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Abrupt changes and hysteretic behavior of 90° domains in epitaxial ferroelectric thin films
with misfit dislocations
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The influence of misfit dislocations on the statics and dynamics of 90° dorttaims) 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 arlastic interactiorexists 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 mechanisnBairkiiusen effeaiccurring 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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[. INTRODUCTION misfit dislocations by continuum distributions of fictitious
dislocations with infinitesimal Burgers vectors. This simple

The presence of misfit dislocations is a characteristi@pproximation provides a correct description of the “aver-
structural feature of epitaxial thin films grown on dissimilar age” effect of misfit dislocations on thstatics of domain
substrates. These linear defects provide a partial relaxationpatterns. For relatively thick films, where the equilibrium
of lattice strains in the films exceeding a critical thicknéss. domain widths are much larger than the dislocation spacing,
In ferroelastic thin films, the formation of elastic domains the accuracy of this approximation is quite go@#e Sec.
(twins) represents an additional microscopic mechanism ofll). On the other hand, the continuum approach cannot prop-
the strain relaxatiof.As observed experimentalfy!® this  erly describe the influence of misfit dislocations on thye
relaxation mechanism often operates in epitaxial films of pernamics of ferroelastic and ferroelectric domains. This ap-
ovskite ferroelectrics, which are improper ferroelastics. Theproach allows for a relaxation of mean mechanical stresses in
generation of misfit dislocations in  perovskite the film but neglects highly inhomogeneous stress fields,
films®15:17:20-26i5 helieved to occur mainly at the growth which are induced by the dislocation arrays near the film/
temperatureTg,l“'22 because the dislocation glide must be substrate interface. These fields create additional potential
suppressed af<T,~700°C due to the relatively high barriers, which hinder the movements of ferroelastic domain
Peierls barriers in perovskites. In contrast, the domain formawalls in the film plane.
tion takes place well beloWy at a phase transition tempera- ~ The discreteness of misfit-dislocation arrays can be taken
ture T, and the ferroelastic (90°) domain walls remain mo-into account by using the actual stress fields of straight dis-
bile down to room temperatufé?® Thus, the statics and locations in the theoretical calculations. Recently, we derived
dynamics of 90° domains in ferroelectric thin films may bean integral expression for the energy of elastic interaction
affected considerably by the interaction witimmobile) between 90° domain configurations and discrete misfit dislo-
misfit dislocations. cations in an epitaxial film° This expression was used to

The effect of misfit dislocations on the domain structurescalculate the interaction force for a 90° wall inclined at 45°
of epitaxial perovskite films was first studied theoretically byto the surfaces of a tetragonal thin film. It was shown that the
Speck and Pomp€. In their fundamental paper, it was misfit dislocations with the Burgers vector orthogonal to the
shown that arrays of misfit dislocations screen the film fromfilm/substrate interface create substantial pinning forces for
the substrate potential so that an effective substrate lattiche domain wall. The critical electric field, which should be
parameterb* must be used to predict equilibrium domain applied to a ferroelectric film in order to overcome the pin-
configurations in real epitaxial systems. The theory of Speckiing of 90° walls by these misfit dislocations, may be as
and Pompe, however, was developed in a continuum agarge as 16 Vv/m.*
proximation, which replaces the actual arrays di$crete In this paper, we investigate the statics and dynamics of
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90° domains embedded into a tetragonal film containing aontinuous manner across ferroelastic domain walls having a
periodic array of edge misfit dislocations. We focus on thefinite thickness. Therefore, the interaction eneklyy, de-
most important type of domain pattern, which consists ofpends on the type and geometry of domain structure formed
dissimilar domains with the tetragonalaxis orthogonal and in the ferroelastic phase.

parallel to the interface. Theseanda domains are separated By definition, ferroelastidtwin) walls separate domains,
by 90° Wa||S inClined a.!: about 459D 1t10 the.interfacle, Wh|Ch arQNhich differ by at |east one Componeail Of the Strain ten-
widely observed experimentaffy:®*'The interaction energy sor S} (r). Accordingly, translational displacements of these

.Of an embgddeq domain with the d|slocqt|ons havmg_ttha”S in a stress field witlor,;# 0 will change the interaction
in-plane orientation of the Burgers vector is evaluated in &

. . . L : energy even in the case when the field is homogeneous. The
linear isotropic approximatiofSec. I) The screening of the ; .
dislocation stress field by the film free surface is taken intoCOl"pI,Ing benNeg|$E| -an-d Tkl represents the most |mportant
account, as well as the finite thickness of 90° walls, which i€ in Eq.(1) since it gives rise to the thermodynamic force
a typical feature of ferroelastic domain boundafes*The  acting on domain walls, which is proportional to the stress
calculated interaction energy is used to study the energetic®x! itself. The existence of other contributions to the interac-
of an isolated 90° domain in the epitaxial film grown on ation energy is due to local changes of the strain components
dissimilar cubic substratéSec. Il). The energetically most S (r) inside domain wall$? These terms are less impor-
favorable position of the embedded domain with respect tdant because the associated forces are governed by the stress
the dislocation array is determined, and the equilibrium dogradientsV o;(r) only. Restricting our analysis to the stress
main width is calculated as a function of the misfit strain insources withr,,# 0, we can retain in Eq(1) only the leading
the film/substrate system. In Sec. 1V, the growth of the ferroterm S% oy and ignore the other terms in the first approxi-
electric 90° domain in a gradually increasing external elecmation.
tric figld is desgribed. The results of theoretica_l calculations ¢ evaluate the interaction eneryy,,, quantitatively, it is
are discussed in Sec. V. It shoul.d be empha3|zed Fhat the?ﬁ%cessary to specify the strain ﬁ"ﬁ@(r) in a polydomain
resullts'mally be qseful for theoret!cal studles. of the Influence(‘twinnecj crystal. In the linear approximation, which ne-
of misfit dislocations on the physical properties of ferroelec- . .

