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Nonlinear electrostriction in the mixed ferroelectric KTa1ÀxNbxO3
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The dielectric resonance previously reported in the paraelectric phase of the mixed ferroelectric
KTa12xNbxO3 is studied quantitatively. A theoretical model is developed that incorporates a field-induced
electrostrictive coupling mediated by polar nanoregions appearing above the transition, and their orientational
relaxation. Theoretical expressions for the dielectric dispersion and absorption are calculated, fitted to the
experimental data, and values are obtained for the electrostriction coefficient and the relaxation time of the
polar regions. Starting approximately 5 K above the transition, and upon repetitive excitation, a remarkable
growth in the resonance is observed, ending in a singular behavior where the resonance splits into two very
sharp spikes. This observation is described in the framework of the model as a nonlinear electrostrictive effect.
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I. INTRODUCTION

Mixed ferroelectrics have been the focus of much fun
mental and applied research for several years. These
highly polarizable systems in which one of the lattice sites
the unit cell is occupied by either one of two different atom
species, which, in addition, can be displaced~off center!
from the normal site. If displaced, the unit cell produces
dipolar field around it and, because of the strong polariza
ity of the lattice, surrounding host cells can also be polariz
The combined effects of several off-center ions eventu
leads to the formation of polar nanoregions that can con
erably modify the physical properties of mixed ferroelect
crystals, making them attractive for a variety of applicatio
and in particular, their electrostrictive properties for the d
sign of efficient transducers and actuators. Ho¨chli1 and
Vugmeister2 have reviewed experimental and theoretical
sults on the subject.

Two systems are particularly useful as models for und
standing the structural origin and fundamental mechanism
the collective effects in mixed ferroelectrics: they a
K12xLi xTaO3 ~KLT ! and KTa12xNbxO3 ~KTN!. These two
systems are derived from the same incipient ferroelec
KTaO3, which remains cubic at all temperatures. The orig
of the peculiar collective behavior of these two systems
in the fact that the Nb atom substituted for Ta, or Li subs
tuted for K, is shifted away from the center of the unit ce3

and exhibits a relaxational motion between equivalent si
with a characteristic time that is temperature dependen1,2

The off-center occupancy has the effect of polarizing a
distorting the surrounding host cells and leads to the form
tion of polar nanoregions giving rise to new and unexpec
collective effects. For instance, first-order Raman scatter
forbidden by symmetry in the paraelectric phase, is alre
active above the phase transition in both KTN and KL
clearly signaling the appearance of local precursor dis
tions in the crystal.4–6 Also preceding the transition, the d
electric response is found7 to exhibit the characteristic re
laxor behavior and to depart from a Curie-Weiss law.
frequency-dependent remnant polarization is also reveale
the hysteresis loop measurements.8 Finally, both KLT and
0163-1829/2001/65~2!/024107~9!/$20.00 65 0241
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KTN exhibit field-induced dielectric resonances above
transition.9 These, in KTN, are the subject of the prese
paper.

As is well known,10–12 a coupling between polarizatio
and strain can give rise to dielectric resonances in cryst
the frequency of which is determined by the mechani
modes of vibrations of a particular sample. In a recent stu
we showed that the dielectric resonance observed in KLT9 is
due to an electrostrictive coupling between polarization a
strain mediated by the polar nanoregions that appear
above the transition. In that study, we calculated the die
tric dispersion and absorption, incorporating th
polarization-strain coupling. Based on experimental m
surements and theoretical calculations, we showed tha
the Li1 relaxation frequency approaches the resonance
quency of the sample, the resonance becomes hea
damped and evolves into a relaxation.

The two systems, KLT and KTN, differ in an essenti
way: in KLT, the Li1 relaxation falls in the kHz to MHz
range, i.e., in the frequency range of the observed resona
while, in KTN, all indications are that the Nb51 relaxation
lies in the GHz range, or well above the resonance frequ
cies in usual dielectric experiments. Application of the p
vious model9 to the present KTN results confirms these i
dications. In the present paper, we also report quite
unexpected phenomenon observed in KTN. Close to
above the transition temperature, the loss tangent meas
in repetitive frequency sweeps increases progressively
eventually, with time, splits into two extremely sharp spik
corresponding to a resonance and its antiresonance.

