea/c/a structure as a function of the

domain positionl with respect to the misfit-dislocation array. Th
film thickness equalsH510H0 , and the spacing between the mis
dislocations with the Burgers vectorsB15B25B,0 is assumed to
beL5100H0 . Curves 1–5 are plotted at the following values of t
relative misfit strainSr /Sr

0 : 1.006 ~1!, 1.002~2!, 0.998~3!, 0.994
~4!, and 0.990~5!. For PbTiO3 films at room temperature, the re
duction ofSr /Sr

0 by a value of 0.004 corresponds to an increase
the electric fieldE parallel to the polarizationPs in thec domain by
DE'83105 V/m.
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the equilibrium domain widthd* 5d* (Sr /Sr
02E/E0) takes

place, being similar to the initial smooth part of the curv
shown in Fig. 4. This stage ends when the field intens
reaches a threshold value ofEth'0.004E0 , at which the two
minima of the energyDUc

md( l /L) become equal in depth.~At
this field, the effective strain parameterSr /Sr

02E/E0 re-
duces down to a value of 1.002 represented by curve 2
Fig. 5.! At higher electric fields, it is energetically favorab
to shift the c domain to another positionl , which corre-
sponds to the right minimum of the functionDUc

md( l /L). In
this position, the domain contains one of the misfit disloc
tions since its equilibrium sized* is larger that the disloca
tion spacingL. However, the domain shift is impeded by
potential barrier separating the two minima. Hence the 9
domain remains in a metastable state between the neigh
ing dislocations, growing only slightly with the increase

f

FIG. 6. Electric-field-induced evolution of thea/c/a domain
structure in a ferroelectric film containing edge misfit dislocatio
~a! initial 90° structure with thec domain embedded between tw
neighboring dislocations;~b! gradual expansion of the stablec do-
main under the action of increasing electric fieldE; ~c! metastable
state of the 90° domain clamped by the dislocations in a str
field; ~d! abrupt change of the domain pattern caused by the jum
the right 90° wall over the neighboring misfit dislocation.
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the field intensityE @Fig. 6~c!#. At this second stage of th
process, the domain widthdop differs from the equilibrium
domain sized* corresponding to the given value of the p
rameterSr /Sr

02E/E0 . When the field intensity reaches th
critical magnitudeEcr'0.012E0 , the potential barrier be
tween two energy minima disappears~curve 4 in Fig. 5!.
This leads to a ‘‘jump’’ of the right 90° wall over the misfi
dislocation@Fig. 6~d!#, which is accompanied by a shift o
the domain center and the steplike increaseDd5d* 2dop of
the domain width~third stage of domain growth!.

During the further rise of electric field, the above thre
stage evolution of thea/c/a domain structure repeats. A
soon as the field intensity reaches the next critical value,
right 90° wall leaps over the neighboring misfit dislocati
again, and the number of dislocations inside thec domain
increases by unity. Since the resulting abrupt change of
domain size is accompanied by a steplike increase in
mean polarizationP of a ferroelectric film, the jumps of 90°
domain walls over the misfit dislocations represent one of
possible microscopic mechanisms of theBarkhausen effec
in thin films. On the macroscopic scale, this classical eff
manifests itself in pulses of the switching current and m
tiple steps on the polarization hysteresis loopsP(E), which
are commonly observed in ferroelectrics.45–48

To check whether the proposed mechanism is realistic
have to compare the introduced critical fieldEcr with the
measured coercive fieldEc of an epitaxial ferroelectric film
with the 90° domain structure. For the discussed represe
tive film/substrate system with the relative coherency str
Sr51.006Sr

0, film thicknessH510H0 , and dislocation spac
ing L5100H0 , the calculation gives the critical field ofEcr
'0.012E0 for the first domain jump. This result leads to a
estimateEcr'2.53106 V/m for the PbTiO3 film at room
temperature, which has the characteristic fieldE0'2
3108 V/m.44 Remarkably, the calculated critical field is se
eral times lower than the coercive fieldEc'107 V/m evalu-
ated from the measured hysteresis loops of epitaxial PbT3
films.49 On the other hand, the critical field necessary fo
domain jump increases drastically in the film/substrate s
tems, where the relative coherency strainSr differs strongly
from all of the threshold strainsSr* at the given dislocation
periodicity L, which were discussed in Sec. III. In real ep
taxial systems, however, arrays of misfit dislocations are
exactly periodic. In the presence of a distribution of the d
location spacings, the boundaries of some 90° domains
be situated close to misfit dislocations in the majority
polydomain epitaxial films. Therefore, the jumps of 9
walls over misfit dislocations are expected to be a comm
mechanism of the Barkhausen effect in ferroelectric t
films.