glects the influence of mechanical stresses on the order pa-

tric thin films, which are important for their applications in . )
microelectronic and micromechanical devices. rameters, the homogeneous spontaneous strains characteriz-
ing the inner regions of domains may be set equal to the
strainsS((’I developing in a stress-free single-domain crystal.
The variation of strainss,(r) inside domain walls should
match in a continuous manner the plateau values attained
Proper and improper ferroelastic phase transitions in cryswithin the neighboring domains. Using a simple model intro-
tals lead to changes of the sizes and shape of the unit‘cell.qyced in Ref. 36, we may assume a linear variatiorbpf
When the crystal is free of mechanical stresses, thesgside domain-wall regions with an effective thickness.2
changes are completely determined by theontaneous ag for the geometry of domain pattern, we shall suppose that
(transformation strainsS; (1,j=1,2,3) of the lattice. In the  ferrgelastic domain boundaries are flat and oriented along
presence of the sources of internal ;trest{se$xFernal Me-  specific planes that determine the energetically most favor-
chanical loading the total lattice strainsS;(r) differ from  gpie grientations of domain walls in a stress-free cry¥tal.
the spontaneous strai (r) since the crystal lattice is also - accordingly, the curvature of domain boundaries, which may
deformedelastically Moreover, the mechanical stresse$  pe induced by inhomogeneous extraneous stresses, will be
may produce a work during the development of excess latticReglected in our calculations. The approximation of planar

strains at the phase transition. A nonzero magnitude of thig, njaries is justified by the fact that curved twin walls are
work indicates the existence of an elastic interaction betwee{'he sources of long-range stress fields and so energetically

e e it ap. S/onGY unfavoraie
gWVine May P We now focus on the case of(@01)-oriented thin film

proximation of the linear theory of elasticty.Using Colo- experiencing a cubic to tetragonal phase transition. In the
netti’s theorem, it can be shown that the spontaneous straing P g ¢ gona’ p : '
crystallographic framex ,x,,X3) with the x5 axis orthogo-

Sﬂ(r) only must be taken into account in the calculation of l to the fil facetsee Fig. 1, th i
the work produced by stresses; . Defining the tensor of nai to the Tiim surfacessee F1g. € nonzeroosporg aneous
strains inside thec domain are equal tdS;;=S;,=(a

spontaneous strain§®(r) in the crystal reference frame
P (1) y —ag)/ag=S. and S);=(c—ag)/a,=S.. (Herea andc>a

common for all elastic domains, we obtain ;
are the lattice parameters of a stress-free tetragonal phase,
and a, is the lattice constant of the prototypic cubic state
Wine=— J Si(r)oj(ndv, (1)  extrapolated to a given temperatre T,.) In thea domain
v with the tetragonal axis parallel to tixg axis, the spontane-
where the integration is carried out over the voluvieof  Ous strains becon®),= S andS),= S3;= S] . It can be seen
ferroelastic phase, and the summation over repeated indicélsat the strain componen®&); and SJ; change on crossing
should be carried out. The straisﬁ(r) involved in Eq.(1)  the boundary between and a domains. Accordingly, we
take different values in dissimilar domains and vary in ashall assume that, inside tléa domain wall,SJ; and S,

II. ELASTIC INTERACTION BETWEEN FERROELASTIC
DOMAINS AND MISFIT DISLOCATIONS
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respect to the parametdrsandl, also enables a calculation
of the in-plane thermodynamic forcé’s‘,ﬁ)= — AW, /4l ,
(a=1,2) acting on the/a anda/c domain boundaries in the
presence of mechanical stressgs. It can be seen that even
a homogeneous stress fielg) may exert a nonzero force on
these ferroelastic 90° walls.

The stresses;j(X1,X,,X3) created by misfit dislocations
in a thin film depend on the geometry of the dislocation
pattern and the orientation of the Burgers vectors with re-
spect to the dislocation lines. For a perovskite film grown in

FIG. 1. Domainc/a/c configuration in a tetragonal epitaxial {he paraelectric cubic state on(@01)-oriented cubic sub-

film containing two periodic arrays of edge misfit dislocations. The

embeddeda domain of the sizel is bounded by 90° walls having

the thickness @. Symbols 1 denote edge dislocations with the

Burgers vectoB; distributed along the interface with the peribd

The dislocation array with the Burgers vectBg parallel to the
twinning axisx, is not depicted. The vectof3; show the sponta-
neous polarizations of ferroelectric domains.

vary linearly between the values &f andS.. In contrast,
the componensy, may be taken to be uniform in the wall
region.