The paper is organized as follows. We first review t
theoretical model9 used to calculate the complex dielectr
constant, which includes an electrostrictive polarizatio
strain coupling. This is followed by a report of the expe
mental dielectric-resonance results in KTN, application
the theoretical model to these results and, finally, discuss
of the results.

II. ELECTROSTRICTIVE POLARIZATION-STRAIN
COUPLING

In the high-temperature paraelectric phase, both KLT a
KTN are macroscopically centrosymmetric. It is well know
©2001 The American Physical Society07-1
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that, under such conditions, a crystal cannot possess a
roscopic polarization and, hence, cannot exhibit a piezoe
tric response. However, in KLT and KTN, the center of sy
metry can easily be broken by the application of a dc b
field. The preferential alignment of the off-center ions a
polar regions then induces a macroscopic polarizationP0
that can electrostrictively couple to the mechanical strain
a small alternating electric field is superposed onto the
bias field, the induced macroscopic polarization will oscilla
about its dc value at the frequency of the small measuring
field. The electrostrictive coupling then manifests itself a
resonance in the dielectric response of the sample when
appropriate conditions, discussed below, are met.

Let us consider a sample of lengthl, width w, and thick-
nessd such that the length is much greater than the other
dimensions. Let the length be along thex axis, and the thick-
ness along thez axis. The long surfaces (l 3w) are fully
electroded and all the fields are applied across the thick
d. Since the width and thickness are much smaller than
length, it is a good approximation10 to neglect the stresse
across the thickness and width of the sample. With th
assumptions, Mason and others have shown that, to fi
order in the small ac fieldE(t), the time-dependent strain ca
be written as

S1~x,t !5s11
E T1~x,t !12M13E0E~ t !. ~1!

HereS1 is the strain,T1 is the stress,s11
E the elastic compli-

ance at constant electric field,M13(5M1133) is the relevant
electrostriction coefficient,E0 the dc bias electric field in-
ducing a polarization,P05xsE0 in which xs is the static
susceptibility of the crystal, andE(t) the small ac measuring
field. The first term on the right of Eq.~1! corresponds to
Hooke’s law and the second to the electrostrictive effect. T
second term in Eq.~1! gives rise to a resonance in the d
electric response of the sample when the frequency of
exciting fieldE0(t) equals the frequency of the fundamen
longitudinal acoustic mode propagating along the length
the sample. In the recent KLT study referenced above,9 we
extended the model of Mason10 and others11,12 to include the
contribution of an impurity relaxation~in the Debye approxi-
mation! and a strain-rate-dependent damping. An overvi
of the model is given below, highlighting its main points:

The elastic wave equation for the particle displaceme
u(x,t), in one dimension is13

r
]2u~x,t !

]t2
5

1

s11
E

]2u~x,t !

]x2
1h

]

]t

]2u~x,t !

]x2
, ~2!

wherer is the density andh is an effective viscosity respon
sible for the damping. Solving Eq.~2! with stress-free
boundary conditions,T(6 l /2)50, leads to the following ex-
pression for the stress:10,9

T~x,t !5
2E0M13

s11
E H coskcx

coskcl /2
21J E~ t !, ~3!
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where kc is the complex wave vector of the longitudin
sound wave propagating with speedV and frequencyv along
the length of the bar sample. The expressionkcl /2 is given
by13

kcl

2
5

v l

2V
2 i

hv2ls11
E

4V
5u2 ib, ~4!

whereu andb are the abbreviations

u~v![
v l

2V
, b~v![

hv2l

4V3r
, ~5!

and we have used the relationV25(rs11
E )21.

Next, we write the equation for the time evolution of th
electric displacementD including a polarization-strain o
electrostrictive coupling term and taking into account t
impurity relaxation9

dD
dt

1
1

t
D5

1

t
@eE~ t !12M13E0T1~x,t !#, ~6!

wheret is the relaxation time associated with the impur
reorientation ande is the permittivity of the medium.

