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Abstract

The stability and evolution of ferroelectric domain structures in thin films are studied. Elastic solutions are derived
for both elastically anisotropic and isotropic thin films with arbitrary domain structures, subject to the mixed stress-
free and constraint boundary conditions. These solutions are employed in a three-dimensional phase-field model to
investigate simultaneously the effect of substrate constraint and temperature on the volume fractions of domain variants,
domain-wall orientations, surface topology, domain shapes, and their temporal evolution for a cubic-to-tetragonal ferroe-
lectric phase transition. A specific example of a [001] orientated film heteroepitaxially grown on a [001] cubic substrate
is considered. It is shown that the shapes-afomains with tetragonal axes parallel to the film surface are significantly
different from those oft-domains with tetragonal axes perpendicular to the film surface. For the substrate constraints
and temperatures under which ba@thand c-domains coexist, both types afdomains are present with their tetragonal
axes perpendicular to each other, and the domain wall orientations deviate from the 45 orientation generally assumed
in thermodynamic analyses. It is demonstrated that a substrate constraint results in sequential nucleation and growth
of different tetragonal domains during a ferroelectric phase transific2002 Acta Materialia Inc. Published by Elsevier
Science Ltd. All rights reserved.
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1. Introduction of domain structures when a paraelectric phase is
cooled through the ferroelectric transition tempera-
Ferroelectrics are a class of materials possessingture, also known as the Curie temperature. Each
a spontaneous polarization that can be reorientedindividual domain is a microscopic region with
between crystallographically defined states in a uniform electrical polarization. The crystallogra-
single crystal by an electric field [1,2]. A common phy and thermodynamics of domain structures in
feature for ferroelectric materials is the formation bulk systems have been extensively studied and
reasonably well understood [3]. For example, in a
cubic to tetragonal transformation, there are three
msponding author. Tel.+1-814-863-8101: fax+1- possible orientation variants with the te'trag'onal
814-865-0016. axes along the [100], [010], and [001] directions
E-mail address: Lgc3@psu.edu (L.Q. Chen). of the cubic paraelectric phase. In the absence of
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any externa field or constraint, all of them have
the same probability to form in a parent phase
below the ferroelectric transition temperature. The
corresponding domain structure of the ferroelectric
phase will contain al possible orientations of
domains with statistically equal volume fractions,
separated by the so-called domain walls. In such a
system, there are two types of specia domain
walls: the 180 walls separating domains with
opposite directions of polarization, and the 90
walls separating domains with perpendicular direc-
tions of polarization. The stability and orientations
of the domain walls are determined by minimizing
the sum of the electrostatic energy, the elastic
energy, and the wall energy of a domain structure.

The domain configurations in ferroelectrics
could be dramatically changed by external con-
straints. For ferroelectric thin films constrained by
a substrate, the existence of afree surface and sub-
strate constraint destroys the macroscopic sym-
metry of the system and can significantly affect
both the Curie temperature and the relative volume
fractions of domains with different orientations [4—
15]. Thanks to the recent advances in theories of
ferroelectric domains, it is now possible to con-
struct domain stability maps which show the vol-
ume fractions of domains as a function of lattice
mismatch with substrate and/or temperature [4,11—
15]. However, in order to determine the volume
fractions of domains that minimize the total free
energy at a given temperature and substrate con-
straint, a smple domain structure with a particular
domain wall orientation is usualy assumed as a
priori. For example, essentially all existing thermo-
dynamic models of tetragonal ferroelectric domain
structures on a [001] cubic substrate considered
only two types of tetragonal domains, forming
essentially a two dimensional (2D) domain struc-
ture (Fig. 1). In a three-dimensional (3D) film,
depending on the degree of substrate constraint, all
three types of tetragonal domains may co-exist and
the domain structure can be much more compli-
cated.

To study the stability and evolution of 3D ferro-
electric domain structuresin athin film constrained
by a substrate, we adopted a phase-field approach.
The phase-field approach has previously been
applied to modeling microstructure evolution dur-
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Fig. 1. Schematic illustrations on the 2D representation of 3D
thin film domain structures: (a) c/a/c/a domain structure; (b)
aj,/a,/a;/a, domain structure.

ing structural transformations in bulk systems (see
[16] for references), including domain structure
evolution during a ferroelectric phase transition in
bulk single crystals [17-19]. The presence of a
stress-free surface and substrate constraint for a
thin film requires a significantly different elastic
solution from bulk systems. In this work, we
derived elastic solutions for thin films containing
arbitrary distributions of domains for both the elas-
tically anisotropic and isotropic systems by com-
bining the Khachaturyan’s mesoscopic elasticity
theory [20,21] and the Stroh formalism of aniso-
tropic elasticity [22,23]. The elastic solutions are
then incorporated in a phase-fiedld model for pre-
dicting the domain structures in constrained 3D
ferroelectric thin films. Such an approach does not
make any a priori assumptions with regard to the
possible domain structures that might appear under
a given temperature and substrate constraint. It is
able to predict not only the effect of substrate con-
straint on phase transition temperatures and the
volume fractions of orientation domains, but also
the detailed domain structures and their temporal
evolution during a ferroelectric transition. It will
be shown that the domain shapes and domain wall
configurations in constrained film can be signifi-
cantly more complicated than those assumed in
prior thermodynamic analysis. We will show that
the substrate constraint not only affects ferroe-
lectric transition temperatures and domain volume
fractions, but also significantly aters the domain
evolution path during a ferroelectric phase tran-
sition. The results are compared with existing
experimental observations and prior thermodyn-
amic anayses. The validity of the assumption of
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isotropic elasticity and a 2D representation of 3D
domain structures are discussed.