Consider first thee/a/c domain configuration, which con-

sists of the singlea domain embedded into the otherwise
c-domain film. For our purposes, it is convenient to count th

€

strate, the formation of two arrays of mutually orthogonal
straight edge dislocations parallel to th@10] and [100]
crystallographic axes is expect€dWe shall assume, for
simplicity, that these dislocations are distributed along the
film/substrate interface with the same spacingnd lie ex-
actly on this interface. Since only the in-plane components of
the dislocation Burgers vectoBs andB, provide the relax-
ation of misfit strain in the epitaxial system, these vectors
may be taken to be parallel to tj&00] and [010] axes,
respectively. Then the analytic expressions derived in Ref. 39
for the stresses created by a straight edge dislocation in an
isotropic elastic half-space can be used in our calculations, if
we neglect the anisotropy and inhomogeneity of elastic prop-
erties of the film/substrate system. The stress field of an in-

interaction energyWi,; characterizing a polydomain state fiyite neriodic dislocation array can be easily found by sum-

from the value calculated for a reference single-domain stat

Then from Eq.(1) we obtain the following integral expres-
sion for the interaction energgW2, =W~ WE, of the
embeddedh domain:

1 °° 0
AWL=—5(S- ) fﬁmdxzﬁHd@

l1+vV2w—H—x3
A 1
l1—v2w—H—x3
X (011~ 039)dX + f

l1+v2w—H—x3
lo+v2w—H—x3
+ 1
I

2—V2W—H—X3

(X1+X3_Il+ H)
+—
V2w

l,—vV2w—H—x3
2(o11— 039)dxg

(Xg+X3—1,+H)
V2w

)

X(o11— 0-33)dxl} ,

where oj; = 0ij(X1,X2,X3) are the stresses created by misfit

dislocations(or other defects |, andl, denote the positions
of domain boundaries in the filni is the film thickness, and
it is assumed that the/a walls are parallel to thél01) plane
of the prototypic cubic phasésee Fig. 1 It can be easily
shown that the interaction energys,= W22—W2 of the
¢ domain embedded into tha-domain film differs from
AW, only by the opposite sign.

When the stress fieldr;(x1,X;,X3) is known, Eq.(2)

fning the stresses of individual dislocatiofisSubstituting

the calculated total stresses;(X;,X,,X3) created by two
dislocation arrays into Eq2) and performing the integra-
tion, we finally obtain the interaction energy of taeglomain

as

AWa_GB(s‘g—sg) fd X+1+v2w H
(11— ) 0 L 'L
X+ —v2w H) g +f\/iw X 3 X+ H)
—,_ X [ _,_
L L —vaw2w| | L 'L
x+d+1 H _ H? (|+\/2w H
L L)Y aw L 'L
|—v2w H d+I1+v2w H
a L 'L/ '\ L 'L
| d+I1—-v2w H dH 3
S it e ®

whereG andv are the effective shear modulus and Poisson’s
ratio of the film/substrate system treated as an elastically
isotropic and homogeneous half-spaBds the projection of
the dislocation Burgers vect®; on thex; axis (the projec-
tion of B, on thex, axis is the same in the cube-on-cube
epitaxy), | defines the position of the left domain boundary
with respect to the misfit-dislocation arrésee Fig. ], and

the interaction energy is given per unit domain length along

makes it possible to evaluate the energy of elastic interactiothe [010] axis. The upper and lower signs in the second line
as a function of the domain position in the film and theof Eq. (3) correspond to the two possible orientations of the

domain widthd=1,—1,. The differentiation of Eq(2) with

boundaries of a 90° domain, i.e., those parallel to the crys-
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tallographic planes (1Qland (101), respectively. The di- _ , 14 o 2,
mensionless functiond and | involved in Eq.(3) have the g(x)={ 8x"= = /In(1+x%) = zx"In| 1+ -7
forms
16
+ §X(4—x2)arctamx). (7

coshli4my)—cog2mX)

1
J(x,y)= 4—In 1 cos? _ N .

™ cog2mX) Using Egs.(3) and (6) and taking into account that in real
epitaxial systemsS,, S., S0, Si<1, we can represent the

y sinh(4my) ySis : .
cosh{4my)—cog 27x) energyAU," in the following general form:
[cosi{4my)cog2mX)—1] H2[ 1 (H\2(d 2w| S d
- 2 md_ ) — [ a s o 4
2my [cosh4my)—cog2mx)]?’ @ AUa “Ho | 4w\ 2w H'H/ &'H
BH d 2w L |
I (x,y)=arctafitan(x)coth 27y)]. 5 + = (_.—W,—,— +2v20H, (8)

Equations(3)—(5) will be used below to describe quantita- hereZ denotes the funci . by th o in th
tively the influence of misfit-dislocation arrays on the staticsV€re< denotes the function given Dy the expression in the
curly brackets in Eq(6), Y is the expression in the curly

and dynamics of 90° domains in epitaxial films. . o =

In conclusion of this section we emphasize that purel rz;ckzetslln Iﬁq.(B)hdlwdeq b.y 2; FO_U(]}_V)/[IGd(Sa .
ferroelectric 180° domain walls interact with the misfit dis—f__I < 4% |s_ tbi C/ ari‘Cter.'St'ﬁ t IIC ness hor poly oér%aln
locations as well. The interaction force of elastic origin, ms,™ S, = (b—a)/(c—a) is the relative coherency str

