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Effect of interfacial dislocations on ferroelectric phase stability and domain
morphology in a thin film—a phase-field model
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A phase-field model was developed for predicting the domain structure evolution in a thin film with
an arbitrary distribution of dislocations and subject to a substrate constraint. The effect of interfacial
dislocations on the formation of tetragonal ferroelectric domains in a cubic paraelectric matrix was
studied. It was found that the presence of interfacial dislocations locally modifies the ferroelectric
transition temperature and leads to the preferential formation of ferroelectric domains around misfit
dislocations. The types of tetragonal variants depend on the directions of the dislocation lines and
their Burgers vectors. €003 American Institute of Physic§DOI: 10.1063/1.159041]6

I. INTRODUCTION tic solutions to incorporate dislocations, it is difficult to ap-
. . ply their method to cases with an arbitrary distribution of
The nature of the ferroelectric phase transition and thgjisiocations. In this work, we focus on the ferroelectric phase
resulting domain structure evolution can be significantly afansformations and domain structure evolution in a thin film
fected by the presence of internal electrical and structural ity an arbitrary distribution of dislocations.

defects. A defect can locally modify the atomic bonding and

thus the local transition temperature. It can also influence the
phase transition through the field that it generates. In a phét. PHASE-FIELD MODEL
nomenological description using the Landau theory, the lead-

: e A ferroelectric transition from cubic to tetragonal is con-
ing contribution of defects to the total free energy can be_. S .

. . sidered. The bulk thermodynamics in a stress-free state is
simply described by

described by a Landau expansion using the unpolarized and
AA(X) unstressed crystal as the reference,
fa=——— 70 —h4(x) 7(x), ()

fLan= 1(Pi+ P53+ P + ayy(P1+ P35+ P3)

wherex=(X1,X5,X3) is the spatial locationyp(x) is the order
parameter describing the phase transitidni(x) is the
change in the coefficient of the second-order term in the +anipi( p‘21+ p§)+pg(p‘11+ pg)

Landau expansion due to the presence of defectshghd

is the local field produced by the defects, which may produce +P3(PI+P5) ]+ a1,P5P5PS, )
nonzero local values for the order parameter even above thg,are P=(P,,P,,Ps) is the polarization vector, ane;,

Curle temperature . ) xq1, 12, 111, X112, al’lda123 are phen0m9n0|oglca| Coef'

In this work, we consider a special type of structural ficjants which determine the nature of the transition, the tran-
defect, namely, dislocations, which generate inhomogeneousion temperature, and the dielectric susceptibility as a func-
elastic fields. Our focus is on the effect of interfacial d'SIO'tion of temperature. It should be emphasized that the set of

cations on the formation of ferroelectric domains in a thin g afficients in Eq.(2) is measured under the stress-free
film. Interfacial dislocations are generated to release th%oundary condition.

strain energy arising from a lattice mismatch between a film  j4er the stress-free condition, the ferroelectric phase

and a supstrat%.The effect of interfacial dislocations on ansition is accompanied by a spontaneous stiatied the
ferroelectric domain formation in thin films has been d's'eigenstrain in micromechanics

cussed previously using the reduced average substrate con-

straint due to the formation of misfit dislocatiohi€.In this €)" = Qiji PkPr ()
study, we consider both the average macro effect of a ‘_Q’l,JQNhereQin is the electrostrictive coefficient tensor, and the
strate and the local effect on the ferroelectric phase trans't'oguperscripuD means the eigenstrain arising from the polar-
and the accompanying domain formation. For this purposegyation.

we use the phase-field approach. Phase-field approach has |, the phase-field model, the domain structure is de-
previously been applied by Leonard and Desai to modeling @cyiped by a spatially inhomogeneous polarization distribu-
similar problem, phase separation in a binary thin film withjo Therefore, the eigenstrain is also inhomogeneous in the
dislocations’ However, since they employed analytical elas- omain structure, resulting in long-range anisotropic elastic
interactions among ferroelectric domains. Similarly, any ar-
dCorresponding author. Electronic mail: yill@psu.edu bitrary spatial distribution of dislocations can be described

