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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 @@main 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.

PACS numbers: 77.80.Dj, 77.22.Ch, 77.55.+f

Considerable current interest in ferroelectric thin films isist in such a film:c domains with the tetragonal axis
due to their numerous potential applications in electronigerpendicular to the film surface anag anda, domains in
devices, which utilize the unique dielectric, pyroelectric,which thec axes are parallel to the [100] and [010] axes
piezoelectric, and electro-optic properties of ferroelectricof the substrate, respectively. In accordance with the ob-
materials. For many applications, such as dynamic randomservations [1,2,5] we assume that the film contains a lami-
access memory with very large scale integration, highnar 90 domain structure composed of alternatingnd
frequency transducers, thermistors, and electroluminesceat (or a;) domains as shown in Fig. 1. Following Kwak
displays, the fabrication of thin films with large electric et al. [1,5], we model thisc/a/c/a domain pattern by an
permittivities is especially important. infinite periodic array of 90walls. This approximation

Recent experimental studies [1-5] have found that, ins justified by the fact that normally 9@omain walls in
tetragonal ferroelectric thin films epitaxially grown on cu- epitaxial films form regular stacks with the in-plane sizes
bic substrate, elastic domains (twins) may form during thenuch larger than the domain widths [2,3,5]. Moreover,
preparation of heterostructures. The @@main structure for thin films it should be especially good because the
of an epitaxial film has a strong impact on the hysteretic poscreening of internal stress fields by the free surface of
larization behavior of a ferroelectric layer [4,6]. It may be a film strongly reduces the long-range elastic interactions
expected that the formation of 98omain walls in the epi- between 90walls.
taxial film can also increase markedly its electric permittiv- The geometry of the regulat/a/c/a pattern can be
ity because of the field-induced translational displacementdescribed by the perio® of the domain structure and
of the walls. Indeed these ferroelastic domain walls, inthe volume fractionp = d/D of ¢ domains in the film.
contrast to the purely ferroelectric 18@alls, have a thick- In the absence of external fields the configuration is
ness much larger than the unit cell size (about 100 A irdefined by the equilibrium perioB* and the equilibrium
BaTiOg [7]) so that the lattice potential barriers hindering fraction ¢* of ¢ domains. Obviously the calculation of
their translational motion must be negligible. This suppo-D* and ¢* is a prerequisite for the analysis of domain
sition is strongly supported by the dielectric measurements
on bulk BaTiG; single crystals with a laminar 9@omain
structure [8], which clearly demonstrate that displacements
of the 90 wall can be induced even by a weak measuring
field E ~ 1 kV/m. In addition, it has been shown [9—-13]
that the vibrational motion of J0walls must contribute
considerably to the dielectric response of tetragonal ferro-
electric ceramics.

The above considerations motivated us to perform the
first theoretical analysis of the domain wall vibrations in b {
epitaxial ferroelectric t_hin_f_ilms. In this Letter_, we show FIG. 1. Epitaxial ferroelectric thin film with a laminar
that very large permittivitiese ~ 10° may arise from ¢/q/c/a domain structure sandwiched between the top and
these vibrations in the heterostructures involving ultrathirbottom electrodes. Dashed lines show hovl 86main walls
films and pairs of materials having lattice misfits nearare displaced by an electric field from their equilibrium
some special value. positions. Triangles denote straight wedge disclinations with

Consider a thin tetragonal ferroelectric film epitaxially strengths=w and symbolsL denote straight edge dislocations.

Ps is the spontaneous polarizationd; is the film thickness;

grown on a cubic substrate with the (001) plane parallel;, ¢ > 4, and b are the lattice parameters of the tetragonal
to the surface. Three variants of elastic domains can eX#im and the cubic substrate, respectively.
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wall vibrations. The statics of domain configurations inc domains deviates from its initial valug¢*. The dif-
epitaxial ferroelectric and ferroelastic films was studiedference ¢(t) — ¢* is defined by the domain wall dis-
theoretically in several papers [1,5,14—17]. However, alplacementsA€¢(r) at the moment. Assuming that these
these studies neglected the influence of the free surfaadisplacements have the same magnitldé(z)| for all
of a film on the internal stresses existing in the straine®0° walls in a film at the same moment, we can describe
epitaxy and, thus, on the stored elastic energy whicthe field-induced domain wall vibrations by the following
governs the domain configuration. equation of motion [9,13,20]:

Recently we have developed a rigorous theory of peri- )

