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Dynamical properties of epitaxial ferroelectric superlattices
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The dynamical properties of epitaxial ferroelectric heterostructures have been investigated by studying the
dielectric behavior under external electric field. A phenomenon with a giant permittivity was observed. At low
frequencies, real permittivities as high as 420 000 have been measured. Real and imaginary parts of the
dielectric constant show large dispersion at high frequencies. In dc measurements, a nonlinear resistance is
observed with a well-defined threshold field, correlating with the dc bias-field dependence of ac permittivities.
We model these observations as a result of the motion of pinned domain-wall lattices, having sliding-mode
motion at high electric fields. The good agreement between the experimental and theoretical results suggests
that the deposited interdigitated electrode pattern plays a crucial role in controlling domain-wall dynamics. The
pinning of the domain wall comes from a nucleation barrier to the creation of new domain walls.
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I. INTRODUCTION

One of the most exciting recent developments in mater
science is the ability to produce artificial superlattice str
tures, which are composed of alternating epitaxial thin film
Many exotic properties have been observed in the artifi
superlattice structures made from semiconductin1

metallic,2 magnetic,3 and superconducting4 materials.
Ferroelectric superlattices have not been as extensi

investigated, despite their possible device applications,
cluding pyroelectric detection, memory systems, and e
trooptic modulators. There is also fundamental interest in
study of these artificial structures, since they can have d
tically different properties from those of bulk materials5

Progress in this area has been relatively slow, becaus
difficulties in the growth of epitaxial ferroelectric superla
tices.

The materials investigated in this paper are perovsk
type Pb12xLaxTiO3 ~PLT! and PbTiO3 ~PT! thin films. Bulk
PT is cubic at high temperature, and below about 763 K
transforms into a ferroelectric phase with a large tetrago
distortion.6 Bulk PLT is cubic at room temperature forx
values for lanthanum larger than 28%.7

Under epitaxial strain, a single-crystal ferroelectric th
film has an equilibrium structure with a periodic array
domain walls.8,9 Theoretical10–13and experimental8,9,14stud-
ies show that, in ferroelectric thin films, the formation of
periodic domain pattern limits the extension of the interfac
strain field—thus minimizing the total energy of the hete
structure. This is in contrast to an unclamped single-cry
system, in which a single domain is the equilibrium state
is found that the nature of the domain pattern depends v
strongly on the epitaxial mismatch, the film thickness and
measurement temperature.
550163-1829/97/55~14!/8766~10!/$10.00
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In a ferroelectric system without defects, a domain w
can move under an external driving force in the host mate
freely. In a domain-wall lattice, this property is expected
lead to low-energy excitation modes, called dyadons, co
sponding to the acoustic waves in the domain-wall lattice12

In a perfect system, rigid translation of the domain-wall la
tice can take place without an energy barrier. Howev
nucleation processes and the presence of defects, inclu
dislocations, surface steps, compositional variation, etc.,
lead to the pinning of the domain walls. Application of a
electric field through an interdigitated electrode deposited
the ferroelectric film produces a periodic strain and a pe
odic driving force in the film for domain walls. For an ex
ternal field below a certain threshold, the domain walls c
oscillate in the pinned state and their motions are bou
Above the threshold field, the domain-wall lattice can sli
continuously to contribute to the dc conductivity, by creati
domain walls at one end and annihilating them at the oth
The phenomenon is reminiscent of the Frohlich sliding-mo
conductivity in charge-density waves15 and phase-slip resis
tivity in Josephson junctions in superconductors.16 In a re-
cent paper,17 we have reported an observation of a gia
permittivity in heterostructures having alternating layers
ferroelectric and nonferroelectric epitaxial oxides.