+ay PEP5+P3P3+P3PY) + aqqy( PS + PS+ PY)
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FIG. 1. Schematic illustrations of simulation model and dislocations. "3'
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by a space-dependent eigenstrain distribution. For example, a

dislocation |00p on S|ip plans with a Burgers vectob FIG. 2. Comparison of stresses from analytical solutlores) and from our
numerical calculatior{scatter symbo)sof an edge dislocation in an elasti-

=(by,by,b3) can be expressed through the S7[“:35’3']:“'3‘(:éally isotropic half space with shear modulusand Poisson’s ratio. The

eigenstraiﬁlo plotted stresses are along the dashed lind Bf
1
0D _ _yD
€ij ——Zdo[(binj+bjni)]5(x X"), (4) 1 1

_ _ oD_ _OP 0D_ _OP
wheren=(n;,n,,n3) is the unit vector normal to the slip Fera= 5 Ciji1€ij € =75 Cijia (€~ €ij” — €7 ) (€10~ €~ €ir )
plane, dy is the interplanar distance of the slip plane,

8(x—xP) is the Dirac function, and® is a point inside the - EC._ (e:—eP—Qi PP,
dislocation loop. Therefore, for a spatial distribution of many 2 7K ym e
dislocation loops, the associated eigenstrain can be obtained X (€4~ EOD_Q P.P.)

by considering the total eigenstrains due to all individual K- Bkl ekimntmtn

dislocation loops. We consider film-substrate interfacial dis-

locations with dislocation lines parallel to, axis (see Fig. = 5 Cijki QijmnQistPmPnPsPt
1). In order to describe the interfacial dislocations using dis- .
location loops, image dislocations are introduced, as shown —Cijki (€~ € ) QuimnPmPn
in Fig. 1 by the dotted dislocation symbols. 1
With the total eigenstrain for a domain structure with + = Ci (€ — €2P) (€ — €P) (7)
. . 0 oP oD . . 2 I]k| 1] 1] ki kl /-
dislocationsej; = € + €~ , the elastic strains and stresses

can be obtained by solving the mechanical equilibrium equatt is seen that the introduction of elastic energy alters the
tion, through a combination of Stroh’s algorithm and the me-coefficients of the quadratic and fourth-order terms in the
soscopic elasticity theory of Khachaturydn® The me- pulk Landau free energy polynomial in E(). Since the
chanical equilibrium equation is given by eigenstrain describing the misfit dislocations is spatially in-
doi; d(Cijaen) homogeneous, it is easy to see that the presence of disloca-
—=—=0, (5)  tions modifies the local properties inside a ferroelectric do-
main in which the polarization is otherwise homogeneous.
whereg;; is the elastic strain component, which can be ob-  For simplicity, we consider only the effect of elastic
tained by subtracting the stress-free eigensteﬁirﬁrom the fields and ignore the explicit change in local atomic bonding
total straine;; , i.e.,€;;= €;;— eﬂ, andc; is the elastic stiff-  due to the presence of misfit dislocations. We assume that the
ness tensor. interfacial dislocations are generated during a film deposi-
To validate the elastic solution, we compared the stression, and no additional dislocation forms during cooling. We
field obtained from the present approach and that from thalso assume that the dislocations do not move during domain
analytical solutiof® for the case of a climb or glide disloca- evolution. The effect of mobile dislocations will be consid-
tion in a half plane, assuming isotropic elasticity. It wasered in a future publication.
found that our numerical solution agrees very well with the  The temporal evolution of a ferroelectric domain struc-

analytical solutionsee Fig. 2 ture is described by the time-dependent Ginzburg-Landau
The elastic energy density of a domain structure is giverequation

by IPi(x,1) SF _
felazzcijkleij €l - (6) n

wherelL is related to domain-wall mobilitys is the total free
Expanding Eq(6), we have energy of the film, and is time. The total free energy in-
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FIG. 3. Temporal morphologies of ferroelectric domaingdomaing at T FIG. 4. Temporal morphologies of ferroelectric domaiasdomaing at T