. / A NP I*AL
odic domain structures forming in tetragonal epitaxial films
grown on cubic substrates [18]. Inhomogeneous internal ar?
stresses appearing in the film and in the substrate due toygherem is the self-mass of a 90domain wall per unit
lattice mismatch between them were calculated correctlgrea, f,., is the mean internal restoring force acting on
by the method of fictitious dislocations [19] which en- displaced walls, and the last term in Eq. (1) gives the
abled us to allow for the effect of a free surface. (Theeffective driving force per unit wall area that is created
dislocation-disclination model of a laminaya/c/a do- by the applied electric field(s). [Displacementa\¢ and

main structure is shown in Fig. 1. Disclinations here arehe forces involved in Eq. (1) are taken to be positive when
associated with the junctions of 9@omain walls and they are directed inta domains.]

the film/substrate interface. Lattice misorientations ob- |n general, the total restoring force consists of several
served in polydomain epitaxial films [2,3,5] are an experi-different components:

mental evidence for those rotational defects.) On this base

the stored elastic energy was evaluated and the equilib- fres = fmn T fer t flae T faer, 2)
rium geometric parameter®™ and ¢* were computed
for laminar c¢/a/c/a configurations. It was shown that
D*/H and ¢™ are functions of the normalized film thick-
nessHG(S, — S.)?/o(1 — v) and the relative coherency

= fres(t) + PgE,, sinQ)t, (l)

where f,, is the mechanical restoring force associated
with an increase in the elastic enefdy,(D*/H, ¢) stored
in the epitaxial system that is caused by domain wall dis-
- : placementsf., is the restoring force created by an internal
strain S, = (b — a)/(c — a) [16] between the film and  g|ectric field which may be induced by the redistribution
the substrate having the lattice parameterHere S, =  f polarization charges during the wall motion, the con-
(b —a)/a andS. = (b — c)/c are the misfit strainss  yipytion f,,, is due to the pinning of 90domain walls
is the 90 domain wall energy per unit area, agdand»  y the Jattice potential relief (Peierls relief) [21], and the
are the shear modulus and Poisson’s ratio of the film/subygy, £, allows for the interaction of domain walls with
strate system which is assumed to be elastically isotropiginoar defects [22] and misfit dislocations. However, the
and homogeneous. . electric restoring force, which plays an important role in
Consider now the influence of a weak ac electric fieldigrrgelectric ceramics [11,12], is obviously negligible in
E(t) = EysinQs with E, ~ 1kV/m on thec/a/c/a  the case of a thin film sandwiched between two electrodes.
structure formed in the ferroelectric film. We can assumerp,q termfy,, can also be ignored at not too low tempera-
that the film is grown on a lattice matched bottom elec-, es. [In PI§Ti,_,Zr,)Os, for instance, this range is above
trode and covered by a top electrode [4,6]. The extergg k gt frequencie§) < 100 kHz [9].] The clamping of
nal electric field between these electrodes exerts a drivingomain walls by oriented dipolar defects is negligible if
force on the 90 walls because domains tend to expand the perovskite film is not doped by acceptor ions. The
or shrink depending on the mutual orientation of the Spon;yeraction with misfit dislocations may strongly increase
taneous polarizatios and the field intensity at the e ttal restoring force [17], but we shall consider only

moment:. This force causes reversible displacemeits  gpitaxial systems without these defects, which can be also
of domain walls from their equilibrium positions. The f5pricated [5].

amplitudes of these displacements are limited by internal Thus the displacements of 9@alls in our case must be

restoring forces acting on 90valls. , , _ hindered mainly by the mechanical restoring force so that
We shall consider here only prepolarized films which doEq. (2) is reduced t@es =~ fmn. By analogy with domain

not contain 180domain walls. This is a realistic case be- || vibrations in ferroelectric ceramics [9,13,20], in a

cause 180walls can be removed from epitaxial films prior | iqe range of relatively low frequenci€® << ¢,/H (c, is

to dielectric measurements by an application of a strongne yelocity of transverse sound waves) this restoring force
dc electric field in contrast to 9@valls, which have much -5 pe written agnn = —kA¢. Since the inertial reaction
higher coercive fields due to the elastic stabilization of thg,,olved in Eq. (1) may be also ignored in this frequency
c/a/c/a structure [17]. In a prepolarized film equiva- range [9,13,20], we obtain the following solution for

lent domain walls in thec/a/c/a structure are driven e qomain wall vibrations induced by a low-frequency
by the same force and, therefore, the domain pefidd measuring field:

remains unchanged during the wall motion, as shown in
Fig. 1. Atthe same time neighboring domain walls move AL(r) = PgEy, sinQ) 7 3)
in opposite directions so that the volume fractignof '
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It can be shown that the mechanical force consfant In our calculations we have taken into account that
is defined by the second derivative of the elastic energyW.;/d¢ =0 at ¢ = ¢* [18], and |p(E,) — ™|/
W(D*/H, ¢) stored in the epitaxial system according to¢* <1 at E,, ~1kV/m as it follows from the

the relation numerical estimates. The second derivative of the elastic
L 242 W (D*/H, ¢) 4 energy _involved in Eq. (4) can bg derived from an
~ HD* 92 P (4) expression foW. (D /H, ¢) obtained in our recent work