In the present paper, we expand upon our initial repo17

and provide more complete information on both the theo
ical model and the experimental results for the dynami
properties of epitaxial ferroelectric heterostructures. T
work encompasses both a description of the dielectric beh
ior under applied ac- and dc-electric field and a detailed co
parison between the theoretical model and the experime
results. In particular, giant permittivity has been investiga
in epitaxial PT/PLT heterostructures. A theoretical analy
of experimentally observed giant permittivity was perform
8766 © 1997 The American Physical Society
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55 8767DYNAMICAL PROPERTIES OF EPITAXIAL . . .
by using a model based on the motion of a domain-w
lattice in a sinusoidal washboard potential.

In Sec. II, the experimental aspects of the work, includ
the thin-film deposition and dielectric constant measu
ments using interdigitated electrodes, are presented. Se
III describes the measured dielectric behavior as a func
of ac frequency and dc bias voltage, and theI -V character-
istics. Section IV provides a detailed treatment of the th
retical model to explain the observed dynamical propertie
epitaxial ferroelectric PT/PLT heterostructures. In Sec.
the experimental results and the theoretical predictions
compared to demonstrate the validity of the model. Fina
Sec. VI provides concluding remarks with recommendatio
for possible future studies.

II. EXPERIMENTAL METHODS

A. Growth and structural characterization
of PT/PLT heterostructures

The epitaxial PT/PLT ferroelectric heterostructures inv
tigated here were grown on~100!-oriented SrTiO3 single-
crystal substrates using the metalorganic chemical-va
deposition technique. The deposition was carried out in
inverted vertical warm-wall reactor with a resistively heat
susceptor. The substrate temperature was measured w
K-type thermocouple embedded in the susceptor about 1
from the substrate. The metalorganic precursors used w
tetraethyllead, Pb(C2H5)4, lanthanum b-diketonate,
La(C11H19O2)3, and titanium isopropoxide, Ti(OC3H7)4, for
the PLT thin film while tetraethyllead, Pb(C2H5)4, and tita-
nium isopropoxide, Ti(OC3H7)4, were used for PT thin
films. During the deposition process, the substrate temp
ture was fixed at 650 °C and the reactor pressure was m
tained at 5 Torr. Growth conditions for epitaxial PT/PL
heterostructures are given in Table I. The deposition ra
were above 1250 and 1200 Å/h for the PLT and PT t
films, respectively. Particularly, we have studied three sup
lattices of PT/PLT with modulation wavelengths of 100
~sampleS-40), 400 Å ~sampleS-10), and 2000 Å~sample
S-2). In each superlattice, PT and PLT layers had eq
thickness, and the total thickness was 4000 Å. The first
last layers deposited were PT and PLT, respectively.

The crystal structure was examined by x-ray-diffracti
methods using a Siemens digitized horizonal diffractome
employing CuKa radiation and a sample stage that w

TABLE I. Growth conditions for epitaxial PT/PLT thin-film
heterostructures.

Thin film Flow rate~sccm! Source temperature (°C)

O2 :50
Argon through; La: 175.5

PLT La: 250 Pb: 11.5
Pb: 140 Ti: 22.0
Ti: 1000

O2 :8
PT Argon through; Pb: 10.5

Pb: 100 Ti: 22.0
Ti:1000
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equipped with both rotational and rocking capabilities in o
der to provide statistically correct averaging over t
reciprocal-lattice points.

B. Dielectric constant measurements

Since the SrTiO3 substrate is an insulator, the dielectr
constant of the epitaxial film cannot be determined by
simple parallel plate capacitor geometry. As an alternat
method for capacitance measurement, interdigitated e
trodes were deposited by using the photolithographic lift
technique.

The capacitance for interdigitated electrodes deposited
a film of thicknessh (mm) grown on a substrate can b
approximated by18

C5
Cs

«s11 H ~«s11!1~« f2«s!F12expS 2
9.2h

l D G J ,
~1!

with

Cs5KL~«s11!,

K56.5S 2dl D 211.08S 2dl D12.37, and L5~2n21!l ,

wherel is the period,n is the number of such periods on th
sample, and«s and« f are the dielectric constant of substra
and film, respectively. Here,K is an empirical value mea
sured in pF/m, with a value of 4.535 for a 1:1 ratio of spa
ing to width of the interdigitated electrodes.l andd are the
length and width of the fingers of electrodes, respective
This approximation was obtained using the solution
Laplace’s equation for the potential in the neighborhood
an interdigitated electrode structure.19

