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Dynamic response of the dielectric and electro-optic properties of epitaxial ferroelectric thin films
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An analysis of the dynamic dielectric and electro-optic relaxation response of thin-film ferroelectrics is
presented. The analysis is based upon the relaxation of ferroelectric domains with a continuous distribution of
sizes given by percolation theory. The resulting temporal response is described by the expressionF(t)
}t2m exp@2(t/t)b#. The analysis was applied to KNbO3 thin films. Measurements of the polarization, birefrin-
gence, and dielectric transients show qualitative agreement with the model over 11 orders of magnitude in time.
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I. INTRODUCTION

The dynamic response of the dielectric and nonlinear
tical properties of ferroelectrics is of fundamental interest
elucidating the microscopic mechanisms of the ferroelec
~FE! state. Both of these properties are influenced by
domain structure, which is in turn dependent on the mic
structure. In thin-film FE’s the second-harmonic generati1

~SHG! and electro-optic2 ~EO! coefficients are typically an
order of magnitude lower than in bulk materials. The red
tion is attributed to the presence of a complex dom
structure.1,2 Upon application of an electric field these d
mains align, leading to an increase in the nonlinear opt
susceptibilities.1–4 This poling process has been observed
occur on time scales ranging from 1 to 1000 s for SHG1

spontaneous birefringence,5 and the EO effect.2 Moreover,
the alignment process in thin films, in contrast to sing
crystal FE’s, has been observed to be completely revers1

upon removal of the poling field.2–4 The competition of elec-
trostatic and elastic interactions between domains is belie
to be the source of the reversibility of the poling process.1,4,6

Recently, we have examined the influence of domain dyn
ics on the transient response of the nonlinear optical pro
ties of FE thin films on time scales from 6 ns to 100 ms3,7

The transient response of the EO effect follows a power l
;t2m. This dependence was tentatively attributed to the
laxation of ferroelectric domains.

A similar power-law time response has been observed
the dielectric properties of thin-film FE’s.8,9 The time re-
sponse of the relaxation current responsible for the dielec
loss has been observed to follow a power-law time respo
t2m or frequency responsevm21 with 0,m,1. The power-
law dependence of the relaxation current has been obse
to extend over 12 orders of magnitude in frequency.9 The
physical origin of the power-law relaxation in thin-film FE
is not understood, although processes involving FE dom
are believed to play an important role.10

To explain the dielectric relaxation or switching current
ferroelectrics, a model based on the nucleation and growt
FE domains under an applied electric field has been pr
ously developed.11 The model assumes~1! a random distri-
bution of preexisting, aligned domains with a uniform radi
RC ; ~2! a constant nucleation rate of aligned domains wit
radiusRC ; ~3! the growth of the domain boundary procee
at a constant velocity and can be categorized as one, tw
0163-1829/2002/65~22!/224110~5!/$20.00 65 2241
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three dimensional; and~4! no cooperative interaction be
tween domains. The model predicts a stretched expone
growth of the volume fraction of the aligned domains,
2exp(2(t/t)b), where t is the time, andb and t are con-
stants. The value ofb depends on the dimensionality of th
domain growth and can take on integer values of 1, 2, o
The expression describes experimental switching cur
data in many cases, although noninteger values ofb are often
required.11,12For t!t, the stretched exponential reduces to
power law (t/t)b. However, the theory cannot account f
the fractional values ofb typically observed.11,12 Thus to
describe such cases a different explanation of the power
response must be found.

While the previous model assumes preexisting domain
uniform radius, the domain structure in thin films is ve
different. In contrast to the large sizes and regular shape
bulk FE domains, irregularly shaped, nanoscale doma
with a distribution of sizes have been observed in th
films.1,10,13,14The EO response of these domains to mic
waves~2–4 GHz! has been studied.10,14 Measurements indi-
cate that the switching process of the nanodomains t
place over very short time scales.12

To fill in the gap between experiment and existing theo
we have developed a model for the dynamic dielectric a
EO response in thin-film FE’s that takes into account
distribution of domain sizes observed in thin-film system
The model predicts a temporal response that is describe
the expressionF(t)}t2m exp@2(t/t)b#. The model is com-
pared to transient measurements of the EO coefficient,
polarization, and the dielectric constant of epitaxial KNbO3
thin films. These measurements support the proposed m
in that the temporal response of all three properties ag
with the predicted response over time scales ranging fr
<6 ns to;103 s.

