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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.
[S0163-182697)02310-3

I. INTRODUCTION In a ferroelectric system without defects, a domain wall
can move under an external driving force in the host material
One of the most exciting recent developments in materialéreely. In a domain-wall lattice, this property is expected to
science is the ability to produce artificial superlattice strucdead to low-energy excitation modes, called dyadons, corre-
tures, which are composed of alternating epitaxial thin filmssponding to the acoustic waves in the domain-wall lattfce.
Many exotic properties have been observed in the artificialn a perfect system, rigid translation of the domain-wall lat-
superlattice  structures made from semiconducting,tice can take place without an energy barrier. However,
metallic? magnetic’ and superconductifignaterials. nucleation processes and the presence of defects, including
Ferroelectric superlattices have not been as extensivelgislocations, surface steps, compositional variation, etc., can
investigated, despite their possible device applications, inlead to the pinning of the domain walls. Application of an
cluding pyroelectric detection, memory systems, and elecelectric field through an interdigitated electrode deposited on
trooptic modulators. There is also fundamental interest in théhe ferroelectric film produces a periodic strain and a peri-
study of these artificial structures, since they can have drasdic driving force in the film for domain walls. For an ex-
tically different properties from those of bulk materidls. ternal field below a certain threshold, the domain walls can
Progress in this area has been relatively slow, because ofcillate in the pinned state and their motions are bound.
difficulties in the growth of epitaxial ferroelectric superlat- Above the threshold field, the domain-wall lattice can slide
tices. continuously to contribute to the dc conductivity, by creating
The materials investigated in this paper are perovskitedomain walls at one end and annihilating them at the other.
type Ph_,La,TiO5 (PLT) and PbTiQ (PT) thin films. Bulk ~ The phenomenon is reminiscent of the Frohlich sliding-mode
PT is cubic at high temperature, and below about 763 K ittonductivity in charge-density wav@sand phase-slip resis-
transforms into a ferroelectric phase with a large tetragonaivity in Josephson junctions in superconducttfrén a re-
distortion® Bulk PLT is cubic at room temperature for  cent papel/ we have reported an observation of a giant
values for lanthanum larger than 28%. permittivity in heterostructures having alternating layers of
Under epitaxial strain, a single-crystal ferroelectric thinferroelectric and nonferroelectric epitaxial oxides.
film has an equilibrium structure with a periodic array of In the present paper, we expand upon our initial réport
domain walls2® Theoretical® *3and experiment&f**stud-  and provide more complete information on both the theoret-
ies show that, in ferroelectric thin films, the formation of aical model and the experimental results for the dynamical
periodic domain pattern limits the extension of the interfacialproperties of epitaxial ferroelectric heterostructures. This
strain field—thus minimizing the total energy of the hetero-work encompasses both a description of the dielectric behav-
structure. This is in contrast to an unclamped single-crystaior under applied ac- and dc-electric field and a detailed com-
system, in which a single domain is the equilibrium state. Itparison between the theoretical model and the experimental
is found that the nature of the domain pattern depends vergesults. In particular, giant permittivity has been investigated
strongly on the epitaxial mismatch, the film thickness and then epitaxial PT/PLT heterostructures. A theoretical analysis
measurement temperature. of experimentally observed giant permittivity was performed
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TABLE I. Growth conditions for epitaxial PT/PLT thin-film
heterostructures.

Thin film Flow rate(sccm Source temperature (°C)
0,:50
Argon through; La: 175.5
PLT La: 250 Pb: 11.5
Pb: 140 Ti: 22.0
Ti: 1000
0;:8 FIG. 1. Interdigitated electrodes on a PT/PLT superlattice, im-
PT Argon through; Pb: 10.5 aged by optical microscopy.
Pb: 100 Ti: 22.0
Ti:1000 equipped with both rotational and rocking capabilities in or-

der to provide statistically correct averaging over the

. . : reciprocal-lattice points.
by using a model based on the motion of a domain-wall P P

lattice in a sinusoidal washboard potential.
In Sec. Il, the experimental aspects of the work, including B. Dielectric constant measurements

the thin-film deposition and dielectric constant measure- gjnce the SrTiQ substrate is an insulator, the dielectric
ments using interdigitated electrodes, are presented. SectiQinsiant of the epitaxial film cannot be determined by a