The interdigitated electrodes deposited on the sample c
sist of 20 fingers each with 25mm spacing and width, and 2
mm long fingers as shown in Fig. 1. All electrodes we
deposited under identical conditions. The sample was t
integrated onto a pin grid-array package and connecti
from the film to the package were accomplished by gold w
bonding. Spring loaded gold pins were used to make conn
tions to the leads of the package and these pins were
nected to the instrument by low-loss RS58 cables. The
pacitance and loss tangent for the SrTiO3 substrate and

FIG. 1. Interdigitated electrodes on a PT/PLT superlattice,
aged by optical microscopy.
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8768 55Y. KIM, R. A. GERHARDT, AND A. ERBIL
PT/PLT heterostructures were measured by using an
4192A impedance analyzer. The real and imaginary par
the dielectric constant were calculated from the measu
capacitance and loss tangent of the film by using Eq.~1!.

In order to check the validity of this equation for ou
analysis, an interdigitated electrode was deposited o
SrTiO3 ~100! substrate and its dielectric constant determin
As shown in Fig. 2, the measured dielectric constant dep
dence on frequency was in excellent agreement with the p
lished data of 305–306.20

III. EXPERIMENTAL RESULTS

In the following subsections, the structural properties
epitaxial PT/PLT heterostructures are described first. Th
experimental results for theI -V characteristics and the a
frequency and dc bias voltage dependence of the com
dielectric constant are presented.

A. Structural properties

In our previous reports,21,22x-ray diffraction~XRD!, pole
figure, and ion channeling experiments have been perfor
to determine the epitaxial quality of PT/PLT heterostru
tures. Here, the structural properties of the samples rele
to the dynamical properties are qualitatively described. F
ure 3 shows theu–2u x-ray-diffraction patterns of the
samplesS-2, S-10, andS-40. Except for the sampleS-40
with the smallest modulation wavelength, the samples sh
ferroelectric transition with the coexistence ofa and c do-
mains in the ferroelectric phase. With decreasing modula
wavelength, the spontaneous strains become smaller, co
tent with the earlier observations.8,9 The sampleS-40 exhib-
its a single peak, providing evidence that the superlattic
paraelectric for a modulation wavelength of 100 Å. T
broad widths for the peaks ofS-10 andS-2 suggest that
different ferroelectric layers in the superlattices have diff
ent spontaneous strain values depending on their locati
This would lead to a distribution of parameters for the eq
librium and dynamical properties.

FIG. 2. Frequency dependence of~a! the real and~b! imaginary
part of the dielectric constant for a SrTiO3 substrate.
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B. Dispersion in dielectric constant

Figure 4 shows the ac frequency dependence of the
and imaginary parts of the dielectric constant for PT/P
heterostructures with different modulation wavelengths
zero dc-bais field. Debye-like dispersion of dielectric co
stants with frequency was observed only for the specim
with modulation wavelengths of 400 and 2000 Å, as sho
in Figs. 4~a! and 4~b!, respectively. At low frequencies, th
real part («8) of the dielectric constants forS-10 andS-2
have giant values approaching 420 000 and 350 000, res
tively. At high frequencies,«8 approaches the paraelectri
phase dielectric constant of about 750. As would be expec
for a sample in the paraelectric phase,«8 for S-40 is about
750, and has no significant frequency dependence in the
quency range of 300 Hz–1 Mhz as shown in Fig. 4~c!. The
imaginary part («9) of the dielectric constants for bot

FIG. 3. The u–2u x-ray-diffraction patterns for the sample
S-2 ~dot-dashed line!, S-10 ~solid line!, andS-40 ~dotted line!.