however, is expected to be relatively weak since it is Oleterg:hara_cterizing Iattice_misfits between the polydoma_lin tetrag-
mined by the gradier o;(r) of the dislocation stress field. onal film and the cublz:lsubstrate, aﬁ?j:nlqé[2(1+ v)]is the
To calculate the interaction force for an 180° domain wall, itthreshold value ofS,.™ The energyAU:™ of the singlec
is necessary to take into account the local changes of spoflomain embedded into treetype film is defined by the re-
taneous strains inside the wélpecause the tens&f, is the Iatlorg, which d|fgers from Eq(8) only by the replacement
same in both domains adjoining the 180° wall. S /S —2-5//S; and by the opposite sign of the second
(interaction term.
Equation (8) demonstrates that the normalized energy
lll. STATICS OF 90° DOMAINS IN EPITAXIAL FILMS changeA U™ (oH) is a function of the relative domain size
WITH PERIODIC DISLOCATION ARRAYS d/H and the domain positiol/L with respect to the dislo-
cation array. The domain energy also depends on the normal-
fized wall thickness @/H and the period_/H of the dislo-
cation arrays, which may be regarded as constant quantities
when analyzing the statics and dynamics of 90° domains.
domain is defined by the sum of the domain self-eneryy2 Besigles,AUQ“d/(aH) dept_ends on the standard parameters
. . . , . . a S, /S, and H/Hgy of the film/substrate system and on the
in a dislocation-free film and the interaction energW;, of di ol B= B/ H (SO O hich ch tar-
this domain with misfit dislocations. In the linear approxima- . |mer;1$|on les; ra "’B_. (E O(f Ch Ba)]' whic CBccﬁsarac er
tion, the energyAW2 reduces to the sum of the elastic con- |zesht ere ‘?‘F“’? magnitu ' O.t Ei urgers ve .
tribution and the energy of two 90° domain walls. For the The equilibrium dpmaln. .S'Z@j. and .the energetically
domain with boundaries of finite thicknessw? the self- most favorable domain pO.S't'dﬁ in the film can be calcu-
. . . lated from the system of simultaneous equations) ™ Jd
energyAW? per unit domain length along tH810] axis has mdy . q La
been calculated in Ref. 40 as =0, anddAUZ"/dl =0, which follows from the minimiza-
tion of the energy ot/a/c state. Therefore, the equilibrium
- values ofd* andl* normalized byH, appear to be functions
AWazG(Sa_SC) H oal 3] 4o vaw of the parameters, /S°, H/Hg, L/H, 2w/H, and 3 of the
S 16m(1—v)w? g 2H g H material system under consideration. Using E85-(7), we
calculated numerically the dependenceddfH, andl*/H,
d+2f2w) _g(d—Z\/iw on the relative misfit strair§, /S0 in the epitaxy at some
2H 2H representative values of the remaining parameters of the
2GH2 d problem. Figure 2 shows this dependence determined for an
— (14 1)S,(S,—S.) +2v2ZoH, (6)  epitaxial system with relatively sparse misfit dislocations
(1-v) H (L=H=100H,). It can be seen that the variation of the
domain sized* with the misfit strain is marked by the pres-
whereS,=(b—a)/a, S.=(b—c)/c, b is the lattice param- ence of steplike changes, which interrupt the gradual domain
eter of a cubic substrate; is the 90°-wall energy per unit growth. As demonstrated by Fig(&, these abrupt changes
area, and the dimensionless functipis given by take place when the domain size approaches the valties

Consider the energetics of tleda/c and a/c/a domain
configurations in tetragonal thin films with periodic arrays o
misfit dislocations. The changieug“d of the internal energy
of an epitaxial system at the formation of the embedded

-9
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[=)

(=]

(=]
1

1 a) the increase of domain siz& slows down in this situation.
Then, at some threshold val@ of the coherency strain, a

shift of the 90° domain as a whole into a new position be-

comes energetically favorable. Above this value, the domain

w
=
<
1
T

EO
%
Q
3 4001
K= center displaces along the interface by a distance of about
g 3001 L L/2 so that one of the neighboring dislocations turns to be
3 located inside the embedded doméah approximately equal
§ 200+ - distances from the junctions of 90° walls with the interface
E The domain shift is accompanied by a steplike increase of
= 100 I the equilibrium domain sizd*. The direction of the shift is
e 0 defined by the orientation of domain walls with respect to the
03 04 05 06 07 08 09 substrate surface.
Relative Misfit Strain, S/Sro The next abrupt change of the 90° domain configuration

occurs when the coherency strafh reaches a subsequent

< 600 threshold value, at which the domain sd’e approaches 2.
E~ The shift of the domain center by abduR in the film plane
= 500 leads to the appearance of the second dislocation inside the

domain and to an abrupt increase of its size by some amount
Ad*. During the further variation of the coherency str&jn

the gradual growth of the embedded domain also alternates
with step-like changes of the equilibrium domain size. As the
strain parametes; /S? approaches unity, the difference be-
tween adjacent threshold values &f reduces due to the
increasing steepness of smooth segments on the curve
d*(S) [see Fig. 2a)].

