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Prediction of a Giant Dielectric Anomaly in Ultrathin Polydomain Ferroelectric Epitaxial Films
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The amplitudes of electric-field-induced translational vibrations of 90± domain walls formed in a
tetragonal ferroelectric thin film grown on a cubic substrate are calculated theoretically. The domain
wall contribution to the dielectric response of an epitaxial film is evaluated and shown to be important
in common heterostructures. In some special film/substrate systems this contribution must increase
rapidly with decreasing film thickness, which may result in a giant dielectric anomaly.
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Considerable current interest in ferroelectric thin films
due to their numerous potential applications in electro
devices, which utilize the unique dielectric, pyroelectr
piezoelectric, and electro-optic properties of ferroelec
materials. For many applications, such as dynamic ran
access memory with very large scale integration, hi
frequency transducers, thermistors, and electrolumines
displays, the fabrication of thin films with large electr
permittivities is especially important.

Recent experimental studies [1–5] have found that
tetragonal ferroelectric thin films epitaxially grown on c
bic substrate, elastic domains (twins) may form during
preparation of heterostructures. The 90± domain structure
of an epitaxial film has a strong impact on the hysteretic
larization behavior of a ferroelectric layer [4,6]. It may
expected that the formation of 90± domain walls in the epi-
taxial film can also increase markedly its electric permitt
ity because of the field-induced translational displacem
of the walls. Indeed these ferroelastic domain walls,
contrast to the purely ferroelectric 180± walls, have a thick-
ness much larger than the unit cell size (about 100 Å
BaTiO3 [7]) so that the lattice potential barriers hinderi
their translational motion must be negligible. This supp
sition is strongly supported by the dielectric measureme
on bulk BaTiO3 single crystals with a laminar 90± domain
structure [8], which clearly demonstrate that displaceme
of the 90± wall can be induced even by a weak measur
field E , 1 kVym. In addition, it has been shown [9–13
that the vibrational motion of 90± walls must contribute
considerably to the dielectric response of tetragonal fe
electric ceramics.

The above considerations motivated us to perform
first theoretical analysis of the domain wall vibrations
epitaxial ferroelectric thin films. In this Letter, we sho
that very large permittivitiese , 105 may arise from
these vibrations in the heterostructures involving ultrat
films and pairs of materials having lattice misfits ne
some special value.

Consider a thin tetragonal ferroelectric film epitaxia
grown on a cubic substrate with the (001) plane para
to the surface. Three variants of elastic domains can
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ist in such a film:c domains with the tetragonalc axis
perpendicular to the film surface anda1 anda2 domains in
which thec axes are parallel to the [100] and [010] axe
of the substrate, respectively. In accordance with the
servations [1,2,5] we assume that the film contains a la
nar 90± domain structure composed of alternatingc and
a1 (or a2) domains as shown in Fig. 1. Following Kwa
et al. [1,5], we model thiscyaycya domain pattern by an
infinite periodic array of 90± walls. This approximation
is justified by the fact that normally 90± domain walls in
epitaxial films form regular stacks with the in-plane siz
much larger than the domain widths [2,3,5]. Moreove
for thin films it should be especially good because t
screening of internal stress fields by the free surface
a film strongly reduces the long-range elastic interactio
between 90± walls.

The geometry of the regularcyaycya pattern can be
described by the periodD of the domain structure and
the volume fractionf  dyD of c domains in the film.
In the absence of external fields the configuration
defined by the equilibrium periodDp and the equilibrium
fraction fp of c domains. Obviously the calculation o
Dp and fp is a prerequisite for the analysis of doma

FIG. 1. Epitaxial ferroelectric thin film with a laminar
cyaycya domain structure sandwiched between the top a
bottom electrodes. Dashed lines show how 90± domain walls
are displaced by an electric fieldE from their equilibrium
positions. Triangles denote straight wedge disclinations w
strengths6v and symbols' denote straight edge dislocations
PS is the spontaneous polarizations;H is the film thickness;
a, c . a, and b are the lattice parameters of the tetragon
film and the cubic substrate, respectively.
© 1996 The American Physical Society
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wall vibrations. The statics of domain configurations i
epitaxial ferroelectric and ferroelastic films was studie
theoretically in several papers [1,5,14–17]. However, a
these studies neglected the influence of the free surf
of a film on the internal stresses existing in the strain
epitaxy and, thus, on the stored elastic energy whi
governs the domain configuration.