FIG. 4. Frequency dependence of the real~solid line! and imagi-
nary ~dashed line! dielectric constants in PT/PLT superlattices
~a! S-10, ~b! S-2, and~c! S-40.
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55 8769DYNAMICAL PROPERTIES OF EPITAXIAL . . .
S-10 andS-40 have broad peaks in the frequency range c
responding to the largest dispersions for«8. A significant
temperature dependence of the frequency spectrum fo«8
and «9 of S-10 was measured as shown in Fig. 5. As te
perature increases, the dielectric response gets stronge
shifts to lower frequencies.

There could be several possible causes for this type
dielectric dispersion. First, it may be attributable to the m
tallic layer of the interdigitated electrodes. Since all the el
trodes were prepared at the same time under identical co
tions, this possibility can be excluded; moreover, t
relaxation was observed only from the specimens co
sponding to 2000 and 400 Å wavelength modulations. S
ond, it could be due to the presence of oxygen vacancie
the film. This can be ruled out as well, since all films we
prepared under identical growth conditions at a reactor p
sure of 5 Torr, and a large amount of oxygen was introdu
during the growth. A third possible source is the interfac
polarization space charge. This might be possible as het
structures have many interfaces to account for. However,
drastic dependence on temperature and frequency cann
explained through this mechanism. As a final possibility,
motion of the domain lattice of the ferroelectric layers in t
heterostructures is suggested. The domain walls in h
quality ferroelectrics can move under the influence of an
plied field. This can lead to a very large dielectric respon
under an alternating electric field at low frequencies.

C. I -V characteristics

Measurements of theI -V characteristics of the PT/PLT
heterostructures were performed by using the interdigita
electrode as two-point probes as shown in Fig. 6. Ident
conditions, including temperature and humidity, were ma
tained for all three samples. To prevent possible perman
damage due to breakdown, voltages were kept be
620 V.

FIG. 5. ~a! Real permittivity and~b! imaginary permittivity for
the PT/PLT superlatticeS-10 as a function of frequency at variou
temperatures~in °C!.
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S-40 was a good insulator within the applied volta
range investigated. Figures 7~a! and 7~b! show dcI -V curves
taken at room temperature for theS-10 andS-2 samples,
respectively. The resistance of each sample was highly n
linear, and showed well defined threshold voltagesVT of
about 5 and 10 V. Both samples were capacitive belowVT
and resistive aboveVT .

This phenomenon is reminiscent of Frohlich sliding-mo
conductivity in charge-density waves15 and phase-slip resis
tivity in Josephson junctions in superconductors.16 Even
though the interdigitated electrodes for all the samples w
deposited under identical conditions, onlyS-10 andS-40 ex-
hibit the nonlinearI -V characteristics. Therefore, we sugge
that the most probable cause for the nonlinear response i
motion of pinned domain-wall lattices, which exhibit sliding
mode motion at high electric fields. We note thatS-2 is more
conductive thanS-10 aboveVT . This result is consisten
with the observed higher relaxation cutoff frequency f
S-2 as shown in Fig. 4.

D. Applied dc–bias voltage dependence of dielectric constants

In order to study the dynamics of the ferroelectric hete
structures (S-2 andS-10) in detail, the applied dc bias volt
age dependence of the dielectric behavior at various ac
quencies was measured. The excitation ac signal ampli
was kept at 0.01 V for all frequencies used. The values
both «8 and«9 are suppressed very strongly at high dc b
fields as shown in Figs. 8~a! and 8~b! for S-10 and Figs. 9~a!
and 9~b! for S-2 samples, respectively. The most rapid var

FIG. 6. The circuit used for dcI -V characteristic measuremen
for PT/PLT superlattices.

FIG. 7. The dcI -V curves at room temperature for the samp
~a! S-10 and~b! S-2.
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8770 55Y. KIM, R. A. GERHARDT, AND A. ERBIL
tions in the dielectric constants for bothS-2 andS-10 takes
place at or close to the respective threshold voltages
served in theI -V curves. Even though both«8 and«9 mono-
tonically decrease for most of the frequencies used, we n
a complicated variation in«9 as a function of dc bias voltag
at low frequencies for both samples.