When the misfit dislocations in an epitaxial system have
negative Burgers vectord8B&0), it becomes energetically
favorable to place the embeddaddomain of a small size
d* <L in a different position, where one of the dislocations
is situated inside the 90° domain at approximately equal dis-
having Burgers vector8, = B,= B> 0. Variations of the size* of tances from the wall junctions with the interface. In this case,
the 90° domain and the equilibrium domain-wall positibpnandl, an abrupt change _Of the domain _Conflguraftlon takes place
with the relative misfit strair$, /S’=2(1+ v)(b—a)/(c—a) in the When the b_qundar'es of the growing dom_a'n aPProaC,h the
epitaxy are shown ifa) and(b), respectively. The film thicknegs ~ Middle positions between neighboring misfit dislocations.

and the dislocation spacirig are taken to béi=L=100H,. The =~ Above the corresponding threshold valueSpf the domain
90° walls are parallel to thé101) plane, and their thickness is Shifts by a distance of abol/2 so that the number of dis-

assumed to bev2=H,, here and below. Similar plots describe the locations inside it increases by unity. This shift is again ac-
equilibrium geometry of tha/c/a domain configuration in an ep- companied by a steplike increase of the domain width.

IS

(=

<
N

D

==

(=]
|

[\

=3

(=
1

—_

=

(=
1

Equilibrium Wall Positions,

0 T 7 T T T
03 04 05 06 07 08 09
Relative Misfit Strain, S /S’

FIG. 2. Equilibrium geometry of the/a/c domain pattern in a
tetragonal film with two orthogonal arrays of misfit dislocations

itaxial system withS, /S’>1 and the dislocation arrays havilly The above theoretical results may be compared with the
=B,=B<0. These plots can be obtained using the replacementlependenceé* (S;) calculated in the continuum approxima-
S /80—2-5,/S. tion. The latter can be found by replacing the actual arrays of

discrete dislocations by continuous distributions of disloca-

=nL (n=1,2,3,4,...). At corresponding threshold coherencytions with infinitesimal Burgers vectofS.The densitieg,;
strains, the 90° domain walls also shift considerably withandp,, of the dislocation distributions on the film/substrate
respect to the misfit dislocatioisee Fig. 20)]. interface should satisfy the relations,;=B,/L and pi,

The analysis of the calculated dependend&¢S;) and =B,/L, which in our case of8;=B,=B reduce to the
I*(S,) makes it possible to reveal the following peculiarities equality p,;=p;,=B/L. As shown by Speck and Pompe,
of the domain behavior in epitaxial films with misfit disloca- the introduction of such uniform dislocation distributions is
tions. Suppose that initially the strain parameferS’<1  equivalent to the replacement of the nominal substrate lattice
has a certain value at which the sid&(S,/SY) is smaller ~parameteb by the effective parametés* =b(1—B/L) in
than the dislocation spacirlg If the Burgers vector is posi- the basic expressio = (b—a)/(c—a) for the relative co-
tive (B>0), the embedded domain will be situated be- herency strain. Therefore, the sought dependefi¢&;) can
tween two neighboring dislocations because this is the modie calculated from the equatiotAW3/dd=0, where the
energetically favorable position under given conditions. Dur-self-energyA W2 of the embedded domain is given by Eq.
ing the increase of the coherency str&n which may be (6) with the strainS; replaced byS, — BH,/L.
caused by the substrate bending or temperature variations, Figures 3 and 4 demonstrate representative results of the
the 90° walls will first gradually approach the misfit disloca- rigorous calculations allowing for the discreteness of misfit
tions. Owing to the elastic interaction with the dislocations,dislocations in comparison with the dependend®6S;) de-
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0 - - . T
Relative Misfit Strain, Sr/Sro 02 04 06 08 1.0 162
Relative Misfit Strain, S /S

R 1.067 b) [ FIG. 4. Dependence of the normalized equilibrium sitéH,

;3 1.04+ B>0 3 of thea domain on the relative misfit stra'Sf/S? in the epitaxial

=l system. The curves are plotted for a film with the thickness

kS| ’ =10H, and the spacing between the misfit dislocatiohs

v2 1.001 =100H,. The results obtained in the continuum approximation are

-§ 0.984 shown by dotted lines.

Qo 0.96- IV. DYNAMICS OF A FERROELECTRIC 90° DOMAIN

3 IN ELECTRIC FIELD

B 0.944

<

po 0921 N In this section, we shall describe the influence of misfit
0.90 - dislocations on the evolution of 90° domain patterns in a

03 04 05 06 07 08 09 ferroelectric film subjected to an external electric field. Our
Relative Misfit Strain. S /8 ° analysis will be restricted to relatively low-frequency fields,
[ A

which are used in the measurements of polarization hyster-
FIG. 3. Equilibrium sized* of the embedded domain as a €sis loops in ferroelectrics. When the film is sandwiched be-
function of the relative misfit straif, /S in the film/substrate sys- tween two continuous electrodes, as in a conventional plate-
tem. The sized* is normalized either by the characteristic film capacitor setup, the electric field intensitys predominantly
thicknessHo=a(1— )/[G(S.—S,)?] (a), or by the equilibrium  oriented in the film-thickness direction. Therefore, the ap-
domain widthd, calculated in the continuum approximatidb). plied field interacts mainly with the out-of-plane spontaneous
The film thicknessH and the dislocation spacirlg are taken to be  polarizationPg existing in thec domains. Owing to this in-
H=L=100H,. The results obtained in the continuum approxima- teraction, the width of a uniformly polarizeddomain tends
tion are shown in(@ only for a film without misfit dislocations g increase or decrease after the application of electric field.
(B=0). Similar smooth curves plotted for films containing sparse|n the absence of misfit dislocations, the embedded 90° do-
misfit dislocations I = H) differ only slightly from the plots calcu-  \15in in thec/a/c and a/c/a patterns will simply grow or
lated from Eqs(3)~(7). shrink gradually, following temporal variations of the field

termined in the continuum approximation. Remarkably, everintensity E(t). As will be shown below, the behavior of 90°

in the case of relatively sparse misfit dislocatiohs=(H) the ~ domains may change markedly in epitaxial systems contain-
continuum model correctly describes the general trend of thég the misfit dislocations.