II. THEORETICAL ANALYSIS

The proposed model describes the dynamic respons
terms of a distribution of relaxation times,15 in contrast to a
‘‘normal’’ FE system where the response is described b
single relaxation time. Since the relaxation rate depends
domain size, the broadened response occurs as a result o
distribution of domain sizes observed in the thin films.16

The relaxation functionF(t) for the system consisting o
©2002 The American Physical Society10-1
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V dynamically correlated domains is assumed to be of
form15

F~ t !5(
i 50

V

f~Vi !expS 2
t

t i
D , ~1!

where t is the time andf(Vi) is the magnitude of the re
sponse for a domain with volumeVi and relaxation timet i .
For FE materials, it has been previously proposed that
relaxation timet i is directly proportional to the domain vol
umeVi ~Refs. 10, 12, 14, and 16–18!:

t i~Vi !5
Vi

B
, ~2!

where B is a constant.15 This expression accounts for th
coupling between FE domains through electrostatic and
chanical interactions.19

For the EO effect the responsef(Vi) is proportional to
the cross-sectional area of the domain multiplied by the p
length1,2 or, equivalently, the volume. Hence,

F~ t !5(
i 50

V

f8Vi expS 2B
t

Vi
D , ~3!

where the constantf8 represents the response of each d
main per unit volume—i.e., the spontaneous birefringen
polarization, or EO coefficient.

For a continuous distribution of domain sizes, the summ
tion may be approximated by an integral by introducing
domain volume distributionN(V). It is supposed20 that the
form of N(V) is given by percolation theory, which is ofte
used to characterize quenched systems with lo
disorder21,22 and has been used to model the relaxation
dielectrics.15

For a percolative distribution of FE domain volumes,21

N~V!5N0V2g, ~4!

whereN0 is a normalization constant andg is a critical ex-
ponent related to the fractal dimensionDF of the FE domains
given by21

DF5
DE

g21
~5!

where DE is the Euclidean dimension of the embeddi
space,DE53. Physically,DF can take on values spannin
the Euclidean dimensions from 3 to 2.21 This places limits on
g ranging from 2 to 2.5, respectively. For percolation in thr
dimensions (DE53), expected values areDF'2.52560.01
and g'2.19. Recent reports of the fractal properties of
domains support these values.23–25

The distribution given in Eq.~4! is restricted to a finite
range of domain sizes.21 For a continuous distribution o
domain sizes between the limitsVmax ~the volume of the
largest domain! and Vmin ~the volume of the smallest do
mains! the relaxation function is given by
22411
e

e

e-

th

-
e,

-

al
f

e

F~ t !5f8E
Vmin

Vmax
N~V!V expS 2B

t

VDdV. ~6!

Upon substitution of Eq.~4! for N(V),

F~ t !5f8N0E
Vmin

Vmax
V12g expS 2B

t

VDdV. ~7!

Solving the integral26

F~ t !5f8N0~Bt!22g@G~g22,tB/Vmax!

2G~g22,tB/Vmin!#, ~8!

whereG(x,y) is the incomplete gamma function defined as26

G~x,y!5E
y

`

zx21e2zdz. ~9!

In the long-time limit t@Vmin /B, the response in Eq.~8!
becomes

F~ t !5f8N0~Bt!22gG~g22,tB/Vmax!. ~10!

For a constant 0,g22,0.5, the function G(g
22,tB/Vmax) is well approximated by a stretched expone
tial with 0,b,1 andF(t) is approximately

F~ t !}t22g expF2S tB

Vmax
D bG5t22g exp@2~ t/t!b#.