IV. THEORETICAL ANALYSIS

A. Rigid-body motion for a domain-wall lattice

As a theoretical interpretation for the observed dielec
behavior, a model based on rigid-body motion of pinn

FIG. 8. The measured~a! real and~b! imaginary permittivity as
a function of applied dc bias voltage at six different ac signal f
quencies for the sampleS-10. The numbers labeling the plot are th
ac signal frequencies used in kHz.

FIG. 9. The measured~a! real and~b! imaginary permittivity as
a function of applied dc bias voltage at six different ac signal f
quencies for the sampleS-2. The numbers labeling the plot are th
ac signal frequency used in kHz.
b-

te

c
d

domain-wall lattices is proposed, using the sinusoidal wa
board analog. The dielectric behavior of a superlattice s
ject to an electric field is obtained by assuming an electro
circuit analog as shown in Fig. 10. In this circuit diagram
R represents the resistance for the screening current
between the electrodes and the domain walls,C1 is the ca-
pacitance associated with the polarization due to dom
wall motion, andC2 is the capacitance associated with t
superlattice in the absence of domain walls.

Figure 11 schematically shows a single domain wall a
the relevant parameters in a superlattice. For clarity, the
main walls are shown to be perpendicular to the interfa
even though in a 90° domain wall the angle is about 4
This assumption does not change the form of the equat
below.

C1 can be determined by using the equation of rigid-bo
motion for a domain-wall lattice in a sinusoidal potential,
given by15

mẍ1g ẋ1
2pedLh

l
sin
2p

l
x2LhPsE50. ~2!

In Eq. ~2!, m andg are the mass and the intrinsic dampin
parameters, respectively.x is the domain-wall position.ed is
the domain-wall pinning energy per unit area, andL andh
are the lateral dimensions of a domain wall as shown in F
11. l is the period of the pinning potential, andPs is the
value of permanent polarization.E is the effective average
field driving the motion, determined by taking into accou
the complex field distribution on the superlattice due to
electrodes.19 It is expected thatE is proportional to the ap-
plied voltageV between the interdigitated electrodes, with
proportionality constanta:

E5Edc1Eac5a~Vdc1Vac!. ~3!

-

-

FIG. 10. An electronic circuit analog of the superlattice syste

FIG. 11. Schematic diagram of a ferroelectric-nonferroelec
heterostructure with one period. The arrows represent the pola
tion directions within the domains.
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55 8771DYNAMICAL PROPERTIES OF EPITAXIAL . . .
In Eq. ~2!, the first and second terms can be ignored, si
they will be important only at frequencies close to the m
crowave frequencies. Therefore, Eq.~2! can be modified as

sin
2p

l
x5

Psl

2ped
E. ~4!

The current due to domain-wall motion is given by

I5
dq

dt
5PsL

dx

dt
5PsL

dx

dE

dE

dt
5 jvPsL

dx

dE
Eac, ~5!

whereq is the polarization charge.

From Eq.~4!,

dx

dE
5

Psl
2

4p2ed

1

cos@~2p/l!x#
5

Psl
2

4p2ed

1

A12sin2@~2p/l!x#
,

~6!

or

dx

dE
5

Psl
2

4p2ed

1

A12@~Psl/2ped!E#2
. ~7!

Therefore, Eq.~5! becomes

I5 jvPsL
Psl

2

4p2ed

1

A12@~Psl/2ped!E#2
Eac. ~8!

The capacitanceC1 can be obtained as

C15PsL
Psl

2a

2p2ed

1

A12@~Psl/2ped!E#2
. ~9!
es
e
-
In the presence of both an ac signal (Vac) and a dc bias
(Vdc), if Vac!Vdc the capacitanceC1 can be expressed as

C15C10

1

A12~Vdc/VT!2
, ~10!

where

VT5
2ped
lPsa

, ~11!

and

C105
LlPs

2pVT
. ~12!

Here,C10 is the capacitance due to domain-wall motion
Vdc50 V, while VT is the threshold voltage.