domain-size variation with the coherency strain in an epitax- Consider as a representative example the dynamics of the
ial system[Fig. 3@]. The error in the calculated domain a/c/a domain configuration, where the polarization vector
width d*, which is caused by the neglect of the discretenes®s in the c domain is oriented along the applied field. In this
of dislocations, does not exceed several per ¢eae Fig. situation, the increase of the field intensiyshould lead to
3(b)]. When the distances between misfit dislocations aréhe growth of the embeddexridomain. To quantify this pro-
very large (>H), however, the deviations from the actual cess, we can employ the procedure proposed earlier in Ref.
dependenca* (S;) become significantFig. 4). Moreover, 44, where the effect of electric field on the energetics of 90°
the continuum model may lead to appreciable errors in thelomains was studied for films without misfit dislocations. It
calculations of the stability range of a polydomain state orwas found that, in the linear approximation, the presence of a
the strain scale, underestimating this range for films withpotential differenceAV between the top and bottom elec-
sparse misfit dislocations. As can be seen from Fig. 4, e.gtrodes is equivalent to a change of the strain paranﬁ;ﬂ@?

the minimum coherency strais,, at which thec/a/c state by a value *E/E,, where E=AV/H, and Ey=G(S,
becomes stable in an epitaxial film with misfit dislocations, — S.)%/[(1— »)Ps] is the characteristic electric field intro-

is significantly smaller at =10H than the value determined duced for a polydomain film. Then from E) it follows

in the continuum approximation. that the field-induced variations of the equilibrium domain
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FIG. 5. EnergyAUrcnd of thea/c/a structure as a function of the
domain position with respect to the misfit-dislocation array. The
film thickness equalsl = 10H,, and the spacing between the misfit
dislocations with the Burgers vectoBs =B,=B<0 is assumed to
beL=100H,. Curves 1-5 are plotted at the following values of the
relative misfit strainSr/S?: 1.006(1), 1.002(2), 0.998(3), 0.994
(4), and 0.990(5). For PbTiQ films at room temperature, the re-
duction of S, /Sf’ by a value of 0.004 corresponds to an increase of
the electric fieldE parallel to the polarizatioRs in the c domain by i<t d=d,<d* |
AE~8X1C° V/m. T ‘

width d*(E) and positionl* (E) can be found using the
dependenced* (S;) andl*(S;) calculated in Sec. Ill.

In order to determine the evolution of tleéc/a domain
structure in an increasing electric field, we shall analyze the
dependence of the energy chan.‘gkd'g‘d of an epitaxial sys-
tem on the in-plane positioh of the ¢ domain at a fixed
coherency strairg, in the epitaxy. Since according to Egs. Ad
(3) and (8) the energyAUM™ is a periodic function of the
relatlvg Fjoma'h lposmorh/L with res%ept to the dislocation structure in a ferroelectric film containing edge misfit dislocations:
array, it is sufficient to calculatd U¢™ in the range 6I/L (4 initial 90° structure with thes domain embedded between two
<1. In the course of these CalCU|at|0nS an Optlmum domaimeighboring dislocationgh) gradual expansion of the staltedo-
size dq(I/L) must be found from the equatiomAU ' %9d  main under the action of increasing electric i€ (c) metastable
=0 and then substituted back into E&) to find the mini-  state of the 90° domain clamped by the dislocations in a strong
mum domain enerngU’C“d(I/L) at each given value dfL. field; (d) abrupt change of the domain pattern caused by the jump of
Performing necessary numerical calculations, we determine@e right 90° wall over the neighboring misfit dislocation.
the dependencAUE‘d(I/L) for several slightly different val-
ues of the coherency strafy (see Fig. 5. the equilibrium domain widthd* =d*(Sr/S?—E/EO) takes

When discussing our theoretical results, we shall supposplace, being similar to the initial smooth part of the curves
that the relative coherency strain in an epitaxial system hashown in Fig. 4. This stage ends when the field intensity
the valueS, = 1. 006r which corresponds to curve 1 in Fig. reaches a threshold value Bf,~0.004&,, at which the two
5. The potential rellefAUmd(I/L) described by this curve minima of the energdUT(1/L) become equal in deptbat
involves two minima separated by a potential barrier so thathis field, the effective strain paramet& /S)—E/E, re-
it has the form of a double-well potential. Since at the aboveduces down to a value of 1.002 represented by curve 2 in
value of S, and the chosen sign of the dislocation BurgersFig. 5) At higher electric fields, it is energetically favorable
vectors 8<0) the left minimum is deeper than the right to shift thec domain to another positioh, which corre-
one, it is energetically favorable to embed thdomain hav-  sponds to the right minimum of the functi(erC“d(I/L). In
ing a small sized* <L between two neighboring misfit dis- this position, the domain contains one of the misfit disloca-
locations (*>d*), as shown in Fig. @. The subsequent tions since its equilibrium sizd* is larger that the disloca-
application of an electric field and the increase of its inten+ion spacingL. However, the domain shift is impeded by a
sity E will lead to the growth of the embedded domain. This potential barrier separating the two minima. Hence the 90°
process can be divided into three different stages. domain remains in a metastable state between the neighbor-