[l describes the measured dielectric behavior as a functiogimme parallel plate capacitor geometry. As an alternative
of ac frequency and dc bias voltage, and e character-  method for capacitance measurement, interdigitated elec-
istics. Section IV proyldes a detailed treatment of the _theotrodes were deposited by using the photolithographic liftoff

retical model to explain the observed dynamical properties Ofechnique.

epitaxial ferroelectric PT/PLT heterostructures. In Sec. V,  The capacitance for interdigitated electrodes deposited on
the experimental results and the theoretical predictions arg fiim of thicknessh (um) grown on a substrate can be
compared to demonstrate the validity of the model. Fi“a”y'approximated bif

Sec. VI provides concluding remarks with recommendations
for possible future studies.

s 9.2h
C= (est1l)+(es—eg)|l—exp — — ,
Il. EXPERIMENTAL METHODS estl A @
A. Growth and structural characterization
of PT/PLT heterostructures with

The epitaxial PT/PLT ferroelectric heterostructures inves-
tigated here were grown ofl00-oriented SrTiQ single- C=KL(gg+1),
crystal substrates using the metalorganic chemical-vapor
deposition technique. The deposition was carried out in an )
inverted vertical warm-wall reactor with a resistively heated | _ o 5(_d) +1 0€<§
susceptor. The substrate temperature was measured with a N TN
K-type thermocouple embedded in the susceptor about 1 mm
from the substrate. The metalorganic precursors used wekghereX is the periodn is the number of such periods on the
tetraethyllead, Pb(£s),, lanthanum gB-diketonate, sample, and¢ ande; are the dielectric constant of substrate
La(C;1H140,) 3, and titanium isopropoxide, Ti(Ofl;)4, for  and film, respectively. HereK is an empirical value mea-
the PLT thin film while tetraethyllead, Pb¢8s),, and tita-  sured in pF/m, with a value of 4.535 for a 1:1 ratio of spac-
nium isopropoxide, Ti(OGH;),, were used for PT thin ing to width of the interdigitated electroddsandd are the
films. During the deposition process, the substrate temperdength and width of the fingers of electrodes, respectively.
ture was fixed at 650 °C and the reactor pressure was maiff-his approximation was obtained using the solution of
tained at 5 Torr. Growth conditions for epitaxial PT/PLT Laplace’s equation for the potential in the neighborhood of
heterostructures are given in Table |. The deposition ratean interdigitated electrode structure.
were above 1250 and 1200 A/h for the PLT and PT thin The interdigitated electrodes deposited on the sample con-
films, respectively. Particularly, we have studied three supersist of 20 fingers each with 2&8m spacing and width, and 2
lattices of PT/PLT with modulation wavelengths of 100 A mm long fingers as shown in Fig. 1. All electrodes were
(sampleS-40), 400 A (sampleS-10), and 2000 A(sample  deposited under identical conditions. The sample was then
S-2). In each superlattice, PT and PLT layers had equaintegrated onto a pin grid-array package and connections
thickness, and the total thickness was 4000 A. The first anfrom the film to the package were accomplished by gold wire
last layers deposited were PT and PLT, respectively. bonding. Spring loaded gold pins were used to make connec-

The crystal structure was examined by x-ray-diffractiontions to the leads of the package and these pins were con-
methods using a Siemens digitized horizonal diffractometenected to the instrument by low-loss RS58 cables. The ca-
employing CuK« radiation and a sample stage that waspacitance and loss tangent for the SrJiGubstrate and

+2.37, and L=(2n-1)I,
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B. Dispersion in dielectric constant
FIG. 2. Frequency dependence(af the real andb) imaginary

part of the dielectric constant for a SrTjQ@ubstrate. Figure 4 shows the ac frequency dependence of the real

and imaginary parts of the dielectric constant for PT/PLT
eterostructures with different modulation wavelengths at
ero dc-bais field. Debye-like dispersion of dielectric con-
tants with frequency was observed only for the specimens
with modulation wavelengths of 400 and 2000 A, as shown
-~ . ) in Figs. 4a) and 4b), respectively. At low frequencies, the
e i 81 par ') of th it constants (.10 andS2
) ' o i ON Bave giant values approaching 420 000 and 350 000, respec-
SrTiO; (100 substrate and its dielectric constant determmedt. . SOl )
ively. At high frequenciesg’ approaches the paraelectric-

As shown in Fig. 2, the measured dielectric constant deF)en'hase dielectric constant of about 750. As would be expected
dence on frequency was in excellent agreement with the pub- . . :
lished data of 305308 or a sample in thg p.a.raelectrlc phase,for S-40 is a}bout

' 750, and has no significant frequency dependence in the fre-

quency range of 300 Hz—1 Mhz as shown in Fi¢c)4The

PT/PLT heterostructures were measured by using an H
4192A impedance analyzer. The real and imaginary part o
the dielectric constant were calculated from the measure
capacitance and loss tangent of the film by using E&§.