B. Field distribution around interdigitated electrodes

The field distribution is of importance because it det
mines the effective driving force. In our configuration, on
the vertical components of the electric field would play
important role in the domain-wall dynamics.

As shown in Fig. 11, thexy plane represents the plane
the film. Given the assumption that the thickness of the m
strips is negligible compared to the period in thex direction,
the vertical component of the electric fieldEz inside the film
is given by23
Ez5mG~D!S 2p

p D H (
n50

`

Pn~cosD! expF2 j S n1
1

2D S 2p

p D ~x1 jmz!G1 (
n50

`

Pn~cosD! expF j S n1
1

2D S 2p

p D ~x2 jmz!G J ,
~13!
where

m5A«11
«33

and D5
pd

p
,

Pn(x) is the Legendre polynomial of ordern, p is the sum of
the spacing and the width of the electrode~i.e., half period!,
while d is the finger width.«11 and«33 are two of the dielec-
tric tensor elements of the film. Here,G(D) is a normaliza-
tion constant given by the expression

G~D!52
1

4K8~s!
, ~14!

wheres5sin(D/2), andK8(s) is the complete elliptic inte-
gral of the first kind of the complementary modul
s85A12s2.

Sinced525mm, p550mm in our experiments,
D5
p

2
, s5sin

p

4
5

1

A2
, s85A12

1

2
5

1

A2
.

Therefore,

K8~s!5K~s!52.086 andG~D!5GS p

2 D520.1198.

Thus, the equation forEz takes the following form for our
geometry:

Ez520.2397S 2p

p D (
n50

`

Pn~0! expF S n1
1

2D 2pz

p G
3cosF S n1

1

2D 2px

p G . ~15!
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Figure 12 shows plots ofx dependence of the electric
field distribution calculated at 100 Å~solid line!, 2000 Å
~dot-dashed line!, and 4000 Å~dotted line! below the inter-
digitated electrodes. The field is very sharp at the edge
the fingers with very large variation between adjacent e
trodes at close distances. These sharp opposing electric fi
play a crucial role in controlling domain-wall dynamics.

C. Determination of complex permittivity

A capacitor with a geometrical capacitanceC0 has
admittance:24

Y5
1

Z
5~«91 j«8!vC0 . ~16!

Here,v is the angular frequency for the applied ac sign
andC0 is the capacitance of the interdigitated electrode p
tern in vacuum.C0 is equal to 0.36 pF for the electrod
pattern used.

The admittance of the electronic circuit shown in Fig.
is

Y5 jvC21
1

Z1
5 jvC21

jvC1

11 jvRC1
~17!

whereZ1 is the impedance of the partial circuitRC1.
If the capacitorC1 is charged to a voltageV0 and then the

circuit is shorted across theRC1 combination, the voltage
V1 across the condenser will decrease as a function of t
and cause a current flowC1(dV1 /dt) through the resistor
The voltage drops exponentially according to a relaxat
time for the polarization charge associated with domain-w
motion:

t5RC1 . ~18!

Introducing t into Eq. ~17! and separating the real pa
from the imaginary, the admittance can be expressed as

FIG. 12. Plot of thex dependence of the electric field calculat
at 100 Å ~solid line!, 2000 Å ~dot-dashed line! and 4000 Å~dotted
line! below the interdigitated electrodes. The location and pola
of the electrodes are shown at the top.
of
c-
lds

l
t-

e

n
ll

Y5
v2C1t

11v2t2
1 jvC21

jvC1

11v2t2
. ~19!

The admittance for the case ofV.VT can be expressed a

Y5
2C1v

2t

12v2t2
1 jvC21

vC1

12v2t2
5

vC1

11vt
1 jvC2 ,

~20!

while for the case ofV,VT , the admittance is simply the
same as given in Eq.~19!. By dividing Eqs.~19! and~20! by
vC0, the real and imaginary permittivity can be determine
as

«85H «11«21«2t
2v2

11t2v2 for uVu,VT

«2 for uVu.VT

~21!

and

«95H «1tv

11t2v2 for uVu,VT

«1
11tv

for uVu.VT .