2. Phase field model of a ferroelectric film

We consider a cubic thin film grown heteroepit-
axialy on a cubic substrate. The film undergoes
cubic—tetragonal ferroelectric phase transitions
when it is cooled below the Curie temperature. For
a proper ferroelectric phase transition, the polariz-
ation vector P=(P,, P,, P) is the primary order
parameter, and its spatia distribution in the ferroe-
lectric state describes a domain structure.

The temporal evolution of the polarization field,
and thus the domain structure evolution, is
described by the Time Dependent Ginzburg—Lan-
dau (TDGL) equations,

oP(xt) _ | OF
. oP(xY)

where L is the kinetic coefficient, and F is the total
free energy of the system. 6F/6P;(x,t) is the ther-
modynamic driving force for the spatial and tem-
poral evolution of P(x,t). The tota free energy of
the system includes the bulk free energy, the
domain wall energy, the elastic energy, the surface
and interface contributions, and the depolarization
energy. In this work, we ignore any possible sur-
face and interface contributions to the free energy
as discussed in Refs. 24 and 25, and assume that
the film's surface is compensated with free charge
carriers so the depolarization energy is neglected.

To solve EqQ. (1), one has to formulate the total
free energy functional, F, in terms of the polariz-
ation field variables, P,, P, and P;. We assume the
transition, in the absence of substrate constraint, is
first-order, and its bulk thermodynamics is charac-
terized by the following Landau free energy den-
sity expansion [26],

f(P) = au(Pi + P} + P3) + au(Pt + P3 + P4 + a(PiP3 + P5P5 + PiP3)

(i=123), (1)

+ 001a(P§ + P§ + PY)
+ o[ PY(P3 + P3) + PY(PE + P3) + PY(PE + PP + 0rig(PiPEP),

@)

where o, 01, Oz, Ol111, 012, Ol1p3 are the expan-
sion coefficients. The values of these coefficients

determine the thermodynamic behavior of the bulk
paraelectric and ferroelectric phases as well as the
bulk ferroelectric properties, such as the ferroe-
lectric transition temperature, the stability and met-
astability of the parent parael ectric phase, the spon-
taneous polarization and the susceptibility as
functions of temperature, etc. For example,
oy = Y25y, where g, is the vacuum permittivity,
and y is the susceptibility of the material. A nega-
tive value for o, corresponds to an unstable parent
paraelectric phase with respect to its transition to
the ferroelectric state. A positive o, value indicates
either a stable or metastable parent phase,
depending on the relations among ¢y, o1, and oty4;.
If o2,>3a,00,4, the parent phase is metastable,
otherwise it is stable.

The contribution of domain walls to the total
free energy, i.e. the domain wall energy, is intro-
duced through the gradients of the polarization
field. For a cubic system, the gradient energy den-
sity has the following expression:

1
fG(Pi,]) ZEGlI(Pil + P%,Z + P§,3) + GlZ(Pl,lPZ,Z + P2,2P3,3 + P1,1P3,3)

1
+ EGM[(PLZ + P21)? + (Pos + P32)? + (Pys + Psa)?

1.,
+ EGM[(PLZ_ P2,1)2 + (Pz,s_ Ps,z)z + (P1,3_P3,1)2]a

©)

where G;; are gradient energy coefficients. In this
paper, a comma in a subscript stands for spatial
differentiation, for example, P;; = 0P/0%. In gen-
eral, the domain wall energy is anisotropic.

Since the proper ferroelectric phase transition
involves structural changes, strain appears as a sec-
ondary order parameter. The stress-free strain
caused by the polarization field is given by [26]

€ = QuPi + Qux(P% + P3), 4
€3, = QuP3 + Qu(P% + P3),

€% = QuP3 + Qu(Pf + P3),

€33 = QuaP2Ps,

€93 = QuaP1Ps,

€22 = QasP1P,

where Q;; are the electrostrictive coefficients. If we
assume that the interfaces developed during a fer-
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roelectric phase transition as well as the interface
between the film and the substrate are coherent,
elastic strains will be generated during the phase
transition in order to accommodate the structural
changes. They are given by

& = &€ ®)
where g; are the total strains. The corresponding
elastic strain energy density can be expressed as

1 1
fe = Ecijklajexl = Ecijkl(gij_gicj’)(gkl_eck)l) (6)

= fE(Piagij)v

where c; is the elastic stiffness tensor. The sum-
mation convention for the repeated indices is
employed, and the Latin letters i, |, k, | take 1,2,3
in this paper. For a cubic material with its three
independent elastic constants C,,, Cy, and Cy, in
the Voigt's notation, the elastic energy can be
rewritten as

1
fe = écll(ezll + %2 + %3)

+ Cix(€11€7 + €633 + €11€633) (7)
+ 2Cu(e + &5 + €h),

which can be separated into three contributions,
fe = fer + fep + fes (8)
with

1
fer = éCll(gil + €5, + £33)

+ Cio(€11820 + ExpE33 T €11€33) 9)
+ 2C(e1, + €55 + ),

— 2P32
feo = Bua(P1 + P2 + P9 + Bo(PiP5  (10)
+ P2P2 + P2P2),
fes = — (0111 + Guo€zo + Giofse)Pi— (Chize + Ghofrr + Grofaa)P3
—(Oh1€as + Ghofrr + Guo€20)P3—20as(€12P1P2 + €25P2P3 + £15P2Ps),

(11)

where

1
ﬂll = écn(Q%l + 2Q§2) + C2Q12(2Q1;
+ Qu),

ﬂlz = C1Q12(2Q; + Qp) + C12(Q%1
+ 3Q% + 2Q11Qy) + 2C4,Qhs,

Oun = C11Qu1 + 2C15Qq2,
Oz = C11Quz + Cix(Qua + Qu2),
Qas = 2C44Qua.