=485 °C in PbTiQ film in the presence of,-type interfacial dislocations. =485 °C in PbTiQ film in the presence of,-type interfacial dislocations.

cludes the bulk free energy, domain wall energy, elastic ensystem is sufficient, although the equilibrium volume frac-
ergy, electric energy, and surface and interface contributionsions of each domain variant may not be accurate due to this
The domain-wall energy is introduced through gradients otwo-dimensional nature. The film thickness was takemas
the polarization field>*"8Since this work emphasizes the =60Ax, and the heterogeneous elastic deformation in the
effect of film/substrate interfacial dislocations, the interfacialsubstrate is limited to a distance lof=54Ax from the film/
contributions and the electric energy are ignored. The effecsubstrate interface. The parameters defining the dislocation
of electric energy was discussed in one of our previousigenstrain are chosen dg /dy=1/3. The dimensionless
papers:® time incrementin units of 1L) was taken a&\t=0.06.
The transition temperature for PbTj@om the paraelec-
tric cubic phase to the ferroelectric tetragonal phase Tyas
=479°C under clamped boundary conditions with zero
Numerical simulations of ferroelectric domain formation strain. Therefore, in the absence of any local strain field, the
were carried out by solving Eq8) using the semi-implicit paraelectric cubic phase is stable at a temperature higher than
Fourier-spectral methotd.A lead titanate (PbTig) thin film  T.. In the presence of dislocations, however, the inhomoge-
is considered® The coefficients of the Landau free energy neous strain field of dislocations leads to the variation of
expansion as well as the electrostrictive and elastic constantsansition temperatures in space, and it is possible for the
are listed in Ref. 21, adapted from Refs. 22 and 23. With thiferroelectric phase to appear at a temperature higher than the
set of coefficients, the transition is first order in the bulkbulk T.. The local transition temperature can be determined
under stress-free conditions. However, it becomes second ofrom the modified coefficient oP?,
der under clamped boundary conditions. Therefore, the ,
paraelectric to ferroelectric transition is continuous or spin- ~ @m~ @1+ Aam, ©)
odal under a substrate constraint in the sense that nucleation _ oD
of ferroelectric domains in a paraelectric matrix is barrier- am=~Cijii (€1~ ") Qijmm (10
less. A computational cell size of 5AR X 1Ax X 128Ax was  where no summation is taken for the repeatedf «, <0,
employed withAx=d, being the grid size for the spatial the paraelectric phase is unstable with respect to its transition
discretization. Periodic boundary conditions are appliedo a ferroelectric phase.
along thex, andx, axes lying along the film plane. Since To study the domain formation, we started the simulation
only one grid point is used in one of the dimensions, thefrom a high-temperature paraelectric state. The initial state
simulation is essentially two dimensional. However, sincewas generated by assigning a zero value at each grid point
our main interest is in studying the initial nucleation of do- for each component of the polarization field plus a small
mains around misfit dislocations, this quasi-two-dimensionatandom noise of uniform distribution. The average substrate

Ill. RESULTS AND DISCUSSION
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FIG. 5. Temporal morphologies of ferroelectric domafodomaing at T
=485°C in PbTiQ film in the presence o6 -type interfacial dislocations.
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FIG. 7. Spatial distributions oA, andA a3 in Egs.(9) and (10) around

the given interfacial dislocations. The plotted contours are based on the
value of Aa,/ag (ap=]|@1|7-25 -0). The outermost contour corresponds to
the value of|A ey, /ag|=0.15 while the inner contours are drawn with in-
creasing values dfA o,/ ay| at intervals of 0.1.