The complex permittivity can then be deduced from E
~6! and without going into the details of this deductio
which are given elsewhere,9 we directly quote the results fo
the real part (e8) and imaginary part (e9) of the complex
permittivity

e8~v!5
es1e`v2t2

v2t211
2S 4E0

2M13
2

s11
E D 12Yr~v!2vtYi~v!

v2t211
,

~7!

e9~v!5
~es2e`!vt

v2t211
2S 4E0

2M13
2

s11
E D vt2vtYr~v!1Yi~v!

v2t211
.

~8!

Here es and e` are, respectively, the static and optical pe
mittivities. The functionsYr and Yi represent the real an
imaginary parts of the electrostrictive strain contribution, a
eraged over the length of the sample. This calculation
been carried out in the above cited reference9 leading to the
following expressions forYr andYi :

Yr~v!5
u sinu cosu1b sinhb coshb

~u21b2!~cos2u1sinh2b!
, ~9!

Yi~v!5
u sinhb coshb2b sinu cosu

~u21b2!~cos2u1sinh2b!
, ~10!

whereu andb defined in Eq.~5! are functions ofv.
In the work of Mason10 and others,11,12 the relaxation was

assumed instantaneous and, therefore, thedD/dt term in Eq.
~6! was absent. Also note that, forE050, the polarization-
strain coupling terms in Eq.~7! and Eq.~8! vanish, leading to
the usual expressions for the Debye dielectric dispersion
absorption. Finally, note that bothYr andYi are responsible
for the resonant dielectric response~or the piezoelectric
7-2
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NONLINEAR ELECTROSTRICTION IN THE MIXED . . . PHYSICAL REVIEW B65 024107
behavior! of the sample. For smallb, it follows from Eqs.
~5!, ~9!, and ~10! that the resonance condition is met wh
the excitation frequencyv equals the frequency of the fun
damental sound wave along the length of the sample.
thermore, the largerb is, the broader the resonance wid
and the greater the shift of the resonance from the condi
just mentioned. We may note from Eq.~5! that the viscosity
h controls the value ofb and, therefore, is an importan
parameter in the resonance phenomenon.

It is worth adding here a remark on the experimental c
ditions which has not been made in our earlier study9 on
KLT. Experimentally, one has the choice of measuring eit
the impedance~Z! or the admittance~Y! of sample. The ca-
pacitance and the dissipation factor are then derived from
measuredZ or Y. In the present experiment, the capacitan
and dissipation factor were measured in the series or imp
ance mode, while the above Eqs.~7! and ~8! in the model
correspond to the parallel or admittance mode. The real
of the permittivity eser8 , and dissipationD ~or the loss tan-
gent! for the series mode are related toe8 and e9 for the
parallel mode by

eser8 5
e821e92

e8
, ~11!

D5
e9

ue8u
. ~12!

Far away from resonance, the measurements are ins
tive to the chosen mode of operation. But, near the re
nance, significantly different values can be obtained from
two distinct modes, particularly when the dissipation fac
is large.

In the KLT paper mentioned previously,9 Eqs.~7! and~ 8!
for the permittivity and the dissipation factor were succe
fully used to fit the resonance data. From the fitting, an e
mate of the electrostriction parameterM13 was obtained,9

which was found comparable to theM13 value reported for
PMN by Uchinoet al.14 In the next section, we present th
experimental results for KTN and then use a similar fitti
procedure to obtain estimates for the electrostriction par
eterM13 and the relaxation timet.

III. EXPERIMENTAL RESULTS

Measurements were made on KTN slab samples w
30% and 50% nominal Nb concentrations. The main surfa
were ~100! surfaces, fully coated with aluminum electrod
and the measurements were made upon cooling . The la
dc bias field applied was approximately 400 V/cm and
small measuring field did not exceed 250 mV rms.