From the above, it can easily been seen that the
elastic energy contribution can ater the Landau’s
coefficients. In particular, with the éastic strain
energy contribution, the second-order coefficient,
o4, depends on g;. Therefore, the thermodynamic
stability of the paraelectric and ferroelectric phases
can be modified by a substrate constraint. In
addition, the introduction of elastic energy may
change the characteristics, or the order, of a phase
transformation by changing the sign of the fourth-
order coefficients in the Landau expression, i.e. o,
and oq,.

The total free energy of afilm is the sum of the
Landau free energy F_, the domain wall energy Fe,
and the elastic energy Feg:

F = F(P) + Fo(P,)) + Fe(Pigy)

= JJJ’[fL(Pi) + fo(Piy) (12)
+ sz/Piagij)]dSX;

where V is the volume of the film. In this
expression, although the strain field ¢; appears as
an order parameter in addition to the polarization
field, one can assume that the system reaches its
mechanical equilibrium instantaneously for agiven
polarization field distribution, because the mechan-
ica relaxation of an elastic deformation is much
faster than the relaxation of a polarization field.
This assumption enables us to eliminate the strain
field using the static condition of mechanical equi-
librium. Therefore, the elastic strain energy of the
film becomes a function of the polarization field.
The calculation of the equilibrium elastic strain for
athin film with a stress-free surface and a substrate
constraint is described in the following section.

3. Elastic field in a constrained film

We consider a thin film with its top surface
stress-free and the bottom surface coherently con-
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strained by the substrate (Fig. 2(a)). Within the
film, there is an eigenstrain distribution, &3(x),
describing the crystallographic  relationship
between a parent phase and a product phase for a
structural phase transition. The rectangular coordi-
nates X=(X,, X,, X3) are originated at the interface,
and x;=[100], x,=[010], Xs=[001]. In the linear
elagticity, the stress o;; is related to the elastic
strain &; by the Hooke's law:

Oij = Giju€ = Giju(Eu—&R), (13)
The mechanical equilibrium equations of the film
are expressed as

o = 0. (14)
The stress-free boundary condition at the top sur-
face is given by

0'i3|><3 —n =0, (15)

where b is the film thickness (see Fig. 2(a)).

We separate the total strain of the film into a
sum of a homogeneous strain &; and a hetero-
geneous strain 1;(x), i.e.

gi(x) = & + 17;(x). (16)
Consequently, the stress is rewritten as
0;(X) = oy + s;(X) 17)
X3 A
(@)
P ~—
//: film X
/ Rttty 2l -1
A h, ,’/

J hy /
X substrate

[010] @ @ ﬂ
a a

[100] c

Paraelectric ———> Ferroelectric

Fig. 2. Schematic illustrations of: (a) a thin film coherently
constrained by a substrate, and (b) cubic paraelectric phase and
the three ferroelectric tetragona variants.

with

oi(x) = Cijklgklv Si(X) = Ciju[Ma(X) —&R(X)].

Let &,5 (o, = 1,2) represent the macroscopic
shape deformation of the film in the film plane, we
then have

J' J' J Nep(X)dx = 0. (18)

If the thin film is coherent with the substrate, the
macroscopic shape deformation of the film in the
film plane, €, is totally controlled by the suf-
ficiently thick substrate. For example, for a cubic
substrate of lattice parameter a,, and a thin film
with a stress-free lattice parameter &, €, iS given
by €1 = €5, = (as—&)/a,, €1, = 0. The macroscopic
shape deformation of the film along X; is determ-
ined by both the substrate constraint and the
domain structure in the film. Here, we choose the
quantity &5 of Eq. (16) in such away that it makes
Ciaw€w = 0. It should be pointed out that £ thus
obtained is only part of the total shape deformation
of the film.

In order to solve the heterogeneous strain, n;;,
we introduce a set of displacements u;(x),

1
nij = é(ui,j + Uy). (19
The equations of equilibrium (14) are thus rewrit-
ten as
CijkaUkjj = Giji€ii s (20)

and the boundary condition (15) on the top surface
changes to

Cia(Uii =€)l =, = O (21)

Since the elastic perturbation resulted from the
heterogeneous strain n;; disappears in the substrate
far from the film—substrate interface, one can use
the following condition

Ul = —n, = 0 (22)

to replace the constraint of the substrate. In Eq.
(22), hg is the distance from the film—substrate
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interface into the substrate, beyond which the elas-
tic deformation is ignored (see Fig. 2(a)).

For the sake of simplicity, the elastic properties
of the film and the substrate are assumed to be the
same athough the elastic anisotropy can be arbi-
trary. We take two steps to solve Egs. (20)—22).
First, we use Khachaturyan's elasticity theory
[20,21] to solve Eg. (20) in a 3D space with eigen-
strain distribution &7 within 0<xz<<h;. The corre-
sponding solution labelled by superscript A is
given by

)

ui(x) = f f f 0A(Q)e™<d¢, (23)
Oﬁ = _Igijzzojcmmé(lzlé/mu
where | = V-1,

o

R 1 e

() = @n? j J J g3(x)e*tdbx, (24)
g=(g;) is the inverse tensor to g*'=(g;?),
Oi ' = Cuibuli, € = (81.82,85) isthe coordinate in the
Fourier space, and d*¢ = d{,d{,dZs.

The next step is to find an elastic solution lab-
elled by superscript B, i.e. UB, in an infinite plate
of thickness h; + h,, satisfying the equation of equi-
librium without body-force, i.e.