Recently we have developed a rigorous theory of pe
odic domain structures forming in tetragonal epitaxial film
grown on cubic substrates [18]. Inhomogeneous intern
stresses appearing in the film and in the substrate due
lattice mismatch between them were calculated correc
by the method of fictitious dislocations [19] which en
abled us to allow for the effect of a free surface. (Th
dislocation-disclination model of a laminarcyaycya do-
main structure is shown in Fig. 1. Disclinations here a
associated with the junctions of 90± domain walls and
the film/substrate interface. Lattice misorientations o
served in polydomain epitaxial films [2,3,5] are an exper
mental evidence for those rotational defects.) On this ba
the stored elastic energy was evaluated and the equi
rium geometric parametersDp and fp were computed
for laminar cyaycya configurations. It was shown that
DpyH andfp are functions of the normalized film thick-
nessHGsSa 2 Scd2yss1 2 nd and the relative coherency
strain Sr  sb 2 adysc 2 ad [16] between the film and
the substrate having the lattice parameterb. HereSa 
sb 2 adya andSc  sb 2 cdyc are the misfit strains,s
is the 90± domain wall energy per unit area, andG andn

are the shear modulus and Poisson’s ratio of the film/su
strate system which is assumed to be elastically isotro
and homogeneous.

Consider now the influence of a weak ac electric fie
Estd  Em sinVt with Em , 1 kVym on the cyaycya
structure formed in the ferroelectric film. We can assum
that the film is grown on a lattice matched bottom ele
trode and covered by a top electrode [4,6]. The exte
nal electric field between these electrodes exerts a driv
force on the 90± walls becausec domains tend to expand
or shrink depending on the mutual orientation of the spo
taneous polarization$PS and the field intensity$E at the
momentt. This force causes reversible displacementsD,
of domain walls from their equilibrium positions. The
amplitudes of these displacements are limited by intern
restoring forces acting on 90± walls.

We shall consider here only prepolarized films which d
not contain 180± domain walls. This is a realistic case be
cause 180± walls can be removed from epitaxial films prio
to dielectric measurements by an application of a stro
dc electric field in contrast to 90± walls, which have much
higher coercive fields due to the elastic stabilization of th
cyaycya structure [17]. In a prepolarized film equiva
lent domain walls in thecyaycya structure are driven
by the same force and, therefore, the domain periodDp

remains unchanged during the wall motion, as shown
Fig. 1. At the same time neighboring domain walls mov
in opposite directions so that the volume fractionf of
l
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c domains deviates from its initial valuefp. The dif-
ferencefstd 2 fp is defined by the domain wall dis-
placementsD,std at the momentt. Assuming that these
displacements have the same magnitudejD,stdj for all
90± walls in a film at the same moment, we can descri
the field-induced domain wall vibrations by the followin
equation of motion [9,13,20]:

m
≠2D,

≠t2
 fresstd 1 PSEm sinVt , (1)

wherem is the self-mass of a 90± domain wall per unit
area,fres is the mean internal restoring force acting o
displaced walls, and the last term in Eq. (1) gives t
effective driving force per unit wall area that is create
by the applied electric fieldEstd. [DisplacementsD, and
the forces involved in Eq. (1) are taken to be positive wh
they are directed intoa domains.]