In Fig. 1 we show the dielectric constant (e8/e0) for both
samples as a function of temperature for 10 kHz and 1M
The three peaks correspond to the three transitions of
crystal structure to lower symmetries. KTN 30%@Fig. 1~a!#
above 225 K and KTN 50%@Fig. 1~b!# above 255 K are
paraelectric and hence macroscopically cubic. All the el
trostriction measurements reported below were made in
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paraelectric phase. In Fig. 1, it is important to note that,
both concentrations, the frequency dispersion is neglig
until close to the transition temperature, indicating that
Nb reorientation takes place at a much higher frequency t
the resonance, which occurs between 500 kHz and 1 MH

In Figs. 2~a! and 2~b! we show the dielectric resonance~in
units of e0) measured on the 30% sample at 260 K and 2
K, respectively. We note that the absorption is slightly asy
metric at both temperatures and that its width decreases
temperature. More significantly, the strength of the abso
tion is seen to increase approximately six times more rap
than the decrease of its width. By contrast, the dielec
constant does not increase in the same proportion. Fig
2~c! and 2~d! show that the 50% sample exhibits simil
trends. We have calculatede8 and e9 ~in the units ofe0)
using Eqs.~11! and ~12! to fit the experimental data at a
temperatures. The solid lines in Figs. 2~a! and 2~d! are the
calculated values and they agree reasonably well with
data. The fitting parameters have been provided in Tab
and are discussed in the next section. It is important, h
ever, to mention that, ast was decreased, the fits got pro
gressively better but also progressively less sensitive to
particular value of the relaxation time. Consequently, we c
only quote an upper limit of 1029 s for the Nb relaxation
time, which is consistent with the very fast relaxation e
pected and mentioned earlier. The absorption peak for b

FIG. 1. The dielectric constant at 10 kHz and 1 MHz as a fu
tion of temperature:~a! KTN 30% and~b! KTN 50%. The peaks at
224 K in ~a! and 255 K in~b!, mark the cubic to tetragonal trans
tion. Note that dispersive effects are only visible close to the tr
sition.
7-3
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J. TOULOUSE AND R. K. PATTNAIK PHYSICAL REVIEW B65 024107
samples is also seen to shift to lower frequencies with
creasing temperature, as shown explicitly in Fig. 3. A simi
decrease is observed for both concentrations, which is c
sistent with the reported softening of the elastic stiffness c
stant in KTN upon approaching the transition.8

From Eqs.~7! and ~8!, we note that bothe8 and e9 in-
crease as the square of the external bias field, typica
electrostriction. In order to verify this dependence, measu
ments were conducted on both samples at a fixed temp
ture for different bias fields up to 400 V/cm. The result of
typical measurement are shown in Fig. 4~a! for the 30%

FIG. 2. Real~left axis and open circles! and imaginary~right
axis and open triangles! parts of the dielectric response as a fun
tion of frequency:~a! KTN 30% at 260 K and~b! at 240 K; ~c!
KTN 50% at 296 K and~d! at 270 K. Note the increase of th
absorption in both samples and also the shift of the absorption p
~in the units ofe0) to lower frequency as the temperature is d
creased. Solid line in~a! and ~d! is the fit of Eqs.~11! and ~12! to
the data.
02410
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sample, and Fig. 4~b! explicitly confirms that the absorption
does increase as the square of the dc field. The solid line
linear fit to the data and the fitting parameters are given
the plot. Similarly,e8 was also experimentally found to in
crease as the square of the dc field. On the other hand
resonance frequency and the width of the resonance peaQ
factor! did not show any dependence on the applied dc fie

The most remarkable observation of the present study
made upon approaching the transition, when repetitiv
sweeping the frequency of the ac field through the resona
In the experiment, the time elapsed between sweeps was
proximately 30 s. The result of a measurement made on K
30% at 230 K (Tc16 K) and with a dc bias field of 360
V/cm is shown in Fig. 5. Figures 5~a! and 5~b! show the time
evolution of the series dielectric constant and dissipati
respectively. Unlike what happens at higher temperature
for lower dc fields, where the trace of the resonance sim
repeats itself upon repetitive sweeps~except for minor fluc-
tuations!, here its magnitude increases steadily with ea
sweep. Moreover, after a certain number of sweeps, the r
nance suddenly splits into two extremely sharp spikes. In
intermediate frequency range between these spikes, the s
capacitance assumes negative values@Fig. 5~a!#. Moreover,

ak
-

FIG. 3. Shift of the absorption peak to lower frequencies w
decrease of temperature. Downward shift is consistent with the
ported8 softening of the elastic constant in KTN near transition
e
TABLE I. Calculated parameters@Eqs. ~9! and ~10!# at different temperatures for the electrostrictiv
coefficient, static, and high-frequency dielectric constants, the viscosity parameter.