During the first stage of the process, a gradual increase ang dislocations, growing only slightly with the increase of

d=d* |

FIG. 6. Electric-field-induced evolution of tha/c/a domain
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the field intensityE [Fig. 6(c)]. At this second stage of the creasing rapidly with the deviation @&, from its threshold
process, the domain widtt,, differs from the equilibrium  value Sf, to which the effective paramet@rls?—E/Eo
domain sized* corresponding to the given value of the pa- tends during the rise of external field. The characteristic es-
rameterS, /S’ —E/E,. When the field intensity reaches the timate of E,,, therefore, is given by the differencE,,
critical magnitudeE,~0.01ZE,, the potential barrier be- =E.—E;,. Our numerical calculations revealed the follow-
tween two energy minima disappeaiaurve 4 in Fig. 5. ing main features in the behavior AfE.,.
This leads to a “jump” of the right 90° wall over the misfit (i) The minimum critical fieldAE, varies nonmonotoni-
dislocation[Fig. 6(d)], which is accompanied by a shift of cally with the normalized film thicknesd/H,. In the case
the domain center and the steplike increAsk=d* —d,, of  of the a/c/a domain configuration described by the curves
the domain width(third stage of domain growih shown in Fig. 5, for example, the first jump of the 90° do-
During the further rise of electric field, the above three-main wall over the misfit dislocation takes place /&E.,
stage evolution of the/c/a domain structure repeats. As ~8x10 3E, in a film with H=10H,, AE,~9X 10 3E, at
soon as the field intensity reaches the next critical value, thel=100H,, and AE.~1.6x10 3E, at H=500H,. It can
right 90° wall leaps over the neighboring misfit dislocation be seen that the critical field reduces drastically in very thick
again, and the number of dislocations inside thdomain  films (H>100H,), which may be expected from general
increases by unity. Since the resulting abrupt change of theonsiderations. Indeed, the driving for€g;;, acting on a 90°
domain size is accompanied by a steplike increase in thevall in an electric field is directly proportional to the wall
mean polarizatior® of a ferroelectric film, the jumps of 90° area, which give& 4;,~H. The stress field of a straight edge
domain walls over the misfit dislocations represent one of thelislocation, which hinders the domain-wall motion, falls
possible microscopic mechanisms of tBarkhausen effect with the distance from the dislocation as ! so that the
in thin films. On the macroscopic scale, this classical effecpinning force weakly depends on the film thickness at large
manifests itself in pulses of the switching current and mul-H. However, the increase of the critical field with decreasing
tiple steps on the polarization hysteresis loél{&), which  film thickness stops in very thin filmdH{~ 10H,) due to the
are commonly observed in ferroelectrfcs* screening of dislocation stresses by the film free surface.
To check whether the proposed mechanism is realistic, we (ii) The critical fieldA E, reduces with the increase of the
have to compare the introduced critical field, with the  dislocation densityp~1/L at the film/substrate interface.
measured coercive fielH, of an epitaxial ferroelectric film This feature is caused by the fact that the degree of stress
with the 90° domain structure. For the discussed representéshomogeneity near the interface lowers, and the stress-
tive film/substrate system with the relative coherency strainnduced potential relief smoothens, as the dislocation spacing
S= 1.0065?, film thicknessH = 10H,, and dislocation spac- L decreases.
ing L=10MH,, the calculation gives the critical field &, (ii ) The larger the number of misfit dislocations inside the
~0.01ZE, for the first domain jump. This result leads to an embedded 90° domain, the smaller the fiAle. necessary
estimateE,~2.5x 10° V/m for the PbTiQ film at room  for the wall jump over the next dislocation. For instance, in a
temperature, which has the characteristic fidigg~2  film with the thicknessH=100H, and the dislocation spac-
x 10 V/m.* Remarkably, the calculated critical field is sev- ing L=H, the “capture” of the sixth dislocation by the 90°
eral times lower than the coercive fidil~10" V/m evalu- domain requires a field which is about three times smaller
ated from the measured hysteresis loops of epitaxial PpTiOthan the fieldAE., necessary for the capture of the first misfit
films.® On the other hand, the critical field necessary for adislocation. This trend can be attributed to the enhancement
domain jump increases drastically in the film/substrate sysef the sensitivity of equilibrium domain widtti* to changes
tems, where the relative coherency strgjndiffers strongly — of the relative coherency strain, which accompanies the
from all of the threshold strainS} at the given dislocation growth of d*(S;) [see Fig. 83)]. Indeed, owing to the in-
periodicity L, which were discussed in Sec. Ill. In real epi- crease of the derivatived*/JS,, the broadening of a wide
taxial systems, however, arrays of misfit dislocations are noflomain by a given valuad~L can be induced by a much
exactly periodic. In the presence of a distribution of the dis-smaller fieldE/E, than in the case of a narrow domain.
location spacings, the boundaries of some 90° domains may (iv) The critical fieldAE,, displays ahysteretic behavior
be situated close to misfit dislocations in the majority ofin the sense that it depends on the direction in which the 90°
polydomain epitaxial films. Therefore, the jumps of 90° wall jumps over the misfit dislocation. This feature can be
walls over misfit dislocations are expected to be a commorievealed during a cyclic variation of an applied electric field,
mechanism of the Barkhausen effect in ferroelectric thinwhich induces the broadening and shrinking of the embed-
films. ded ferroelectric domain at different stages of the cycle. To
In view of the above prediction, it is of interest to analyze illustrate this hysteretic behavior, we shall consider again the
the dependence of the critical fiele, on the film thickness @a/c/a domain configuration characterized by the potential
and other relevant parameters. For this purpose, we represdglief shown in Fig. 5. We now suppose that the applied
E. as E,=Eu+AE,, where Ey, is the threshold field, electric field starts to decrease after reaching the critical
which equalizes the two minima of the energ@™(1/L),  valueE{’~0.01ZE,, which transforms this relief into curve
andAE,, is the minimum value of the critical field removing 4. In this situation, the domain captures one misfit disloca-
the potential barrier. The fiel&, strongly depends on the tion atE=E{’, and then shrinks due to the increase of the
initial coherency strair§, in the film/substrate system, in- effective paramete8, /S’ —E/E,. When the field intensity
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reduces below the valug;,~0.004,, (curve 2, the domain wall becomes strong enough, the wall leaps over the neigh-
tends to shift back to the initial position between two dislo-boring dislocation. Our theoretical results show that such
cations. However, even &=0 it cannot return to this posi- Jumps may manifest themselves in steplike changes of the
tion because the backward jump of the 90° wall is impededlomain populations, measured as a function of temperature,
by a potential barrie(see curve L This jump takes place s_ubstrate deformation, or th_e intens_ity of applied el_ectric
only after the application of a critical electric fielE{f)<0 in field. Moreover, the ferroelastic domain structure can display