In general, the total restoring force consists of seve
different components:

fres  fmh 1 fel 1 flat 1 fdef , (2)

where fmh is the mechanical restoring force associat
with an increase in the elastic energyWelsDpyH, fd stored
in the epitaxial system that is caused by domain wall d
placements,fel is the restoring force created by an intern
electric field which may be induced by the redistributio
of polarization charges during the wall motion, the co
tribution flat is due to the pinning of 90± domain walls
by the lattice potential relief (Peierls relief) [21], and th
term fdef allows for the interaction of domain walls with
dipolar defects [22] and misfit dislocations. However, t
electric restoring force, which plays an important role
ferroelectric ceramics [11,12], is obviously negligible
the case of a thin film sandwiched between two electrod
The termflat can also be ignored at not too low temper
tures. [In PbsTi12xZrxdO3, for instance, this range is abov
50 K at frequenciesV , 100 kHz [9].] The clamping of
domain walls by oriented dipolar defects is negligible
the perovskite film is not doped by acceptor ions. T
interaction with misfit dislocations may strongly increas
the total restoring force [17], but we shall consider on
epitaxial systems without these defects, which can be a
fabricated [5].

Thus the displacements of 90± walls in our case must be
hindered mainly by the mechanical restoring force so t
Eq. (2) is reduced tofres ø fmh. By analogy with domain
wall vibrations in ferroelectric ceramics [9,13,20], in
wide range of relatively low frequenciesV ø ctyH (ct is
the velocity of transverse sound waves) this restoring fo
can be written asfmh  2kD,. Since the inertial reaction
involved in Eq. (1) may be also ignored in this frequen
range [9,13,20], we obtain the following solution fo
the domain wall vibrations induced by a low-frequenc
measuring field:

D,std 
PSEm

k
sinVt . (3)
1365
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It can be shown that the mechanical force constank
is defined by the second derivative of the elastic ene
W sDpyH , fd stored in the epitaxial system according
the relation

k 
2
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2
HDp

≠2WelsDpyH, fd
≠f2

Ç
ffp

. (4)
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In our calculations we have taken into account th
≠Wely≠f  0 at f  fp [18], and jfsEmd 2 fpjy
fp ø 1 at Em , 1 kVym as it follows from the
numerical estimates. The second derivative of the ela
energy involved in Eq. (4) can be derived from a
expression forWelsDyH, fd obtained in our recent work
[18]. The calculations finally give the following analyti
formula for the force constantk:
k 

p
2 GsSa 2 Scd2

ps1 2 ndH

∑
ln

cosh4pHyDp 2 cos2pfp

1 2 cos2pfp
2 8p2 H2 cosh4pHyDp cos2pfp 2 1

Dp2scosh4pHyDp 2 cos2pfpd2

∏
. (5)
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At very large film thicknessesH ¿ 102ss1 2 ndyGsSa 2

Scd2 Eq. (5) reduces tok  4
p

2 GsSa 2 Scd2ys1 2 ndDp,
with Dp , H1y2.

The antiparallel motion of domain walls describe
by Eq. (3) results in a periodic variationfstd  fp 1

2
p

2 D,stdyDp of the volume fraction ofc domains in a
film. This is accompanied by a periodic changeDPstd 
PSffstd 2 fpg in the film average polarization measure
along the field direction. SinceDP is proportional to the
running value of the field intensityEstd, the domain wall
vibrations (3) simply produce an additional contributio
eD to the real part of the film relative permittivity

eD 
PSsf 2 fpd

e0E


2
p

2 P2
S

e0kDp
, (6)

wheree0 is the permittivity of the vacuum. Substitution
of Eq. (5) into Eq. (6) shows thateD can be represented
as a product of the ratioQ  P2

Ss1 2 ndye0GsSa 2 Scd2

and a dimensionless function of the normalized film thic
nessHGsSa 2 Scd2yss1 2 nd and the relative coherency
strainSr . This function can be calculated numerically b
using in Eqs. (5) and (6) the dependencies of the equi
rium domain periodDpyH and volume fractionfp on the
normalized thickness and the strainSr which were com-
puted in our recent work [18]. [According to the gener
theory of domain wall vibrations [13], in a wide frequenc
rangeV , ctyH the wall contributione

0
DsVd is expected

to be almost equal to the static one given by Eq. (6
In this range the domain wall contributione00

DsVd to the
imaginary part of the film permittivity must be negligible
Strong dispersion ine0

DsVd and a peak of dielectric losse
caused by the emission of sound waves from oscillati
walls are expected only atV ¿ ctyH.]