Sample Temperature~K! t (s) M13 (m2/V2) es h ~Poise!

KTN 50% 296 0.1631029 4.97310218 3821 76

KTN 50% 270 0.1631029 4.1310217 11520 62.5

KTN 30% 260 0.1631029 2.75310217 3301 255

KTN 30% 235 0.1631029 7.33310217 9700 148
7-4
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NONLINEAR ELECTROSTRICTION IN THE MIXED . . . PHYSICAL REVIEW B65 024107
FIG. 4. ~a! dc bias field strength dependence of the absorp
peak.~b! Dependence of the peak absorption on the square of
bias field~solid circle!. The solid line is the linear fit, expected from
Eqs.~7! and ~8!.
just

02410
with continued sweeping, the two sharp features move a
from each other, i.e., the frequency separation between t
increases, eventually reaching a steady state value. For
ventional piezoelectric crystals, such as quartz, these two
gular responses are identified as a resonance and its anti
nance and they are separated by a fixed frequency differe
The original aspect of this phenomenon in KTN is its tim
evolution: starting from a single and broad resonance
evolving into a pair of very sharp resonance and antire
nance. Experimentally, we have also observed that the n
ber of successive sweeps, required to provoke the splitt
decreases with increasing strength of the dc bias field
with decreasing temperature. A set of measurements on
50% is also shown in Figs. 5~c! and 5~d! at 260 K (Tc

15 K) with a bias field of 230 V/cm. Here the field applie
was smaller and, accordingly, more sweeps or a longer t
was required to reach the splitting.

In order to understand the remarkable phenomenon

n
e

e

t
-

FIG. 5. Repetitive frequency
traces of KTN 30% for~a! the se-
ries capacitanceCs and ~b! the
dissipation factor at 230 K with a
bias field of 360 V/cm. Note that
from the start to 4 min, bothCs

and D increase steadily. In th
next trace approximately half a
minute later, both split and peak a
enormously large values, indicat
ing a singular behavior.~c! and~d!
are similar traces for the KTN
50% but with a smaller dc bias
field, showing the growth in more
detail.
7-5
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described, it is useful to report another set of results rela
to the time evolution or metastability of the resonance up
removal of the dc bias field but continued repetitive fr
quency sweeps of the small ac measuring field. The diss
tion factor at successively later times, close to but aboveTc

is shown in Figs. 6~a! and 6~b! for both concentrations. Sev
eral significant points can be noted in these figures. F
after removal of the dc bias field, the magnitude of the re
nance is smaller and its width larger. Second, the resona
starts approximately ten times stronger but decays faste
the 50% sample than in the 30% sample. In addition t
reduction in strength, the dissipation peak also shifts
higher frequency, and more so for the 50% sample. In F
6~c! we present the time evolution of the dissipation ma
mum and that of the resonance frequency for the result
Fig. 6~b!. As shown by the fit~solid line! to the data, the
dissipation maximum closely follows a 1/t time dependence
The slow decay of the resonance upon removal of the dc
field clearly reflects a certain degree of metastability of
macroscopic polarization.

FIG. 6. Metastable piezoelectric behavior about 5 K aboveTc

for ~a! KTN 30% and~b! KTN 50%. The traces are taken approx
mately 1 min apart. In both cases the dissipation decreases
time and the peak shifts to higher frequency.~c! Peak dissipation
~solid circles! and the corresponding frequency as a function of ti
from ~b! for the KTN 50% sample. The sold line is the hyperbo
fit to the dissipation (Dmax;1/t).
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IV. DISCUSSION

We first provide a qualitative explanation of the resul
then use the model described earlier to illustrate our ex
nation and, finally, extract quantitative information. As
KLT, the observation of a dielectric resonance in KTN
linked to the presence of polar nanoregions. In fact, for
concentrations, the resonance appears 20–30 K above
transition, i.e., at a temperature where polar nanoregi
have been shown to form.7 As was discussed in two previou
papers,8,7 these polar nanoregions and their associated lo
strain fields mediate the coupling between macroscopic
larization and macroscopic strain, giving rise to the dielec
or electrostrictive resonance. The dielectric resonance res
presented above also reveal the very dynamic characte
the polar nanoregions in KTN. When turning on a dc b
field and repetitively sweeping the frequency of the sm
measuring ac field through the resonance, the induced p
ization slowly builds up, increasing the strength and theQ
factor of the resonance. When turning off the dc field, t
induced polarization and the resonance slowly decay;
closer toTc the faster the growth or the slower the decay