CijwUR; = 0, (29)
with the following boundary conditions:

CiaURilg = ny = —Ciaa(Ui —€R) s = np (26)

uiB|x3 =—hg — _uﬁlx3 = —hg

To solve Eq. (25) with the boundary conditions
(26), we make use of 2D Fourier transforms,

oo

0P(CL L) = (271@ f f (27)

—o0—0o0

UP(Xy,Xo,Xg)e ™' Cra * €29l dX,.
Eq. (25) in Fourier space is given by Ref. 27

Ciarg(IC)(ER)TR + (Ciona (28)
+ Ciaka) (I€)URs + CialiRzs = O,

where the summations over repeated o and 3 are

from 1to 2. If we let { = V(% + (%, then a general
solution to Eg. (28) is

0B(81,8o%s) = agPos, (29

where 0B = (08,08,08)", p and a=(a,axay)’
satisfy the eigenrelation [23]

{W+ p(R+ R") + p?U}a = 0, (30)

with Wi = cjunin, Ry = Gunm, Ui = Cjamm,
m =(0,0,1)", n=(n,n,0)7, ny=C/E, n, = GIC
The superscript T stands for the transpose of matr-
ices or vectors. The matrices W and U are sym-
metric and positive definite. Eqg. (30) can be rewrit-
ten in a standard eigenrelation [23]

o (3} @
g_pf! _NSN-{vg_b! ()

with N, = —U'R", N, = U1 N;=RUR™-W,
b=(R"+pU)a=—-(W+pRap. U?l is the
inverse matrix of U. It can be easily shown that
the heterogeneous stress &8 = (85,585,857, is
related to the vector b through $& = I{bePs,

The eigenvalue p and the associated eigenvector
& from Eq. (31) are complex, and each appears as
three complex conjugate pairs. We use p; and &,
(t=1,2,...,6) to represent the six eigenvalues and
eigenvectors which are arranged such that the
imaginary part of p, is greater than zero for t=1,2,3,
and p;+ 3 = Pu & + 3 = &, Where the overbar denotes
the complex conjugate.

If matrix N is simple or semisimple, i.e. Eq. (31)
possesses six independent eigenvectors, the general
solution for (& can be obtained by superposing the
six independent solution of Eq. (29):

0B(1laXs) = O, GaePes, (32)

t=1

where ¢; (t=1,2,...,6) are unknown constants. They
can be determined from boundary conditions (26)
in their 2D Fourier transforms.

If N is a non-semisimple matrix, i.e. there are
less than six independent eigenvectors, the solution
in Eq. (32) needs to be modified. Anisotropic elas-
tic materials for which N is non-semisimple are
called degenerate materials. sotropic materials are
a specia group of degenerate materials for which
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p=1 is an eigenvalue of multiplicity three but
there are only two independent eigenvectors for &.
Here we present a solution to the degenerate case
that p;=p, and &=&, (thus, ps =Ps =P = Ps,

fe=&:=6=&

0k = E g€

, t ,= 1,2,45
+ gs[age'Pss + 1{X%;a,€'P] (33)

+ Qe[as€Pss + 1{Xqa5e!Pe ],
where &; = (ag,bs)T is determined by
NEs = pofs + & (34

If we use i and v to represent the shear modulus
and Poisson’s ratio for an elastically isotropic
material, the corresponding eigenvalues and eigen-
vectors in Eq. (33) are given by

Pr=P2=Ps=1,ps=Ps=Ps = (35)
_|’

In, | n, )T

= |- %-0->10], =&

& ( i & =&
In, In, 1 n n, |

T _
& = (—m,—m,—m,—?\/,—?\/,?\/) & =&,

£ _ (1—2v I 1(1-2v)

Zyvnl'O’M' 2vn, ’0’1)’ & =&
(36)

Substituting Egs. (35) and (36) into Eg. (33), we
obtain the solution for the elasticially isotropic
materials. It is exactly the same as that directly
obtained for isotropic materials [28] and was
employed in our earlier work on ferroelectric
domains in thin films [29].

The displacement field uB in the real space
X = (X,X,X3) can be obtained from Eq. (32) or Eq.
(33) through an inverse Fourier transform,

o oo

UP (X1, Xo1X3) = f f (37

OB($1.8axg)eCra * £29dE, dl.

The sum of solutions A and B, i.e.
U(x) = u(x) + ui(x) (38)

yields the solution for the boundary value problem
of Egs. (20)«22). The tota strain and stress can
be calculated by Egs. (16), (17) and (19). Conse-
quently, the elastic energy can be obtained for a
thin film with an arbitrary eigenstrain distribution.

4. Numerical smulations

The temporal evolution of the polarization vec-
tor fields, and thus the domain structures, are
obtained by numerically solving the TDGL Eq. (1).
In this work, we used the semi-implicit Fourier-
spectral method [30] for the time-stepping and spa-
tial discretization.

We use lead titanate (PbTiOg) thin film as an
example for the numerical simulation. The corre-
sponding material constants for the Landau free
energy, the electrostrictive coefficients and elastic
properties are from the literature [31,32]:
0,=3.8(T—479)x10° C 2 m? N, ¢t1,=—7.3x10" C#
m® N, a;,=7.5x10°® C™* m® N, 01;,,=2.6x10® C~©
M N, 0;,,=6.1x108 C™% m1® N, a;,3=—3.7x10°
C®m'° N, Q;;=0.089 C2 m* Q;,=—0.026 C 2
m?, Q4,=0.03375 C 2 m* C;;=1.746x10"* N m~2,
C1o=7.937x10" N m~2, C,=1.111x10" N m~2
where T is temperature in °C.