~22!

Here,«1(5C1 /C0) is the dielectric constant due to doma
walls, and«2(5C2 /C0) is the dielectric constant in the ab
sence of domain walls.uVu stands for the absolute value o
the voltage. AtVdc50, the dielectric constant due to doma
walls can be defined by

«105
C10

C0
. ~23!

At the threshold voltageVT , t diverges within the ap-
proximation made forC1, leading to divergent dielectric be
havior asv→0. However, intrinsic damping and a distribu
tion in VT values would eliminate this divergence in re
samples. A distribution in values ofVT is expected since a
large sample volume is sampled during the measureme
As shown in Fig. 7,I -V characteristics support this idea b
showing a rounding at the threshold voltage.

A Gaussian distribution for the values ofVT is therefore
assumed:

F~VT ,VT0 ,s!5
1

sA2p
expF2

~VT2VT0!
2

2s2 G . ~24!

With the assumption of a Gaussian distribution for the valu
of VT , the capacitanceC1 in Eqs.~19! and~20! needs to be
modified asC15Cav, whereCav is the average value fo
C1 and given by

Cav5E
2`

` C10 exp@2~VT2VT0!
2/2s2#

sA2p~12VDC
2 /VT

2!
dVT . ~25!

During integration, the integrand in Eq.~25! is multiplied by
i for uVTu,Vdc representing a change from a capacitive
sponse to a resistive response.

y
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V. COMPARISONS BETWEEN EXPERIMENT
AND THEORY

The dielectric constants as a function ofv andVdc were
calculated with an assumption of a Gaussian distribution
the values ofVT . These results forS-2 are presented in Figs
13, 14, 15. Those forS-10 were presented previously.17

In Fig. 13~a!, the solid line and the dotted line show th
calculated«8 and «9, respectively, as a function of fre
quency, while the experimental data for the sampleS-2 at
Vdc50 V were shown in Fig. 13~b!. For parameter values o
«105110,000,«25800, andR512 V, the theoretical re-

FIG. 13. ~a! The calculated real~solid line! and imaginary~dot-
ted line! parts of the dielectric constant for the sampleS-2 at
Vdc50 V as a function of frequency in log scale.~b! The measured
real ~solid line! and imaginary~dotted line! parts of the dielectric
constant for the sampleS-2 atVdc50 V as a function of frequency
in log scale.

FIG. 14. ~a! The calculated«8 for S-2 as a function of applied
dc bias at three different ac signal frequencies of 10 kHz~solid
line!, 100 kHz ~dot-dashed line!, 500 kHz ~dotted line!. ~b! Mea-
sured«8 for S-2 as a function of applied dc bias at three different
signal frequencies of 10 kHz~solid line!, 100 kHz~dot-dashed line!,
500 kHz ~dotted line!.
r

sults were in good agreement with those obtained by exp
ment. Parameters of 10 and 4.7 V were used for the ave
thresholdVT0 and its standard deviation, respectively, for t
Gaussian distribution.

By using Eq.~12! andC105C0«105(L/2)«0«10, the pin-
ning potential period,l, can be expressed as

l5
p«0«10VT0

Ps
, ~26!

where «0 is the vacuum permittivity.l was calculated as
44621mm by using a value ofPs50.7 C/m2 for the polar-
ization determined from the lattice parameter measureme
Within the error bars, this value forl is equal to the center
to-center electrode spacing. From Eq.~11!, the domain-wall
pinning energy,ed was determined as 0.9860.46 J/m2,
which is very close to the calculated domain-wall pair c
ation energy of 0.48 J/m2.8,9 These are in good agreeme
with those forS-10.17 It should be noted that the value o
a used in Eq.~3! was estimated by dividing the voltage di
ference by the center-to-center electrode spacing. It sho
be viewed as a rough estimate. However, this would
effect the value forl. A precise value fora can be obtained
by properly integrating the field distribution over the volum
of the sample. The values determined forl anded suggest
that the electrode pattern deposited plays a crucial role
controlling domain-wall dynamics. Below the threshold vo
age the domain-wall lattice oscillates between neighbor
electrodes. Pinning results from the nucleation barrier to
creation of new domain walls.