We have performed numerical calculations of th
domain wall contributioneD and obtained the two-
dimensional plot (see Fig. 2) which shows variations
the normalized permittivityeDyQ with the film thickness
and the relative coherency strainSr . We note that this plot
partly corresponds to metastablecyaycya configurations
which can be created by cooling the film through th
Curie transition in a superimposed electric field [17].

Using the plot shown in Fig. 2, we can estimateeD

for various heterostructures. In the case of comparativ
thick films with H ¿ H0  ss1 2 ndyGsSa 2 Scd2 we
-

b-

l

).

g

e

f
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haveeD , 0.5Q. Since the differenceSa 2 Sc at small
misfit strainsSa, Sc ø 1 may be replaced by the tetra
gonality strainST  sc 2 adya, the Q ratio in fact de-
pends on the properties of the ferroelectric layer only. F
BaTiO3 and Pb(Ti0.49Zr0.51)O3 at room temperature, with
the numerical values of the involved physical paramet
given in our previous papers [12,13] we obtainQ . 2000.
Hence the domain wall contributioneD , 1000 appears to
be comparable with the dielectric constants of bulk sin
crystals [23] and, thus, with possible intrinsic contributio
to the permittivity of these ferroelectric films.

For the heterostructures which contain very thin film
with H # H0 and have the relative coherency strain clo
to the “critical” strainSp

r  1y2s1 1 nd, the theory pre-
dicts a dielectric anomaly that is clearly seen in Fig. 2.
Sr  Sp

r andH  0.42H0, e.g., we have obtainedeD 
127Q. With the value ofQ . 2000 this formally gives the
giant permittivity of e . 250 000. (We note that earlier
Clarke and Burfoot [24] predicted a giant local dielectr
response inside 180± domain walls in ferroelectrics.) The
anomaly shown in Fig. 2 is caused by the drastic we
ening of elastic interactions between 90± walls in ultrathin

FIG. 2. Two-dimensional plot of the domain wall contributio
to the electric permittivity of an epitaxial ferroelectric film.
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films where the equilibrium distances between neighbor
walls become much larger than the wall size

p
2 H [18].

This softening of domain wall vibrations appears only
the heterostructures with near-critical coherency strains
cause here the critical thicknessHp, below which films
stabilize in a single domain state [14,25], tends to zero
Sr ! Sp

r [16,18].
Unfortunately in common ferroelectrics the thresho

thicknessH0 is expected to be of the order of the un
cell size. For BaTiO3, e.g., with the domain wall energ
of s  3 3 1023 Jym2 calculated in Ref. [26] we obtain
H0  10 Å. Nevertheless, the giant permittivities caus
by domain wall vibrations probably can be observed
ferroelectrics with the second order phase transition
KsNbxTa12xdO3 with x , 0.45 [23]. In these materials
the domain wall energy scales ass , P3

S [21]. Using the
relationST , P2

S , we see that hereH0 , P21
S so that the

threshold thickness will increase strongly near the Cu
temperature. TheQ-ratio must also increase very rapid
here since it varies asQ , P22

S .
The film average spontaneous polarizationPS is also

expected to decrease to zero near some critical
thickness when the ferroelectric with the second or
phase transition has a positive extrapolation lengthd [27].
In ferroelectrics of this type the giant permittivities caus
by domain wall vibrations might be observed even
temperatures far from the Curie temperature.

Thus, the field-induced translational vibrations of 9±

domain walls may result in a giant dielectric anoma
in ultrathin films with H # H0 epitaxially grown on
appropriate substrates providing the relative cohere
strain close to the critical valueSp

r  1y2s1 1 nd.
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