In view of the above prediction, it is of interest to analy
the dependence of the critical fieldEcr on the film thickness
and other relevant parameters. For this purpose, we repre
Ecr as Ecr5Eth1DEcr , where Eth is the threshold field,
which equalizes the two minima of the energyDUc

md( l /L),
andDEcr is the minimum value of the critical field removin
the potential barrier. The fieldEth strongly depends on th
initial coherency strainSr in the film/substrate system, in
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creasing rapidly with the deviation ofSr from its threshold
value Sr* , to which the effective parameterSr /Sr

02E/E0

tends during the rise of external field. The characteristic
timate of Ecr , therefore, is given by the differenceDEcr

5Ecr2Eth . Our numerical calculations revealed the follow
ing main features in the behavior ofDEcr .

~i! The minimum critical fieldDEcr varies nonmonotoni-
cally with the normalized film thicknessH/H0 . In the case
of the a/c/a domain configuration described by the curv
shown in Fig. 5, for example, the first jump of the 90° d
main wall over the misfit dislocation takes place atDEcr

'831023E0 in a film with H510H0 , DEcr'931023E0 at
H5100H0 , and DEcr'1.631023E0 at H5500H0 . It can
be seen that the critical field reduces drastically in very th
films (H@100H0), which may be expected from gener
considerations. Indeed, the driving forceFdriv acting on a 90°
wall in an electric field is directly proportional to the wa
area, which givesFdriv;H. The stress field of a straight edg
dislocation, which hinders the domain-wall motion, fa
with the distancer from the dislocation asr 21 so that the
pinning force weakly depends on the film thickness at la
H. However, the increase of the critical field with decreas
film thickness stops in very thin films (H;10H0) due to the
screening of dislocation stresses by the film free surface

~ii ! The critical fieldDEcr reduces with the increase of th
dislocation densityr;1/L at the film/substrate interface
This feature is caused by the fact that the degree of st
inhomogeneity near the interface lowers, and the stre
induced potential relief smoothens, as the dislocation spa
L decreases.

~iii ! The larger the number of misfit dislocations inside t
embedded 90° domain, the smaller the fieldDEcr necessary
for the wall jump over the next dislocation. For instance, in
film with the thicknessH5100H0 and the dislocation spac
ing L5H, the ‘‘capture’’ of the sixth dislocation by the 90
domain requires a field which is about three times sma
than the fieldDEcr necessary for the capture of the first mis
dislocation. This trend can be attributed to the enhancem
of the sensitivity of equilibrium domain widthd* to changes
of the relative coherency strain, which accompanies
growth of d* (Sr) @see Fig. 3~a!#. Indeed, owing to the in-
crease of the derivative]d* /]Sr , the broadening of a wide
domain by a given valueDd;L can be induced by a muc
smaller fieldE/E0 than in the case of a narrow domain.

~iv! The critical fieldDEcr displays ahysteretic behavior
in the sense that it depends on the direction in which the
wall jumps over the misfit dislocation. This feature can
revealed during a cyclic variation of an applied electric fie
which induces the broadening and shrinking of the emb
ded ferroelectric domain at different stages of the cycle.
illustrate this hysteretic behavior, we shall consider again
a/c/a domain configuration characterized by the poten
relief shown in Fig. 5. We now suppose that the appl
electric field starts to decrease after reaching the crit
valueEcr

(1)'0.012E0 , which transforms this relief into curve
4. In this situation, thec domain captures one misfit disloca
tion at E5Ecr

(1) , and then shrinks due to the increase of t
effective parameterSr /Sr

02E/E0 . When the field intensity
3-8
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reduces below the valueEth'0.004E0 ~curve 2!, the domain
tends to shift back to the initial position between two dis
cations. However, even atE50 it cannot return to this posi
tion because the backward jump of the 90° wall is imped
by a potential barrier~see curve 1!. This jump takes place
only after the application of a critical electric fieldEcr

(2),0 in
the opposite direction. The calculation shows that the m
nitude of DEcr

(2)5Ecr
(2)2Eth equals 5.531022E0 , which is

several times larger than the critical fieldDEcr
(1)'8

31023E0 necessary for the forward jump of domain wa
This distinction is caused by a strong asymmetry of the
tential reliefDUc

md( l /L) ~see curve 2 in Fig. 5!