. EXPERIMENTAL RESULTS imaginary part £”) of the dielectric constants for both
In the following subsections, the structural properties of
epitaxial PT/PLT heterostructures are described first. Then, 6x105 4x105
experimental results for the-V characteristics and the ac i (a)
frequency and dc bias voltage dependence of the complex 5 13x105
dielectric constant are presented. 4x10
i 72x105
. 2x105¢
A. Structural properties i 1x105
In our previous report&-??x-ray diffraction (XRD), pole 0 z
figure, and ion channeling experiments have been performed E | E
to determine the epitaxial quality of PT/PLT heterostruc- £ x10° E
tures. Here, the structural properties of the samples relevant g 2x105 | g
to the dynamical properties are qualitatively described. Fig- a ;
ure 3 shows the#-20 x-ray-diffraction patterns of the E 1x105| £
samplesS-2, S-10, andS-40. Except for the sampl&-40 £
with the smallest modulation wavelength, the samples show 800 - © J1s -
ferroelectric transition with the coexistence @fand c do- e
mains in the ferroelectric phase. With decreasing modulation 600 - 112
wavelength, the spontaneous strains become smaller, consis- 400 18
tent with the earlier observatiofiS. The sampleS-40 exhib- 200 —_—
its a single peak, providing evidence that the superlattice is .\‘ —— -

paraelectric for a modulation wavelength of 100 A. The 010_1 1 10 102 103
broad widths for the peaks d8-10 andS-2 suggest that Frequency (kHz)
different ferroelectric layers in the superlattices have differ-

ent spontaneous strain values depending on their locations. FIG. 4. Frequency dependence of the Kgalid line) and imagi-
This would lead to a distribution of parameters for the equi-nary (dashed ling dielectric constants in PT/PLT superlattices of
librium and dynamical properties. (@ S$-10, (b) S-2, and(c) S-40.



55 DYNAMICAL PROPERTIES OF EPITAXIAL ... 8769

8 sample
- 125 (a)
6 100 R=10kQ
L 75
50
4f 25 |
L I:
2r v
0 L

. , , FIG. 6. The circuit used for dt-V characteristic measurements
for PT/PLT superlattices.

Imaginary permittivity (105) Real permittivity (105)

6l (b)
- S-40 was a good insulator within the applied voltage
4f 100 range investigated. Figure$ay and 1b) show dcl-V curves
2 [ 75 taken at room temperature for ttf®10 andS-2 samples,
| 50 respectively. The resistance of each sample was highly non-
ol % linear, and showed well defined threshold voltagés of
L L L about 5 and 10 V. Both samples were capacitive belGw
101 1 10 102 108 and resistive abov¥/y.
Frequency (kHz) This phenomenon is reminiscent of Frohlich sliding-mode

conductivity in charge-density wavésand phase-slip resis-

FIG. 5. (a) Real p(_ermittivity andb) i_maginary permittivity fgr tivity in Josephson junctions in superconduc&f’rsEven
the PT/PLT s_uperlattlcs-lo as a function of frequency at various though the interdigitated electrodes for all the samples were
temperaturegin °C). deposited under identical conditions, o810 andS-40 ex-

hibit the nonlineail -V characteristics. Therefore, we suggest

S-10 andS-40 have broad peaks in the frequency range corthat the most probable cause for the nonlinear response is the
responding to the largest dispersions fgr. A significant  motion of pinned domain-wall lattices, which exhibit sliding-
temperature dependence of the frequency spectrunz for mode motion at high electric fields. We note ta? is more
ande” of S-10 was measured as shown in Fig. 5. As tem-conductive thanS-10 aboveVy. This result is consistent
perature increases, the dielectric response gets stronger awith the observed higher relaxation cutoff frequency for
shifts to lower frequencies. S-2 as shown in Fig. 4.