In the computer simulations, we employed
128x128x36 discrete grid points, and periodic
boundary conditions are applied along the x, and
X, axes. The grid spacing in rea space is chosen
to be Ax)/l;=A%/1;=1.0 and Axg/l,=0.5, where
lo = VGrid/oty and o = |0t = 25.c. We choose the
gradient energy coefficients as G;,/G;,0=0.6,
G12/G110=0.0, Guu/Gy10 = Gui/Gy10 = 0.3. The cor-
responding width of domain wall is about 1.5Ax,,
and the domain wall energy densities at T=25°C
are evaluated to be about 0.600,l,P3 for 90°
domain walls and 1.260,),P3 for 180° domain
walls. Py = P}y s5:c = 0.757Cm~2 is the spon-
taneous polarization. If [,=1.0 nm,
G110=1.73x107% C2 m* N, and the domain wall
energy density is about 0.06 N m~? for 90° domain
wall, and the width of domain walls is around 1.5
nm, which is consistent with existing experimental
measurements [8]. The time step for integration is
At/t,=0.06, where t=1/(cxoL).

The degree of substrate constraint is measured
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by the average strain €,5 (/f=1,2), i.e. the mis-
match strain between the film and the substrate,
and the substrate thickness hg beyond which the
deformation in the substrate is ignored. For sim-
plicity, we considered the case of £,, = £,, = € and
€1, =0. Under such a constraint, there are three
tetragonal variants with their tetragonal axes paral-
lel to x,[100], x,[010] and X3[001]. They are lab-
dled a,, a, and c by the conventional notation, i.e.
the tetragonal axis of a,-variant is parallel to [100],
a, to [010], c to [001] (see Fig. 2(b)).

4.1. Effect of substrate deformation

We first studied the effect of h,, on the volume
fractions of the three different orientation domains
and the domain morphology. The value of hg rep-
resents the region of the substrate that is allowed
to deform, and thus to a certain degree, it rep-
resents the rigidity of the substrate. For example,
h=0 represents a complete rigid substrate. The
deformation of the substrate results from the het-
erogeneous deformation within the thin film, thus
the displacements in the substrate should be zero at
a distance sufficiently far away from the interface.
Therefore, as hg increases, the results on the equi-
librium domain structures, including the domain
volume fractions, should converge. We considered
a particular case of £ = —0.002, a compressive
mismatch, at T=25°C and h=20AX;. The formation
of ferroelectric domainsin the film is simulated for
h=0.2AX3, 4AXg,...,12AX,. INn each case, we started
with a high-temperature paraelectric state and
quenched it to 25°C. Ferroelectric domains
nucleate, grow, and coarsen during annealing. In
this section, we are focused on the effect of sub-
strate constraint on the domain volume fractions
and domain shapes. We calculated the volume
fractions of a;-, a,-, and c-domains, V,,, V,,, and
V., from the simulated domain structures at late
stages of the evolution process, during which the
domain volume fractions are close to the equilib-
rium values. Table 1 shows the domain volume
fractions as functions of h,. The remainder,
1-V.—V.—V.,, is considered as the volume frac-
tion of domain walls. It can be seen from Table
1 that c-domains dominate under the compressive

mismatch. As expected, V. varies with hy and
approaches a constant value as h, becomes larger.

We also examined the effect of hy on the domain
wall orientations and the domain shapes. Shown
in Fig. 3 are the 2D sections of domain structures
consisting of only c- and a,-domains cut at the
same position for different values of hg (the white
strips are a,-domains, the gray regions alternating
with the a,-domains are c-domains, and the black
bottom is the substrate). It is shown that for h,=0.0,
the width of a,-domains becomes significantly
smaller close to the film—substrate interface. Even
with a relatively large value of h,, the width of
a,-domains is dlightly smaller at the film—substrate
interface than that close to the surface. Therefore,
the domain-wall orientation between a,-domain
and c-domain is not exactly 45° from the film—sub-
strate interface. The domain shapes practically do
not change when hy exceeds about haf of the
film thickness.

4.2, Effect of substrate constraint on domain
volume fractions and domain morphology

We studied the effect of the mismatch strain 5
on the volume fractions of domains and domain
morphology at T=25°C. Elastic deformation in the
substrate is alowed by choosing a value of
hs=12Ax;=0.6h;. The volume fractions of the three
tetragonal variants, as functions of the mismatch
strain & are given in Table 2. It is shown that the
mismatch strain can dramatically ater the volume
fractions of different orientation domains. Under a
large compressive constraint, only c-domains exist.
A typical domain structure with only c-domains is
shown in Fig. 4(a). Asthe magnitude of ¢ increases
(i.e. the magnitude of compressive strain
decreases), the a;- and a,-domains start to appear,
and the volume fraction of c-domains decreases,
and thus the equilibrium domain structures consist
of al three types of domains. A representative
domain structure with small volume fractions of
a,- and a,-domains is shown in Fig. 4(b). The a;-
and a,-domains alternately insert into c-domains in
platelet shapes, and align along [100] or [010]
directions. The orientations of the domain walls
between a;- and c-domains or between a,- and c-
domains deviate dlightly from the 45° directions
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Table 1
Volume fractions V,,, V., and V, as functions of hg
hg 0AXg 2AX; 4AXg B6AXs 8AX; 10AX5 12AX5
Var 0.073 0.083 0.088 0.100 0.104 0.106 0.110
Vao 0.060 0.065 0.071 0.077 0.080 0.085 0.088
Ve 0.826 0.816 0.805 0.785 0.778 0.770 0.763

he=0.0

hs=0.2 hy

hy=0.4 Iy

hy=0.6 hy

Fig. 3. Cross-section domain structures showing the depen-
dence of the a,-domain shapes on h,.

from the film—substrate interface. The volume frac-
tions of a;- and a,-domains have approximately the
same value for a particular £ and increase with ¢.
For comparison, a domain structure with a large
volume fraction of a-domains (a;+a,) is presented
in Fig. 4(c). There are no c-domains when
£~0.010 or larger and only a;- and a,-domains
exist (Fig. 4(d)). All the domain walls between a;-
and a,-domains are perpendicular to the film sur-
face and along the [110] or [110] directions.