Because of the very nature of the resonance, it is obvi
that strain plays an essential role in both the growth and
decay of the polarization. The large width or lowQ factor of
the resonance for small dc fields suggests that compe
local strain fields initially dampen or clamp the resonan
Sufficiently close toTc , and upon repetitive frequenc
sweeps, the macroscopic strain from the electrostrictiv
driven vibration of the sample acts to further align the loc
strain fields. The metastability of this alignment allows for
cumulative buildup of the macroscopic polarization, its
leading to an even greater electrostrictive macroscopic str
further stabilization of the macroscopic polarization. Pr
vided the metastability time of the macroscopic polarizat
is longer than the sweep time, the resonance will increas
magnitude and inQ with each successive sweep. After
certain number of sweeps or, equivalently, once the str
induced polarization exceeds a certain level, the resona
splits in two spikes, a resonance and an antiresonance
will be shown below, in the intermediate frequency ran
between them, the electrostrictive or strain-induced contri
tion to the dielectric constant is greater than the dipolar c
tribution. Because the two contributions are out of pha
they have opposite sign and the net dielectric constant in
range is, therefore, negative.

In order to verify the validity of the previous qualitativ
explanation, we have carried out test calculations and t
fitted the formulas given in the theory section to the expe
mental resonance curves.

A Possible Explanation for the Singular Response

From Eq.~7!, we note that the total permittivitye8 can be
written as the sum of a dipolar contributioneD , and an elec-
trostrictive or strain-induced contributioneS ,

e8~v!5eD8 ~v!2eS8~v!, ~13!

ith

e

7-6



i
ic

tiv
o

ta

o
co
so
, i
o

i

ha
la

nc

ain
o

el
ra
tr

c-

in
in
b

es
de

si
o
p

t
in

of

ig

o

i-
gni-

eri-
tion

e
t-
e

on.
is

be
ade
84

s

to a
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where

eD8 5
es1e`v2t2

v2t211
, ~14!

eS85 f
12Yr~v!2vtYi~v!

v2t211
; f 5

4E0
2M13

2

s11
E

. ~15!

Because, in the KTN case, the relaxation time of Nb
very short,vt'0 andeD8 can be approximated by its stat
value,es . In contrast, becauseYr given in Eq.~9! strongly
depends on frequency, the strain-induced or electrostric
contribution,eS8 , exhibits a large dispersion near the res
nance frequency. The singular conditioneS85eD8 , then be-
comes possible, for which both the series dielectric cons
and the dissipation factor diverge@Eqs. ~11! and ~12!#. In
KLT, eS8,eD8 over the whole frequency range of the res
nance at all temperatures. In that case, the net dielectric
stant remains positive throughout and the dielectric re
nance does not exhibit any singular behavior. However
KTN, the singular condition becomes fulfilled when the res
nance is swept through repeatedly. We note from Eq.~15!
that the only parameter that can undergo a progressive
crease in the process isf, or more preciselyM13, since
1/s11

E 5rV2 is directly related to the resonance frequency t
is not observed to change. Physically, what seems most p
sible is that, repetitively sweeping through the resona
~where the vibration amplitude is maximum! overcomes
more and more of the mutually competing internal str
fields and aligns a greater and greater number of the p
nanoregions. In the present formalism, this appears as
increase in the electrostriction coefficient. More accurat
the electrostriction coefficient can be said to depend on st
and the effect observed, described as a nonlinear electros
tion. The increase inf can then be accounted for by introdu
ing a second-order electrostriction coefficient12 in Eq. ~1!,

M13→M13
0 1gDTm~ t !, ~16!

whereg is a second-order coupling term andDTm(t) is the
additional stress that results from modulating the increas
strain-induced polarization. In a repetitive sweep, the stra
induced polarization increases, which, when modulated
the ac field, leads to an increase in the electrostrictive str
DTm(t), and a further increase in the vibrational amplitu
or macroscopic strain.