There could be several possible causes for this type of
dle]ectr|c d|spers!on. F_|r§t, it may be attrlbuj[able to the me-p, Applied dc—bias voltage dependence of dielectric constants
tallic layer of the interdigitated electrodes. Since all the elec-
trodes were prepared at the same time under identical condi- In order to study the dynamics of the ferroelectric hetero-
tions, this possibility can be excluded; moreover, thestructures -2 andS-10) in detail, the applied dc bias volt-
relaxation was observed only from the specimens correage dependence of the dielectric behavior at various ac fre-
sponding to 2000 and 400 A wavelength modulations. Secguencies was measured. The excitation ac signal amplitude
ond, it could be due to the presence of oxygen vacancies iWas kept at 0.01 V for all frequencies used. The values of
the film. This can be ruled out as well, since all films werebothe’ ande” are suppressed very strongly at high dc bias
prepared under identical growth conditions at a reactor predields as shown in Figs.(8) and 8b) for S-10 and Figs. &)
sure of 5 Torr, and a large amount of oxygen was introduce@nd 9b) for S-2 samples, respectively. The most rapid varia-
during the growth. A third possible source is the interfacial
polarization space charge. This might be possible as hetero-

60

structures have many interfaces to account for. However, the @)
drastic dependence on temperature and frequency cannot be aor
explained through this mechanism. As a final possibility, the 20r
motion of the domain lattice of the ferroelectric layers in the _ 0
heterostructures is suggested. The domain walls in high- < 20}
quality ferroelectrics can move under the influence of an ap- TE’ -40 |
plied field. This can lead to a very large dielectric response g T — T -
under an alternating electric field at low frequencies. 3 6001 (b)
400 |
200
C. |-V characteristics 230
Measurements of thé-V characteristics of the PT/PLT -400
heterostructures were performed by using the interdigitated -600
electrode as two-point probes as shown in Fig. 6. Identical 20 0 o 10 20
conditions, including temperature and humidity, were main- Applied voltage (V)

tained for all three samples. To prevent possible permanent

damage due to breakdown, voltages were kept below FIG. 7. The dcl-V curves at room temperature for the sample
+20 V. (a) S-10 and(b) S-2.
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FIG. 10. An electronic circuit analog of the superlattice system.

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

Figure 11 schematically shows a single domain wall and
the relevant parameters in a superlattice. For clarity, the do-
main walls are shown to be perpendicular to the interface
even though in a 90° domain wall the angle is about 45°.

a function of applied dc bias voltage at six different ac signal fre-This assumption does not change the form of the equations
quencies for the samp®-10. The numbers labeling the plot are the pelow.

ac signal frequencies used in kHz.

tions in the dielectric constants for bof2 andS-10 takes

place at or close to the respective threshold voltages ob-

served in thd-V curves. Even though bo#f ands” mono-

tonically decrease for most of the frequencies used, we note
a complicated variation ia” as a function of dc bias voltage

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 dielectri

C

C, can be determined by using the equation of rigid-body
motion for a domain-wall lattice in a sinusoidal potential, as
given by?®

- . 2’7Ted|_h . 2w
mx+ yx+ Tsme—LhPSE:O. 2

In Eq. (2), m and y are the mass and the intrinsic damping
parameters, respectively.is the domain-wall positiorey is
the domain-wall pinning energy per unit area, dnéndh
are the lateral dimensions of a domain wall as shown in Fig.

behavior, a model based on rigid-body motion of pinnedll‘ A is the period of the pinning potential, a is the

F-3

: @

Imaginary permittivity (105) Real permittivity (105)

20 -10 O 10 20
Applied bias voltage (V)

FIG. 9. The measure@) real and(b) imaginary permittivity as

value of permanent polarizatiok is the effective average
field driving the motion, determined by taking into account
the complex field distribution on the superlattice due to the
electrodeg? It is expected thaE is proportional to the ap-
plied voltageV between the interdigitated electrodes, with a
proportionality constana:

E=EgtEac=a(VyctVad- 3
Electrode
z

TZ.V /\

x R

e "
PLT P :/ ~ , 7 +
PbTiO3 / 4 L / —.

Substrate

a function of applied dc bias voltage at six different ac signal fre- FIG. 11. Schematic diagram of a ferroelectric-nonferroelectric
quencies for the samp®-2. The numbers labeling the plot are the heterostructure with one period. The arrows represent the polariza-
ac signal frequency used in kHz. tion directions within the domains.
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In Eq. (2), the first and second terms can be ignored, sincén the presence of both an ac signal,§ and a dc bias
they will be important only at frequencies close to the mi-(Vyy), if V,<Vq. the capacitanc€; can be expressed as

crowave frequencies. Therefore, E8) can be modified as

27 B P\ E 4
SInTX_ 27Ted ( )

The current due to domain-wall motion is given by

I—dq—PLdX—PLdXdE—' PLdXE 5
=i Pbgr = PsbgE gr ~i@PstggBae: O
whereq is the polarization charge.