V. CONCLUSION

In epitaxial thin films grown on dissimilar substrates, t
formation of the ferroelastic~twin! structure is driven by the
mechanical film/substrate interaction. The density of dom
walls is expected to grow rapidly just below the phase tr
sition temperatureTc , and then to stabilize during the furthe
cooling of the film. The fractions of the film volume occu
pied by dissimilar ferroelastic domains, on the other ha
were observed to change gradually with the decrease
temperature.4 This process is caused by the variation of t
misfit strain with temperature, which alters the energetica
most favorable values of domain populations. The adju
ment of domain populations to these equilibrium values p
ceeds via translational movements of domain walls indu
by the thermodynamic forces of mainly mechanical origin27

Similar limited movements of ferroelastic walls may res
from the substrate bending, which offers a simple way
change the misfit strain in an epitaxial system.

In ferroelectric thin films, displacements of domain wa
can be also induced by an applied electric field. In contras
the large-scale motion of purely ferroelectric walls, which
permitted in a constrained film, the displacements of f
roelastic walls under the electric field are very limited. Th
are restricted by the aforementioned thermodynamic for
which now play the role of restoring forces. Owing to th
elastic stabilization of the 90° domain structure, the con
bution of 90° walls to the polarization switching in tetrag
nal ferroelectric films must be small in comparison with t
contribution of 180° walls. Nevertheless, significant chan
of the volume fractionfc of the c domains have been ob
served during the polarization reversal in epitax
Pb(Zr0.32Ti0.68)O3 thin films.28

In the presence of misfit dislocations in an epitaxial fil
the movements of ferroelastic walls are hindered by ad
tional potential barriers. When the driving field acting on
xy

,
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wall becomes strong enough, the wall leaps over the ne
boring dislocation. Our theoretical results show that su
jumps may manifest themselves in steplike changes of
domain populations, measured as a function of temperat
substrate deformation, or the intensity of applied elec
field. Moreover, the ferroelastic domain structure can disp
a hysteretic behavior under the cyclic variation of a drivi
field. Therefore, the hysteresis, which was observed in R
28 during x-ray measurements of the electric-field dep
dence of thec-domain populationfc , may be attributed to
the pinning of 90° walls by misfit dislocations in epitaxi
Pb(Zr0.32Ti0.68)O3 films.

On the microscopic scale, the elastic interaction betw
domain walls and misfit dislocations may manifest itself
specific mutual positions of these crystal defects. When
Burgers vectorB of the dislocations is oriented in the film
plane, the energetically most favorable configuration cor
sponds to the position of a misfit dislocation either inside
outside the embeddedc domain, depending on the relativ
coherency strainSr in the epitaxy and the sign ofB. The
location of 90° domain walls in a close vicinity of misfi
dislocations can occur only under particular conditions
this case~e.g., when a small domain formed between tw
neighboring dislocations at the transition temperature gro
during the film cooling until it is blocked by these defects!.
In contrast, misfit dislocations with an out-of-plane Burge
vector B of appropriate sign create potential wells for th
moving 90° boundaries, thus pinning them to spec
positions.30 A similar link-up of the 90° domain walls with
interface dislocations has been observed experimentally
BaTiO3 /LaAlO3 epitaxial system using high-resolutio
transmission electron microscopy.17

Finally, we would like to note that the quantitative resu
of our theoretical calculations are directly applicable to po
domain films, where distances between the 90° domain
the same type are much larger than the film thickness.
this geometry of the domain structure, the elastic interact
between the embeddedc domains~or between thea do-
mains! may be neglected because it is strongly reduced
to the screening effect of the film free surface. According
the influence of misfit dislocations on the statics and dyna
ics of polydomain configurations may be described in
approximation of a single embedded domain.
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