The pictures of domain shapes presented in Figs.
3 and 4 do not take into account the local displace-
ments. As aresult of domain formation, an initially
atomically flat surface is expected to become
rough. The surface topology change due to the
domain formation can be automatically determined

from the elastic solutions for a given domain struc-
ture. Fig. 5 shows an example of the displacements
along the x; direction on the surface for the domain
structure shown in Fig. 4(b). As expected, the dis-
placements within the c-domains along the X
direction are significantly larger than those for the
a-domains. Shown in Fig. 6 isalocal cross-section
for revealing the topology changes at the surface
simply due to the displacements (see Fig. 3 at
h=0.6h; for the corresponding domain structure).
Particularly, it is shown that the surface of the a-
domain has a slope about 3.7° from the horizontal
direction, which agrees remarkably well with the
experimental observation [33]. The direction of the
tilt for the surface of an a-domain depends on the
domain-wall orientation (see Fig. 6 for the differ-
ence in surface slopes between the two a-domains).

4.3. The domain stability map

We constructed a domain stability map by mod-
elling the domain formation as a function of both
substrate constraint and temperature. The results
were summarized in Fig. 7. All the data points
shown in Fig. 7 were obtained by starting from an
initial paraelectric state with small random pertur-
bations. The data points ssmply represent the type
of domain structures that existed at the end of a
simulation. Because of the numerical nature of the
calculations, the lines which separate the stability

Table 2

Volume fractions V., V., and V, as functions of &

£ —-0.010 -0.008 -0.006 —0.004 -—0.002 0.000 0.002 0.004 0.006 0.008 0.010
Var 0.000 0.002 0.024 0.066 0.110 0.143 0.201 0.263 0.354 0.452 0.468
Vao 0.000 0.004 0.027 0.055 0.088 0.139 0.188 0.256 0.344 0.452 0.468
Ve 0.991 0.980 0.928 0.853 0.763 0.667 0.544 0.403 0.204 0.007 0.000
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33% c-domains

100% a-domains (aI +a2)

Fig. 4. Domain structures at 25°C: (a) c-domains (¢ = —0.012); (b) c/a,/a, domain structure with 76% of c-domains (¢ = —0.002);
(c) c/a/a, domain structure with 33% of c-domains (¢ = 0.005); (d) a,/a, domain structure (£ = 0.012).

of different types of domain structures cannot be
determined exactly, i.e. they can only be determ-
ined approximately. For a given temperature, the
equilibrium domain structures are a single c-
domain state, a c/a,/a, three-domain state, and
a,/a, two-domain state, as the substrate constraint
changes from compressive to tensile.

The two lines in Fig. 7 represent the transition
temperature of a paraelectric phase into asingle c-
domain or a single a-domain determined by
assuming a bulk single crystal under an external
constraint equal to the film—substrate lattice mis-
match. The equations for the two lines are
described by

T-479 | C _
T __qulci;lj + 2q12:|£ =0 (39
for the single c-domain state, and
T-479 [ Cp) |-
(o %) a4 _Qn + Q12<1_2CE>]3 (40)
=0

for a single a;- or a,-domain state. Our computer
simulations showed that the two lines are actually
very good approximations of the paraelectric—fer-
roelectric transition temperatures in the thin films.
As has been shown before [4,11-15], the substrate
constraint can substantially increase the ferroe-
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Fig. 5. Displacement pattern of the x; component on the sur-
face.

I3 3R R R A - X
tssiscessssa 13344
IVVVIVIINW® 299228
HEHI s
PN [ XX X1
IV 9 668888884

c-domain

Tl0 104

Fig. 6. A local cross-section showing the surface topology due
to the domain formation. The surface of the a-domain has a
slope about 3.7° from the horizontal direction. The solid circles
represent the regular grid points. The grid points with both the
plus sign and the solid circles are occupied by the a,-domains.
The open circles represent the deformed grid points, and hence
the distances from the solid circles to the corresponding open
circles are the magnitude of local displacements.

lectric transition temperature regardless of whether
the constraint is compressive or tensile.

4.4. Temporal domain evolution
One of the advantages of the phase-field

approach is that it allows one to follow the tem-
poral evolution of ferroelectric domains during

800

700

- paraelectric
QO 600 7
=]
S
h
e 5001 . z !
E] c-domains 2 I a,/a,-domains
£ 400 0o °%a .
E- o © ®oa
& 300 o ¢ oo T
oo c/a,/ay-domains oa
200 o ¢ ¢ a T
o ¢ O A
100 - 0 © o A
o < o a

Mismatch strain €x10™3

Fig. 7. The domain stability map of a film. The equilibrium
phases or domain structures as a function of temperature and
substrate constraint, obtained from phase-field simulations
assuming coherent interface between the film and the substrate.

annealing of a quenched paraglectric phase below
the ferroelectric transition temperature. Figs. 8-10
show three examples for the temporal evolution of
the domain structures at three different substrate
constraints, € = —0.002, 0.005 and 0.012, respect-
ively, at T=25°. The domain structures are rep-
resented by the iso-surface with P = |P;|/P, = 0.6.
The evolutions of a- and c-domains are presented
in separate pictures. However, the a;-domains and
a,-domains are not distinguished in the pictures
showing the evolution of a-domains, so plots of
iso-surface only reveal the domain walls. In each
case, the initia condition is a homogeneous parae-
lectric phase, created by assigning a zero value at
each lattice site for each component of the polariz-
ation field plus a small random noise.