From Eq.(4),

dx P2 1 P2 1

dE 4n%eq cog (2m/N)X]  4mey 1_sif[(2aIN)X] |
(6)

or
dx  Pa\? 1
dE  4m°eq 1—[(PA2meg)EJ?

Therefore, Eq(5) becomes

(@)

l=jwPL PoA® ! E
=jw .
ST4m’ey 1—[(PA2meg)E]Z ©

8

The capacitanc€, can be obtained as

PA2%a 1

C,=P.L .
Yo 2m%ey (1-[(PM2meg) EP

©)

L
T3

EZ=mG(A)(2?7T>[ Zo P,(cosA) exr{—j

where
€ d
m= \/—11 and A= Tr—,
€33 p

P,(x) is the Legendre polynomial of order p is the sum of
the spacing and the width of the electrdde., half period,
while d is the finger widthe 1, ande 35 are two of the dielec-
tric tensor elements of the film. Her&(A) is a normaliza-
tion constant given by the expression

G(A)=- (14

4K'(s)’

wheres=sin(A/2), andK'(s) is the complete elliptic inte-
gral of the first kind of the complementary modules

N

Sinced=25um, p=50 um in our experiments,

(X+jmz)

1

Ci=Cip——————, (10
V1= (Vge/ V)2
where
_2’7Ted 11
T_mv ( )
and
3 LAPg 12
10_2’7TVT. ( )

Here, C,g is the capacitance due to domain-wall motion at
V4e=0 V, while V7 is the threshold voltage.

B. Field distribution around interdigitated electrodes

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

As shown in Fig. 11, they plane represents the plane of
the film. Given the assumption that the thickness of the metal
strips is negligible compared to the period in thdirection,
the vertical component of the electric fidlg inside the film
is given by

L
T3

277') )
) (Xx=jm2) |,
(13

+ E P,(cosA) ex;{j
n=0

Therefore,

K'(s)=K(s)=2.086 andG(A)ze(g) =—0.1198.

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

1
I"H'E

272

2 o0
EZ=—0.2397<—7T) > P,(0) exp{
P /n=0 p

o

L2
nv3

27X

T . (15
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’C jwC
+ v= 2 wCyt (19
i B Tlrer? 10T T2

The admittance for the case 6>V can be expressed as

—Ci0%7 wCq wCq

M e e T

- + J (,()CZ y
(20)

E; (arb.unit)

while for the case o<V, the admittance is simply the
same as given in E¢19). By dividing Eqgs.(19) and(20) by
wCy, the real and imaginary permittivity can be determined,

PR TN T T [ T WO TN Y SN O T | as
0 50 100 150 it ot e
X (um) BT e B2 W7 -
g = 1+ P w? for [V]<Vy (21)
FIG. 12. Plot of thex dependence of the electric field calculated e for |V|>V
at 100 A (solid line), 2000 A (dot-dashed lineand 4000 A(dotted 2 T
line) below the interdigitated electrodes. The location and polaritygnd
of the electrodes are shown at the top.
E1TW
Figure 12 shows plots of dependence of the electric- 1+ 2wl for |V|<Vy
field distribution calculated at 100 Asolid line), 2000 A &= (22)
(dot-dashed ling and 4000 A(dotted line below the inter- ! for |V|>V
digitated electrodes. The field is very sharp at the edges of 1+ 7w T

the fingers with very large variation between adjacent elec- _ ) _ )
trodes at close distances. These sharp opposing electric fielfi€re.e1(=C1/Co) is the dielectric constant due to domain

play a crucial role in controlling domain-wall dynamics. ~ Walls, ande,(=C,/Co) is the dielectric constant in the ab-

sence of domain wall§V| stands for the absolute value of
o o the voltage. AtV 4.=0, the dielectric constant due to domain
C. Determination of complex permittivity walls can be defined by