~11!

For the short-time limitt!Vmax/B ~the relaxation time of the
largest domains!, the relaxation is given by

F~ t !}t22g5t2m, ~12!

wherem5g22. The relaxation follows a power-law depen
dence with a fractional exponentm. Moreover,m is directly
related to the distribution of domain sizes given by the cr
cal exponentg.

III. EXPERIMENTAL PROCEDURE

To verify the model, the dynamic response of the diele
tric susceptibility, polarization, and birefringence of epitax
KNbO3 was measured. Epitaxial films of KNbO3 for this
study were prepared by low-pressure metal organic chem
vapor deposition~MOCVD! on spinel~100! substrates. The
growth procedure and structural characterization have b
detailed elsewhere.27,28The films are epitaxial as determine
by x-ray diffraction and transmission electron microscop
however, they are multidomain.28,29 Film thicknesses ranged
from 100 to 400 nm, however, no dependence of the m
sured transient properties on film thickness was observ
The index of refraction ranged from 2.26 to 2.30, which
comparable to the bulk.30

For EO and dielectric measurements, the samples w
patterned with Au/Cr, coplanar surface electrodes separ
by a 5-mm gap. The EO effect was measured as a He-
laser beam passed through the electrode gap, normal to
film surface. The apparatus used for the determination of
EO coefficient and measurement of the transient respo
0-2
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has been described thoroughly elsewhere.3,7 Polarization
measurements were carried out on a Radiant Technolo
6000S FE test system.3 Dielectric measurements were pe
formed on an HP4192A impedance analyzer.8

IV. EXPERIMENTAL RESULTS

The time-dependent EO measurements are shown in
1. The increase in birefringence,d(Dn), measured during
the application of the 1-ms electric field pulse of 4 MV/m
results from domain alignment~inset of Fig. 1!. Upon re-
moval of the field, the domains relax back to their initi
configuration over times much longer than the original pu
duration. For each of the films measured, the relaxation
sponse followed a power law of the same form as Eq.~12!
with an exponentmEO'0.2– 0.3.~The subscript ‘‘EO’’ de-
fines the exponent for the EO effect.! The observed power
law dependence holds for times spanning the entire meas
ment range from 6 ns to 0.1 ms.

The dynamic response of the polarization,dP, for these
KNbO3 films is shown in Fig. 2. The increase in the pola
ization, during application of the 1-MV/m, 30-ms electr
field pulse, is also due to alignment of domains~inset of Fig.
2!. After the bias pulse is removed the polarization dec
according to a power law. This behavior spanned the res
tion limit of the measurement system, from;1 ms to 0.6 s.
For each of the films measured, the power-law exponent
the polarization,mP , was between 0.2 and 0.001. The wi
range ofmP is attributed to its dependence on the appl
pulse duration~1–100 ms! and magnitude~0.5–2 MV/m!, as
will be discussed below.

To assess the long-time response of the system, the di
tric responsed« of the films was also measured as a functi
of time before, during, and after an applied field of 4 MV/
for 100 s~inset, Fig. 3!. The time-dependent behavior of th
dielectric relaxation is shown in Fig. 3. The response is si
lar to that observed by Sommer and Kleeman

FIG. 1. Change in birefringence of a KNbO3 thin film after the
removal of a 4-MV/m, 1-ms electrical pulse. The data fit a powe
law ~solid line! with an exponentmEO50.2. The inset shows the
measured response upon application and removal of the pulse
linear scale.
22411
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KTaxNb12xO3.6 For times less than 3 s the relaxation fol-
lows a power law withm«<0.1. For longer times the dielec
tric response is best described by a modified stretc
exponential15 of the form

d«~ t !5„«~0!…t2m expF2S t

t D bG , ~13!

where«~0! is the dielectric constant measured immediat
after removal of the bias pulse of 100 s,t is the time con-
stant, andb is the power of the stretched exponential. T
solid line in Fig. 3 is a fit to this equation witht'96 s and

n a
FIG. 2. Change in the electronic polarization of a KNbO3 thin

film after the removal of a 1-MV/m, 30-ms electrical pulse. T
data fit a power law~solid line! with an exponentmP50.1. The
inset shows the data recorded during application and removal o
pulse on a linear scale.