In what follows, we have used Eqs.~11! and ~12! along
with Eq. ~9!, to carry out test calculations~in units of e0)
illustrating the evolution of the dielectric constant and dis
pation factor with time or, equivalently, increasing number
frequency sweeps through the resonance. Because re
tively sweeping through the resonance has the effec
building up the macroscopic polarization, different times
the calculation are equivalent to incrementing the valuef
in Eq. ~15!. In Fig. 7~a!, whereeS8,eD8 , the dissipation factor
is small and does not exhibit a singular behavior. In F
7~b!, f has been increased so that the conditioneS85eD8 is
now satisfied at two closely spaced frequencies and, acc
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ingly, the dissipation factor splits into two spikes, with max
mum values increased by more than three orders of ma
tude. In Fig. 7~c!, f has been increased further, so thateS8 max
is also greater and theeS8 curve now intersects theeD8 curve
at two more widely separated frequencies.

We have used the above equations to fit the actual exp
mental data and to extract estimates for the electrostric
coefficient,M13, and the relaxation time,t. The results of
the fits are shown in Figs. 8~a!, 8~b!, and 8~c! for KTN 50%
at 260 K (Tc15 K) and for a dc bias field of 192 V/cm. Th
coupling parameterM13 increases progressively and is plo
ted in Fig. 8~d! as a function of time. It is seen to exhibit th
following time dependence:

M13~ t !5a1b~12e2
t

tm!, ~17!

with a59.95310216 m2V22, b53.32310216 m2V22

and tm5140 s. Equation~17! is indeed of the form pro-
posed earlier in Eq.~16!. We may then associatea with the
linear value,M13

0 , and the second term in Eq.~17! with the
additional stress arising from the strain-induced polarizati
In the experiment,M13 is found to saturate at a value that
about 33% higher than the initial value,M13

0 , i.e., b/a
'0.33. Further support for the above interpretation can
found in the result of a second measurement that was m
at the same temperature but with a smaller bias field of

FIG. 7. The condition for singular response is met@see Eq.~13!#
when eS8 interceptseD8 : ~a! eS8,eD8 and correspondingly the los
tangent,D, does not exhibit any singular behavior.~b! eS8 just inter-
sectseD8 , leading to a closely spaced split inD. ~c! approximately
2.5 min later, the intersecting points have moved apart, leading
wider split.
7-7



lts

J. TOULOUSE AND R. K. PATTNAIK PHYSICAL REVIEW B65 024107
FIG. 8. Calculated~a! real dielectric constant and~b! loss tangent@from Eqs.~11! and ~12!# compared with experimental results~open
circles! for the KTN 50% crystal approximately 3 min after the first sweep.~c! A similar calculation compared with the experimental resu
after the split. This trace was then approximately 7 min after the first sweep.~d! The electrostrictive coupling parameterM13 used in the
calculations~to obtain the best fit to the experimental results in the repetitive sweeps! is plotted against time~open circles!. The solid line
is the fit given by Eq.~17! in the text.
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V/cm, for which the nonlinear contribution was expected
be much smaller and for which, indeed, no progress
growth of the resonance was observed. That second mea
ment yielded a valueM1351310215, in good agreemen
with the value ofa or M13

0 obtained earlier.
The values obtained for the electrostriction coefficie

M13, are given in Table I. They are found to be of the sa
order of magnitude as those in KLT but approximately 1
times larger than, e.g. those of SrTiO3 and BaTiO3. For
SrTiO3 at 243.3 K, M13 was reported by Rupprecht an
Winter15 to be 1.72360.002310219 m2V22 and for BaTiO3
at room temperature, reported by Caspari and Merz16 to be
23.33310219 m2V22. The factor of 100 is consistent wit
the fact that, in their work, Caspari and Merz had to appl
bias field of 30 000 V/cm in contrast to 300 V/cm or less
02410
e
re-

,
e

a

our experiment on KTN. In Table I,M13 is also seen to
increase with temperature but not to display any signific
dependence on concentration.