Figures 14~a! and 15~a! show the calculated«8 and «9,
respectively, as a function of applied dc bias at three diff
ent ac signal frequencies, 10, 100, 500 kHz, using the par
eters determined previously. As can be seen, the agree
with the measurements presented forS-2 in Figs. 14~b! and
15~b! is reasonably good, without having any adjustable
rameters. Particularly, agreement is very good at low dc b

FIG. 15. ~a! The calculated«9 for S-2 as a function of applied
dc bias at three different ac signal frequencies of 10 kHz~solid
line!, 100 kHz ~dot-dashed line!, 500 kHz ~dotted line!. ~b! The
measured«9 for S-2 as a function of applied dc bias at three d
ferent ac signal frequencies of 10 kHz~solid line!, 100 kHz ~dot-
dashed line!, 500 kHz~dotted line!.
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voltages. However, the deviation becomes significant at
bias voltages higher than the threshold voltage. As no
earlier,17 this may be an indication that the sinusoidal a
proximation for the pinning potential is only appropriate
low voltages.

The dependence of frequency dispersion on dc bias fi
for S-10 was investigated to elucidate the polarizati
mechanism better. Figures 16~a! and 17~a! show the calcu-
lated«8 and«9, respectively, as a function of ac signal fr
quency at three different applied dc bias voltages of 0, 3,
5 V, using the parameters determined previously. Agreem
with measurements forS-10 presented in Figs. 16~b! and
17~b! are reasonably good, again without using any adju
able parameters. The larger difference between the calcu
and experimental curves shown in Fig. 17 can be attribu
to the larger sensitivity of«9 on field distributions and con
figurational details which cannot be effectively investigate

VI. CONCLUSIONS

Heterostructures consisting of epitaxial ferroelect
PbTiO3 and paraelectric Pb12xLaxTiO3 thin films with
x50.28 were grown on~100!-oriented SrTiO3 single-crystal
substrates using the metalorganic chemical vapor depos
technique. With a modulation wavelength of about 100
PT/PLT superlattices showed a single diffraction peak
u–2u XRD measurements, indicating that the layers are
herent and the superlattice is in a paraelectric phase
larger modulation wavelengths, several bulklike diffracti

FIG. 16. ~a! The calculated«8 for S-10 as a function of ac signa
frequency at three different dc bias voltages of 0 V~solid line!, 3 V
~dot-dashed line!, 5 V ~dotted line!. ~b! Measured«8 for S-10 as a
function of ac signal frequency at three different dc bias voltage
0 V ~solid line!, 3 V ~dot-dashed line!, 5 V ~dotted line!.
u
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peaks were observed, indicating that the PT layers hava
andc domains in a ferroelectric phase.

The dynamical properties of epitaxial ferroelectric hete
structures have been investigated by measuring the diele
response under external electric fields. A phenomenon wi
giant permittivity was observed, and was interpreted by
ing a model based on the motion of a domain-wall lattice
a sinusoidal potential. The good agreement between the
perimental and theoretical results suggests that the depo
interdigitated electrode pattern plays a crucial role in contr
ling domain-wall dynamics. Below the threshold voltag
pinning comes from a nucleation barrier to the creation
new domain walls, leading to giant permittivity.

These results suggest a cornucopia of new measurem
including studies on the effects of temperature, doping, e
trode geometry, and modulation wavelength of the super
tice. High dielectric constants up to 400 000 may be obtain
at frequencies up to microwaves by increasing the cond
tivity of the ferroelectric superlattices through impurity do
ing. Finally, the external control of domain-wall dynamics
these material systems should open up new device app
tions.
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FIG. 17. ~a! The calculated«9 for S-10 as a function of ac signa
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