the opposite direction. The calculation shows that the mag@ hysteretic behavior under the cyclic variation of a driving
nitude OfAE(Z)zE(Z)_Eth equals 5.5% 10 2E,, which is field. Therefore, the hysteresis, which was observed in Ref.
cr cr . l

28 during x-ray measurements of the electric-field depen-

several times larger than the critical fieldE()~8 g Fihee doma i be attributed ¢
x 107 3E, necessary for the forward jump of domain wall. ence ot thec- on:am popula |<_)r¢c,.may € allributed o
the pinning of 90° walls by misfit dislocations in epitaxial

This distinction is caused by a strong asymmetry of the po-

. . md, . . Pb(ZI’ngTIOGg) O3 fllmS
tential relief AUCT(I/L) (see curve 2 in Fig. 5 On the microscopic scale, the elastic interaction between

domain walls and misfit dislocations may manifest itself in
V. CONCLUSION specific mutual positions of these crystal defects. When the

In epitaxial thin films grown on dissimilar substrates, theBurgers vectoB of the dislocations is oriented in the film
formation of the ferroelastiétwin) structure is driven by the Plane, the energetically most favorable configuration corre-
mechanical film/substrate interaction. The density of domairfPonds to the position of a misfit dislocation either inside or
walls is expected to grow rapidly just below the phase tranoutside the embeddeci domain, depending on the relative
sition temperaturd@ ., and then to stabilize during the further coherency strairs, in the epitaxy and the sign d. The
cooling of the film. The fractions of the film volume occu- location of 90° domain walls in a close vicinity of misfit
pied by dissimilar ferroelastic domains, on the other handdislocations can occur only under particular conditions in
were observed to change gradually with the decrease dhis case(e.g., when a small domain formed between two
temperaturé. This process is caused by the variation of theneighboring dislocations at the transition temperature grows
misfit strain with temperature, which alters the energeticallyduring the film cooling until it is blocked by these defects
most favorable values of domain populations. The adjustin contrast, misfit dislocations with an out-of-plane Burgers
ment of domain populations to these equilibrium values proVvector B of appropriate sign create potential wells for the
ceeds via translational movements of domain walls induce®hoving 90° boundaries, thus pinning them to specific
by the thermodynamic forces of mainly mechanical orfgin. Positions® A similar link-up of the 90° domain walls with
Similar limited movements of ferroelastic walls may resultinterface dislocations has been observed experimentally in a
from the substrate bending, which offers a simple way toBaTiOs/LaAlO; epitaxial system using high-resolution
change the misfit strain in an epitaxial system. transmission electron microscopy.

In ferroelectric thin films, displacements of domain walls ~ Finally, we would like to note that the quantitative results
can be also induced by an applied electric field. In contrast t®f our theoretical calculations are directly applicable to poly-
the large-scale motion of purely ferroelectric walls, which isdomain films, where distances between the 90° domains of
permitted in a constrained film, the displacements of ferthe same type are much larger than the film thickness. For
roelastic walls under the electric field are very limited. Theythis geometry of the domain structure, the elastic interaction
are restricted by the aforementioned thermodynamic forceetween the embedded domains(or between thea do-
which now play the role of restoring forces. Owing to the maing may be neglected because it is strongly reduced due
elastic stabilization of the 90° domain structure, the contri-0 the screening effect of the film free surface. Accordingly,
bution of 90° walls to the polarization switching in tetrago- the influence of misfit dislocations on the statics and dynam-
nal ferroelectric films must be small in comparison with theics of polydomain configurations may be described in the
contribution of 180° walls. Nevertheless, significant changeg@pproximation of a single embedded domain.
of the volume fractiong. of the ¢ domains have been ob-
served qluring the .polazgization reversal in epitaxial ACKNOWLEDGMENT
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