Fig. 8 shows the temporal evolution of domains
under a compressive strain, —0.002. The initial
paraelectric phase is unstable with respect to the
formation of ferroelectric domains and hence
homogeneous nucleation takes place. It is shown
that the c-domains appear before the a-domains
during the evolution process. The shape of a-
domainsis plate-like with the domain walls aigned
about 45° from the substrate. Thermodynamically,
it is rather easy to understand the sequential
appearance of c- and a-domains since the substrate
constraint favors the formation of c-domains over
a-domains.
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a,/a,-domains

c-domains

Fig. 8. Tempora evolution of ferroelectric domain morphologies at £ = —0.002, t=NAt.

In contrast to the compressive constraint, a ten-
sile substrate constraint completely changes the
sequence of appearance of ¢- and a-domains during
the ferroelectric phase transition (Figs. 9 and 10),
i.e. a tensile constraint increases the thermodyn-
amic driving force for the formation of a-domains
and decreases that for c-domains. In addition, there
is clear evidence that the c-domains prefer
nucleation near the surface. When £ = 0.012, no c-
domain exists. All the domain walls between a,
and a, domains are perpendicular to the film sur-
face and along the [110] or [110] directions.

To verify the sequential nucleation and growth
of different domains, the volume fractions versus
time steps are plotted in Fig. 11 for the two cases,
£ = —0.002, 0.005. For the case of £ = —0.002, the
a-domain starts to appear after the volume fraction
of c-domains almost reaches its equilibrium value,
whereas for the case of € = 0.005, the c-domains
nucleate after the formation of a-domains.

4.5, Discussion

We showed above that a substrate constraint
may drastically affect not only the volume frac-
tions, but aso the sequence of the nucleation and
growth of different domains at a given tempera-
ture. The results obtained in this work on the
dependence of domain volume fractions on the
degree of substrate constraint qualitatively con-
firmed prior thermodynamic analyses, i.e. a com-
pressive substrate constraint favors the formation
of c-domains while a tensile substrate constraint
makes the a,- and a,-domains more stable than the
c-domains. Moreover, similar to the prior thermo-
dynamic analyses, our results show that the ferroe-
lectric transition temperature depends strongly on
the substrate constraint. The domain morphologies
obtained from our simulation for small volume
fractions of a;- and a,-domains also agree very



Y.L. Li et al./ Acta Materialia 50 (2002) 395411 407

a,/a,-domains

c-domains

Fig. 9. Tempora evolution of ferroelectric domain morphologies at € = —0.005, t=NAt.

well with existing experimenta observations
[5,7,33,34].

It should be emphasized that the phase-field
approach presented here is 3D and does not make
any a priori assumption on the possible domain
wall orientations for predicting the domain struc-
tures. On the other hand, essentially all prior ther-
modynamic analyses consider only 2D domain
structures (Fig. 1) and almost invariably assumed
that the shapes of both the a- and c-domains are
plates oriented 45° from the film—substrate inter-
face. Therefore, there are a number of significant
differences between prior thermodynamic predic-
tions and the present phase-field simulations. First

of al, the a,Ja, domain configurations under a
large tensile mismatch (Figs. 4(d) and 8) were
automatically predicted starting from an initia
paraelectric state, whereas in the thermodynamic
analysis, a domain configuration consisting of dis-
torted orthorhombic phases was obtained under a
similar tensile mismatch with the assumption of
domain wall 45 inclined to the film—substrate inter-
face [13]. In a more recent work [14,15], by
assuming that the domain walls between a,- and
a,-domains are perpendicular to the film—substrate
interface, the same a,/a, domain configuration was
predicted as in our phase-field simulation. Second,
our results show that a;- and a,-domains always
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a,/a,-domains

Fig. 10. Tempora evolution of ferroelectric domain morpho-
logies at £ = 0.012, t=NAt.
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Fig.11. Domain volume fractions V., V, and V,, versus
t=NAt at £ = —0.002 and & = 0.005.

coexist, even when the volume fraction of V,, is
relative large, whereas in prior thermodynamic
analyses, simplified domain structures, either
c/a,/cla; or clay/cla,, were assumed, which could
not completely accommodate the biaxial constraint
along the x, and x, axes [35]. Third, we show that
the morphologies of c-domains are very different
from those of a-domains (Figs. 4(b) and (c)). The
difference in shapes between a- and c-domains
arises from the fact that there are two types of a-
domains with their tetragonal axes perpendicular to
each other. Fourth, when the volume fraction of c-
domains is small, there are significant number of
domains walls between a;- and a,-domains which
are perpendicular to the film—substrate interface.
Therefore, it is inaccurate to assume that all the
domain walls within c/a/c/a domain structures are
45° from the film—substrate interface. Finally, our
computer simulations show that the domain wall
orientations of c- and a-domains are not exactly
aong the directions 45° from the film-substrate
interface.