FIG. 3. Relaxation of the change in capacitance at 1 M
(1 Vp.p.) after removal of the bias field follows a modified stretch
exponential as in Eq.~13! ~solid line!. The inset shows the capac
tance before, during, and after application of a 4-MV/m bias
100 s.
0-3
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b'0.34. The time constant for these films was independ
of the applied field duration for pulses from 10 to 1000 s, a
t ranged from 10 to 100 s.

V. ANALYSIS AND DISCUSSION

The results of the transient experiments show a relaxa
response consistent with Eq.~12! over a range of times from
1029 to ;1 s. However, upon first inspection, the values
the exponentsmEO and mP appear to be distinct. The wid
range of measured values~0.3–0.001! is actually a result of
the different magnitudes and durations of the fields used
align the FE domains. The dependence ofm on the applied
pulse duration~mEO andmP! and magnitude (mP) is shown
in Fig. 4. This dependence ofm on the applied field presum
ably results from a change in the domain size distribut
with applied field strengthE and durationtE . This suggests
that DF5DF(uEu,tE), as observed in relaxor FE systems18

For very largeE and longtE , a smallerm is measured, which
corresponds to the removal of fractal domain features,
henceDF→3, g→2, andm→0. A simple extension of the
model presented here would incorporate the dependenc
DF on the applied field.

FIG. 4. Dependence of the exponentmEO ~h! on the duration of
a 4-MV/m applied pulse andmP ~d! on the duration of a 2-MV/m
applied pulse~lower x axis!. Also shown is the dependence ofmP

~l! on the magnitude of a 2-ms applied pulse~upperx axis!. Lines
are a guide to the eye.
f
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For the lowest-magnitude and shortest-duration puls
the measuredm values converge to a value of 0.3–0.2, co
responding to the derived valuesg52.3– 2.2 and DF
52.3– 2.5, respectively. These numbers are well within
framework of the model discussed above and agree w
those predicted by percolation theory,g52.2 andDF52.5.
Moreover, the derived values are consistent withDF previ-
ously measured in FE~Refs. 22, 23, and 25! and ferromag-
netic films.31,32 The m values are also comparable to exp
nents describing the temporal evolution of the dom
structure in other FE’s.18,33,34

The longest time over which the power-law relaxati
holds,;1 s, corresponds to the limit imposed by the larg
domains. Consistent with Eq.~11!, at long times (t
>Vmin /B) the relaxation is dominated by a stretche
exponential transient response, Eq.~13!. For measuremen
times on the order oft'1 s the relaxation time of the larges
domains,t5Vmax/B, is approached. Assuming that the lar
est domain volume in the sample,Vmax, is of the order
~1mm!,3 the coefficientB in Eq. ~2! must be of the order
1 mm3/1 s510218 m3/s. Further assuming13 that the volume
of the smallest domains,Vmin , is on the order of 1 nm3

suggests that the shortest relaxation times in the system
on the order ofVmin /B'1 nm3/10218 m3/s51 ns. Thus the
predicted relaxation rate of these nanoscale domains co
sponds to 1 ns, an observation made by previo
investigators.12,14

VI. CONCLUSION

In conclusion, the dynamic response of the EO effect
thin-film ferroelectrics has been analyzed for a continuo
distribution of FE domain sizes. The analysis indicates
dynamic response is described by the expressionF(t)
}t2m exp@2(t/t)b#, which in the short-time limit reduces to
power law with a fractional exponent. This expression p
vides an excellent fit for the measured relaxation respons
the birefringence, polarization, and dielectric constant for
itaxial KNbO3 thin films on time scales ranging over 11 o
ders of magnitude, from 6 ns to 1000 s.
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