We may also compare these values for the electrostric
coefficient of KTN with that of PMN. For ceramic PMN
Uchino et al.14 reported a value ofM51.92(60.02)
310216 m2V22 ~presumably at room temperature! mea-
sured with a driving voltage of 74.7 Vrms at 7 Hz corre-
sponding to an rms driving electric field of about 200 V/c
since their sample was 3.68 mm thick. Comparatively,
value of M in KTN is about ten times smaller. Howeve
KTN has the advantage that it can be operated at hig
frequencies and with comparable or lower electric fiel
Moreover, the Nb concentration can be adjusted, mak
KTN suitable for use as a transducer at lower temperatu
7-8
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NONLINEAR ELECTROSTRICTION IN THE MIXED . . . PHYSICAL REVIEW B65 024107
Fitting Eqs.~11! and ~12! to the data also provided, fo
both concentrations, an upper estimate of 1029 s for the
relaxation timet of Nb in the polar nanoregions. In terms o
a frequency, this is more than three orders of magnit
higher than the frequency at which the resonance occurs
a consequence, Nb and the polar nanoregions can reo
almost instantaneously in response to the strain-induced
der, and the Nb relaxation has little influence on the ove
character of the resonance. This can be contrasted with
in which the Li polar nanoregions reorient at a much low
frequency.9

The other parameter that enters into the model is the p
nomenological viscosity parameter,h in Eq. ~2!, which de-
termines the width of the resonance. Consistent with
greater width of the resonance for KTN 30%~Fig. 2!, h from
the fit is found to be approximately three and half tim
greater for this concentration than for KTN 50%. In the sa
figure, the width of the resonance is also seen to decre
with temperature, and more so for KTN 30%. This sugge
that the resistive or viscous drag force responsible for
absorption decreases with temperature. The smaller and m
numerous polar regions, reorienting independently at hig
temperature, provide a greater viscous drag force on one
other, resulting in the broader width of the absorption. As
temperature decreases, the elastic constant also decre
indicating a softening of the lattice. The polar regions
crease in size and their mutual interactions grow stron
weakening the viscous drag force and resulting in a narro
absorption. The narrower absorption width in the 50
sample is most likely due to the fact that, for higher conc
trations, the polar regions are larger, behave more coop
tively and can, therefore, be more easily aligned. Becaus
a certain degree of metastability, the removal of the exte
dc bias field results in a slow decay of the macroscopic
larization and associated resonances, but not in a comp
loss of alignment of the polar regions.

Finally, in Table I, the static dielectric constant is seen
increase with decreasing temperature, as expected.
et

er
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V. CONCLUSIONS

In the present paper, we have reported experimental
theoretical results on the field-induced dielectric resonanc
the mixed ferroelectric KTN. Such resonances are w
known in conventional ferroelectric crystals such as BaTiO3,
in which the macroscopic polarization arises from the alig
ment of large domains in the ferroelectric phase and, the
fore, requires large dc bias fields. However, in the case
KTN and KLT, the macroscopic polarization arises from t
alignment of polar nanoregions that can be induced, in
paraelectric phase, by very modest bias fields (;100 smaller
than in conventional ferroelectrics!. Both qualitative and
quantitative analyses of the resonance concur to show tha
KTN, this resonance is the manifestation of a strong elec
strictive coupling between macroscopic polarization and
macroscopic strain mediated by the polar nanoregions. A
oretical model has been developed and fitting to the exp
mental results has provided estimates for the essential pa
eters of the problem. For KTN, the electrostrictio
coefficient is found to be approximately 100 times larg
than in conventional ferroelectrics and the relaxation time
reorientation of the off center Nb ions or of the polar na
oregions shorter than 1029 s. Away from the transition, this
resonance is broad or damped by competing local st
fields or internal friction between regions. When approach
the transition, and upon repetitive frequency sweeps, a
markable growth in the magnitude andQ of the single reso-
nance is observed, ending in an even more remarkable
into a resonance/antiresonance pair of extremely sh
spikes. This phenomenon is attributed to a feedback pro
between macroscopic polarization and macroscopic str
helped by a certain degree of metastability of the polari
tion. It can be described as nonlinear electrostriction. Sim
resonances have been observed in other relaxors and
exhibit a similar evolution when repetitively excited.
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