In order to examine the consequences of a 2D
approximation of a 3D domain structure as used
in thermodynamic analyses, we also performed a
number of simulations of 2D domain structures. In
particular, we chose a system with 128x2x36 grids
with periodic boundary conditions along x, and X,.
As a result, the domain structures are two-dimen-
sional along the x;x; plane and are uniform along
the x, direction. The results are presented in Table
3 and Fig. 12. In Fig. 12, the black regions rep-
resent the a,-domains, the white regions the a,-
domains, the gray regions the c-domains. The bot-
tom parts in each picture are the substrates. There
are two striking differences between our results
and those obtained previously using thermodyn-
amic analyses. First, as substrate constraint
becomes increasingly tensile, there exist domain
structures with all three types of domains, i.e.
a,/a,/c domain configurations even with a 2D
approximation, which is different from Refs. 13—
15. Second, the domain walls in a a,/a,/c domain
morphology are not straight and they deviate sig-
nificantly from the directions assumed in prior
thermodynamic analyses. Therefore, the c/a/c/a
domain structures with 45° domain walls assumed
in prior thermodynamic analyses may not necessar-



Y.L. Li et al./ Acta Materialia 50 (2002) 395411 409
Table 3
Volume fractions V., V., and V, versus £ for a 2D approximation
£ —0.002 0.000 0.005 0.006 0.007 0.008 0.010 0.012 0.020
Va  0.168 0.234 0.381 0.416 0.445 0.418 0.399 0.410 0.435
V. 0.000 0.000 0.000 0.003 0.044 0.261 0.499 0.517 0.561
Ve 0.789 0.712 0.516 0.460 0.350 0.132 0.000 0.000 0.000

m|

+0.00

™

=+0.005

€=+0.007

€ =+0.008

€=+0.012

Fig. 12. 2D domain structures for different .

ily possess the lowest free energy under a given
temperature and substrate constraint. Furthermore,
with a 2D approximation, even in the case of
domain structures containing only a;- and a,-vari-
ants, the domain walls between a;- and a,-domains
are not exactly perpendicular to the film/substrate
interface (Fig. 12).

In our previous work [29], we assumed that the
elastic modulus is isotropic, i.e. C,;=1.746x10"* N
m~2, C;,=7.937x10° N m~2, C,,=4.762x10'° N
m~2, Table 4 shows the difference in the corre-
sponding volume fractions due to two different C,,

with one corresponding to an isotropic case and
the other cubically anisotropic moduli employed in
this work. By comparing the volume fractions in
the two cases, it is found that the elastic anisotropy
can have an effect on the volume fractions of dif-
ferent domain structures for the same temperature
and substrate constraint. Under a compressive or
small tensile substrate constraint, the isotropic
modulus approximation underestimates the volume
fraction of the c-domains, whereas under a large
tensile constraint, it overestimates the c-domain
volume fraction.

The present work assumed full coherency
between the film and the substrate. Misfit dislo-
cations may be generated to accommodate part of
the lattice mismatch between the film and sub-
strate. In principle, the effect of misfit dislocations
on the domain volume fractions can be predicted
by using an effective substrate lattice parameter
taking into account the density of misfit dislo-
cations. However, misfit dislocations are expected
to affect also the domain nucleation during a ferro-
eectric transition and the local domain shapes.
Based on the recent advances in developing phase-
field models integrating phase and dislocation
microstructures [36-38], work is underway to
incorporate the misfit dislocations into the phase-
field model of domain evolution in ferroelectric
thin films.

Table 4
Volume fractions V,,, V., and V, versus ¢ for cubic and isotropic elasticity
£ —0.006 —0.003 0.000 0.003 0.006

Cubic Iso Cubic Iso Cubic Iso Cubic Iso Cubic Iso
Va 0.024 0.051 0.081 0.102 0.143 0.167 0.223 0.243 0.354 0.344
Voo 0.027 0.042 0.074 0.091 0.139 0.160 0.219 0.240 0.344 0.342
V., 0.928 0.887 0.815 0.777 0.667 0.626 0.487 0.460 0.204 0.252
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Finally, it should be pointed out that the pro-
posed model can be directly applied to ferroelastic
phase transformations in thin films as the effect of
electric depolarization isignored in the present for-
mulation. A phase-field model which simul-
taneously solves the electrostatic and elastic equa-
tions is being developed [39]. Our preliminary
simulations incorporating the depolarization field
show that its effect on the domain structure can
be quite significant. The model and results which
include the depolarization effect will be reported
in a future publication. Therefore, the model and
the results presented in this work are applicable to
ferroelectric transformations in which the electro-
static energy is considerably less than the typical
strain energy. In fact, many experiments showed
that the depolarization effects may be insignificant
due to the charge compensation by point defects
in the ferroelectric films, and the domain formation
is controlled by ferroelastic effects and the sub-
strate constraint [34,40].

5. Conclusions

A three-dimensional phase-field model was
employed to study the ferroelectric domain evol-
ution in elastically anisotropic thin films. An effec-
tive method for calculating the elastic strain energy
in a constrained anisotropic film was developed.
The phase-field model is able to predict not only
the volume fractions of domain variants at a given
temperature and substrate constraint, but also the
detailed domain-wall orientations, surface top-
ology as a result of domain formation, domain
shapes and their temporal evolution. It is shown
that the domain-wall orientations between a- and
c-domains deviate from the 45 direction from the
film—substrate interface as aresult of substrate con-
straint. It is demonstrated that mismatch strain
between the film and the substrate can significantly
ater the sequence of nucleation and growth, the
volume fractions of the three different tetragonal
domains. Depending on the mismatch strain and
temperature, the domain structures range from a
single c-domain, to three coexisting variants,
c/la,/cla, or cla/a,, to twin domain structures
ai,/a,/ai/a,. The proposed phase-field model is also

applicable to other types of structural phase trans-
formations in thin films.
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