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

The spatial distribution of the ferroelectric tetragonal
phase af =485 °C is shown in Figs. 3—6 for the four types
of dislocationsC,, C;, G,, andG,, (see Fig. 1 for the defi-
nition of the types of dislocationsin the figures, the sub-
strate and the ferroelectrig domains of ¢-P4,0,0) andc
domains of (0,0t P3) are shown in gray, light gray, and
dark gray, respectively. The domain structures were plotted
using the contours dP;|/Ps=0.5 whereP is the stress-free
spontaneous polarization at the corresponding temperature.
The bright regions in the film represent the parent cubic
phase. The black straight lines label the dislocation slip
planes and dislocation locations. It is shown that both the
climb C, and glideG, types of dislocation favor the forma-
tion of c domains, whereaas domains preferentially nucleate
around climbC, and glide G, dislocations. For different
types of dislocation, both the location of the initial ferroelec-
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tric domains and the rate of domain growth are different. For 8 é h I
example, ferroelectric domains nucleate at both sides of a
climb dislocation but only at one side of a glide dislocation. 0 4 128 192 256 320 384 448 512
For each case there is only one kind of domain, either c n, interface dislocation at x =nAx
domains, i.e., two types of domain cannot form simulta-

neously around the same type of dislocation. This observd=ICG. 9. Elastic energy excessF,, versus the position of the dislocation
due to the insertion of an interface dislocation. The light-gray and dark-gray

.tIOI’l can be easily e)fplamEd by the spatial variation\afn, stripes just indicate tha and c domains along the film/substrate interface,
in Egs.(9) and(10). Figure 7 shows the contours fifx; and  the same as those shown in Fige)s

A ag based on the value dfa,,/ag (apg=|ai|r=25-0). The
a and c domains are favored to form in the regions where
Aaq, and A a3 have negative values, respectively. It is seendomain boundary is likely to be pinned by dislocations.
that both theC, andG, types of dislocation favoc domains.  However, our simulations revealed that dislocations prefer to
Thec domains form at both sides of@& dislocation but only  be located inside the ferroelectric domains. In order to inves-
at the left-hand side of &, dislocation, which is clearly tigate the energetically favorable locations for dislocations,
shown by the variation o a3/aqy. Similarly, C,, and G, we made a numerical calculation, i.e., we inserted a disloca-
types of dislocation favas domains. It was observed that the tion in a ferroelectric domain structure and examined its in-
domain structures show little change for400QAt at the  teraction with the domain structure. FiguréeBis the do-
given temperature. main structure without dislocations. After inserting a

After 4000 time steps of annealing at=485°C, we dislocation, we calculated the elastic energy exc®fs,
decrease the temperature in steps of 10 °C and hold the sydue to the insertion of the dislocation. Plots&fF,, versus
tem at each temperature for 200 time steps. Figure 8 preserttse position of dislocation are presented in Fig. 9 for the four
the domain morphologies at room temperatufes25°C.  types of dislocation considered in this work. The light-gray
For comparison, a domain structure without the presence aind dark-gray stripes indicate theandc domains along the
dislocations is also shown in Fig. 8. It is interesting to ob-film/substrate interface. Negative valuesXf ., mean that
serve that the dislocations are always located inside ththe elastic energy is lower with the presence of a dislocation,
ferroelectric domains, either or a domains, depending on i.e., the existence of the dislocation is energetically favored.
the type of dislocation. Moreover, the domains having dislot is found thatAF, reaches a minimuninegative values
cation inside have larger sizes compared with the domainsostly when theC, or G, type of dislocation is inserted in
without dislocations. Dislocations inside domains have alsahe middle region of a ferroelectricdomain. That is, for the
been observed experimentaifi?* given domain structure in Fig(&, an inserted dislocation of

In the work of Daietal? it was pointed out that a theC, or G, type is energetically favored to locate inside the

-30
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