[18]. The calculations finally give the following analytic
formula for the force constarit

. V2G(S, — S.)? [In coshtmH/D* — coRmwe* , H?>coshimrH/D*comd* — 1 } )
= — OT .
(1 — v)H 1 — como* D*2(coshtmH/D* — com ¢*)?
|
At very large film thicknessed > 10> (1 — v)/G(S, — haveep ~ 0.5Q. Since the differencd, — S. at small
S.)? Eq. (5) reduces tb = 4v/2G(S, — S.)?/(1 — v)D*,  misfit strainsS,,S. < 1 may be replaced by the tetra-
with D* ~ H!/2, gonality strainSy = (¢ — a)/a, the Q ratio in fact de-

The antiparallel motion of domain walls described pends on the properties of the ferroelectric layer only. For
by Eq. (3) results in a periodic variatioth(r) = ¢* +  BaTiO5; and Pb(Tj4Zr 5103 at room temperature, with
24/2 AL(r)/D* of the volume fraction of: domains in a the numerical values of the involved physical parameters
film. This is accompanied by a periodic chanB(r) =  given in our previous papers [12,13] we obtgin= 2000.
Ps[¢(t) — ¢*]in the film average polarization measured Hence the domain wall contributian, ~ 1000 appears to
along the field direction. SincAP is proportional to the be comparable with the dielectric constants of bulk single
running value of the field intensitg (), the domain wall crystals [23] and, thus, with possible intrinsic contributions
vibrations (3) simply produce an additional contributionto the permittivity of these ferroelectric films.
ep to the real part of the film relative permittivity For the heterostructures which contain very thin films

o 5 p2 with H = H, and have the relative coherency strain close
€p = Pstd — ¢7) _ 2\/21)5 , (6) to the “critical” strainS; = 1/2(1 + v), the theory pre-
ok €okDr dicts a dielectric anomaly that is clearly seen in Fig. 2. At
wheree is the permittivity of the vacuum. Substitution S, = S; andH = 0.42H,, e.g., we have obtainee, =
of Eq. (5) into Eq. (6) shows thatp can be represented 127Q. With the value ofp = 2000 this formally gives the
as a product of the rati® = P3(1 — »)/e,G(S, — S.)*>  giant permittivity of e = 250000. (We note that earlier
and a dimensionless function of the normalized film thick-Clarke and Burfoot [24] predicted a giant local dielectric
nessHG(S, — S.)?/o(1 — v) and the relative coherency response inside 18@omain walls in ferroelectrics.) The
strainS,. This function can be calculated numerically by anomaly shown in Fig. 2 is caused by the drastic weak-
using in Egs. (5) and (6) the dependencies of the equilibening of elastic interactions between°3@alls in ultrathin
rium domain period*/H and volume fractionp™ on the
normalized thickness and the straip which were com-
puted in our recent work [18]. [According to the general
theory of domain wall vibrations [13], in a wide frequency
rangeQ) < ¢,/H the wall contributione}, () is expected
to be almost equal to the static one given by Eq. (6).
In this range the domain wall contributicef)(Q) to the
imaginary part of the film permittivity must be negligible.
Strong dispersion i}, () and a peak of dielectric losses
caused by the emission of sound waves from oscillating
walls are expected only & > ¢,/H.]

We have performed numerical calculations of the
domain wall contributionep and obtained the two- £
dimensional plot (see Fig. 2) which shows variations of %
the normalized permittivityep /Q with the film thickness &
and the relative coherency strefin. We note that this plot o %
partly corresponds to metastahléa/c/a configurations
which can be created by cooling the film through the
Curie transition in a superimposed electric field [17].

Using the plot shown in Fig. 2, we can estimaig
for various heterostructures. In the case of comparativelg|g. 2. Two-dimensional plot of the domain wall contribution
thick films with H > Hy = o(1 — v)/G(S, — S.)*> we to the electric permittivity of an epitaxial ferroelectric film.
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