A capacitor with a geometrical capacitanég, has

admittance®* Cio
10~ ¢, (23
1 n .y,
Y=37=(e +]e")wC,. (16) At the threshold voltag&/y, r diverges within the ap-

proximation made fo€C4, leading to divergent dielectric be-
Here, w is the angular frequency for the applied ac signalhavior asw— 0. However, intrinsic damping and a distribu-
andC, is the capacitance of the interdigitated electrode pattion in V1 values would eliminate this divergence in real
tern in vacuum.C, is equal to 0.36 pF for the electrode samples. A distribution in values &f; is expected since a

pattern used. large sample volume is sampled during the measurements.
The admittance of the electronic circuit shown in Fig. 10As shown in Fig. 7]-V characteristics support this idea by
is showing a rounding at the threshold voltage.
A Gaussian distribution for the values ¥f; is therefore
_ 1 joCy assumed:
Y—ij2+ Z_chz+m (17)

(Vs Vrg.0) = _(VT—VTo)2
whereZ, is the impedance of the partial circuRC;. T YT, 9) =

1
o\2m ex% 20°
If the capacitorC, is charged to a voltagé, and then the
circuit is shorted across theC, combination, the voltage With the assumption of a Gaussian distribution for the values
V, across the condenser will decrease as a function of timef V¢, the capacitanc€; in Egs.(19) and(20) needs to be
and cause a current flo@,(dV;/dt) through the resistor. modified asC;=C,,, whereC,, is the average value for
The voltage drops exponentially according to a relaxatiorC, and given by
time for the polarization charge associated with domain-wall

motion: c _foo C1o exd — (V1— Vro)%/202]
Yole e 2m(1-V3VE)

} . (29

dvy. (25
=RC;. (19
During integration, the integrand in E5) is multiplied by
Introducing 7 into Eq. (17) and separating the real part i for |V{|<Vy representing a change from a capacitive re-
from the imaginary, the admittance can be expressed as sponse to a resistive response.
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y L ' Applied bias voltage (V)

100 10! 102 103
Frequency (kHz) FIG. 15. (a) The calculated” for S-2 as a function of applied
dc bias at three different ac signal frequencies of 10 Kkstaid

FIG. 13. (a) The calculated redkolid line) and imaginary(dot- line), 100 kHz (dot-dashed ling 500 kHz (dotted ling. (b) The
ted ling parts of the dielectric constant for the sami@e at measurec:” for S-2 as a function of applied dc bias at three dif-
V4.=0 V as a function of frequency in log scal®) The measured ferent ac signal frequencies of 10 kHgolid line), 100 kHz (dot-
real (solid line) and imaginary(dotted ling parts of the dielectric  dashed ling 500 kHz (dotted ling.
constant for the samplg-2 atVy=0 V as a function of frequency

in log scale. sults were in good agreement with those obtained by experi-
ment. Parameters of 10 and 4.7 V were used for the average
V. COMPARISONS BETWEEN EXPERIMENT thresholdV, and its standard deviation, respectively, for the
AND THEORY Gaussian distribution.

By using Eq.(12) andC,y=Cye10=(L/2)ege 19, the pin-

The dielectric constants as a function @fand V4. were . i ,
ping potential period)\, can be expressed as

calculated with an assumption of a Gaussian distribution fo
the values oW/t . These results foB-2 are presented in Figs.
13, 14, 15. Those fo8-10 were presented previousiy. = T&0810V 10
In Fig. 13a), the solid line and the dotted line show the Ps '
calculatede’ and &", respectively, as a function of fre- ] o
quency, while the experimental data for the samBi2 at where g, is the vacuum permittivityA was calculated as

Vg4=0 V were shown in Fig. 1®). For parameter values of #44=21um by using a value oPs=0.7 Cint for the polar-
£10= 110,000, £,=800, andR=12 Q, the theoretical re- ization determined from the lattice parameter measurements.

Within the error bars, this value for is equal to the center-
to-center electrode spacing. From Efj1), the domain-wall
pinning energy,e; was determined as 0.98.46 J/n,
which is very close to the calculated domain-wall pair cre-
ation energy of 0.48 J/Af*° These are in good agreement
with those forS-1017 It should be noted that the value of
a used in Eq(3) was estimated by dividing the voltage dif-
ference by the center-to-center electrode spacing. It should
be viewed as a rough estimate. However, this would not
effect the value foi. A precise value foa can be obtained
by properly integrating the field distribution over the volume
of the sample. The values determined foland e4 suggest
that the electrode pattern deposited plays a crucial role in
controlling domain-wall dynamics. Below the threshold volt-
age the domain-wall lattice oscillates between neighboring

’ electrodes. Pinning results from the nucleation barrier to the

20 -10 O 10 20 . .
Applied bias voltage (V) creation of new domain walls.
Figures 14a) and 1%a) show the calculated’ and &”,

FIG. 14. () The calculated:’ for S-2 as a function of applied '€SPectively, as a function of applied dc bias at three differ-
dc bias at three different ac signal frequencies of 10 kstlid €Nt ac signal frequencies, 10, 100, 500 kHz, using the param-
line), 100 kHz (dot-dashed ling 500 kHz (dotted ling. (b) Mea-  €ters determined previously. As can be seen, the agreement
surede’ for S-2 as a function of applied dc bias at three different acwith the measurements presented $s2 in Figs. 14b) and
signal frequencies of 10 kHzolid ling), 100 kHz(dot-dashed ling ~ 15(b) is reasonably good, without having any adjustable pa-
500 kHz (dotted line. rameters. Particularly, agreement is very good at low dc bias

(26)

(a) theory

4
3t
2

b

Real permittivity (x 105)
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FIG. 16.(a) The calculated’ for S-10 as a function of ac signal FIG. 17.(a) The calculated” for S-10 as a function of ac signal

frequency at three different dc bias voltages of @s\lid line), 3V frequency at three different dc bias voltages of ¢sdlid line), 3 V
(dot-dashed ling 5 V (dotted ling. (b) Measurede’ for S-10 as a  (dot-dashed ling 5 V (dotted ling. (b) The measuree@” for S-10
function of ac signal frequency at three different dc bias voltages ohs a function of ac signal frequency at three different dc bias volt-
0V (solid line), 3 V (dot-dashed ling 5 V (dotted ling. ages of 0 V(solid ling), 3 V (dot-dashed ling 5 V (dotted ling.

voltages. However, the deviation becomes significant at dgpeaks were observed, indicating that the PT layers mave
bias voltages higher than the threshold voltage. As notedndc domains in a ferroelectric phase.
earlier;” this may be an indication that the sinusoidal ap-  The dynamical properties of epitaxial ferroelectric hetero-
proximation for the pinning potential is only appropriate atstructures have been investigated by measuring the dielectric
low voltages. response under external electric fields. A phenomenon with a
The dependence of frequency dispersion on dc bias fielgiant permittivity was observed, and was interpreted by us-
for S10 was investigated to elucidate the polarizationing a model based on the motion of a domain-wall lattice in
mechanism better. Figures (B and 17a) show the calcu-  a sinusoidal potential. The good agreement between the ex-
latede” ande”, respectively, as a function of ac signal fre- perimental and theoretical results suggests that the deposited
quency at three different applied dc bias voltages of 0, 3, anthterdigitated electrode pattern plays a crucial role in control-
5V, using the parameters determined previously. Agreemening domain-wall dynamics. Below the threshold voltage,
with measurements fo8-10 presented in Figs. U5 and  pinning comes from a nucleation barrier to the creation of
17(b) are reasonably good, again without using any adjustnew domain walls, leading to giant permittivity.
able parameters. The larger difference between the calculated These results suggest a cornucopia of new measurements
and experimental curves shown in Fig. 17 can be attribute¢hcluding studies on the effects of temperature, doping, elec-
to the larger sensitivity of” on field distributions and con- trode geometry, and modulation wavelength of the superlat-
figurational details which cannot be effectively investigated tice. High dielectric constants up to 400 000 may be obtained
at frequencies up to microwaves by increasing the conduc-
VI. CONCLUSIONS tivity of the ferroelectric superlattices through impurity dop-
ing. Finally, the external control of domain-wall dynamics in

Heterostructures consisting of epitaxial ferroelectricihage material systems should open up new device applica-
PbTiO; and paraelectric Rb,La,TiO; thin films with 4 ns

x=0.28 were grown ori100-oriented SrTiQ single-crystal
substrates using the metalorganic chemical vapor deposition
technique. With a modulation wavelength of about 100 A,
PT/PLT superlattices showed a single diffraction peak in The authors would like to acknowledge A. Zangwill for
0—26 XRD measurements, indicating that the layers are cohelpful discussions and a critical reading of the manuscript.
herent and the superlattice is in a paraelectric phase. AIhis work was supported in part by the NSF Low-Cost Elec-
larger modulation wavelengths, several bulklike diffractiontronic Packaging Research Center, and in part by ARPA.
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