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Polarization dynamics in the mixed ferroelectric KTa12xNbxO3
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~Received 14 May 1996; revised manuscript received 19 September 1996!

Mixed ferroelectrics exhibit unusual precursor effects. In KTa12xNbxO3, polar nanoregions have been
shown to condense approximately 20 K above the transition for all Nb concentrations, 1.2%,x,50%, as a
result of medium-range collective interactions between Nb off-center ions. These interactions are also respon-
sible for the observation of hysteresis loops in the polarization and dielectric nonlinearities far above the
transition. In the present study we have identified three distinct polarization regimes:~1! dynamic and~2!
quasistatic, both above the transition, and~3! static, below the transition. The first two regimes can be distin-
guished by the shape of the hysteresis loops, changing from oval tos shape, and by their frequency depen-
dence. We have analyzed the harmonic content of the polarization response and show that the condensation of
polar nanoregions coincide with the appearance of odd harmonics which are indicative of a nonlinear response.
This is further supported by the observation of a nonlinear dielectric response that becomes progressively
stronger with decreasing temperature below the condensation. We also show that there exists a direct relation-
ship between dielectric and polarization response and that one can be calculated from the other. Finally, the
low-frequency dynamics exhibited in the quasistatic range can be qualitatively explained by the strong inter-
action between neighboring off-center Nb ions within polar nanoregions and random interactions between
these regions.@S0163-1829~97!07105-1#
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I. INTRODUCTION

Ferroelectric transitions are normally marked by a ma
mum in the dielectric constant and the appearance of a s
taneous or remanent polarization. This is, for example,
case in KNbO3 which undergoes a first-order ferroelectr
transition at 708 K.1 The behavior of mixed ferroelectric
can be very different and particularly so when the mixed
substituted ions are randomly distributed and in off-cen
positions. Because they are off center, these ions form di
moments in what can therefore be calledrandom dipole fer-
roelectrics. It is already well known that some of them e
hibit slow relaxations and are consequently identified
relaxors.2 K12xLi xTaO3 ~KLT ! was recently shown to be
typical example of this group, in which the relaxor behav
is due to the randomly distributed off-center Li ions.3 In the
present paper we report on a polarization study of a rela
system, KTa12xNbxO3 ~KTN!, with off-center Nb ions,4

which presents a distinctly different kind of polarization b
havior.

Both KLT and KTN are derived from the same pare
system, KTaO3, which is an ‘‘incipient ferroelectric,’’ i.e.,
one that, even though it possesses a definite soft mode,
not transform. The substitution of Li for K or Nb for Ta, i
excess of 2.2%~Ref. 5! and 0.8%~Ref. 6!, respectively, in-
duces a transition. However, the two systems are differen
several respects. In particular, because of the deeper pote
well or the greater local distortion around Li~Ref. 7! than
around Nb,8 KLT is much less polarizable than KTN. Thi
probably also explains why at high temperature, KTN reta
the cubic perovskite structure for all values ofx while KLT
goes into LiTaO3 which has a distorted perovskite structure

9

A particular feature of the two mixed systems KLT an
KTN is the formation of polar nanoregions well above t
transition. These have been evidenced through polarizatio10
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Raman scattering,11,12ultrasonic,13 and NMR~Ref. 14! mea-
surements. However, both the formation mechanism and
collective dynamics of these polar nanoregions are very
ferent in KLT and KTN. It was recently shown that, while i
KLT these regions appear at the same high tempera
~;200 K! for all Li concentrations,15 in KTN they appear
approximately 20 K above the actual ferroelectric transit
for all Nb concentrations, pointing to a cooperative pheno
enon~condensation!.16 It is important to note, however, tha
the transition temperature,Tc , itself does depend on concen
tration. The presence of polar nanoregions aboveTc in
strongly polarizable KTN necessarily modifies the charac
of the phase transition which can no longer be simply d
placive. In the present paper, we report the results of a
tailed investigation of the polarization dynamics over a ran
of niobium concentrations. In Sec. II we briefly describe t
experimental setup used to measure the polarization hy
esis loops. Section III examines successively their temp
ture and their frequency dependencies. Results of dielec
constant measurements under dc bias fields are also
sented in order to evaluate the dielectric nonlinearities
complement the polarization results. Section IV presents
analysis of the polarization results which distinguishes
tween a purely dynamic and a quasistatic behavior and
tablishes a connection between polarization and dielec
nonlinearities.

II. EXPERIMENT

The polarization dynamics were studied in several KT
crystals grown at Oak Ridge National Laboratory with d
ferent Nb concentrations~x51.2%,3%,15.7%!. All the
samples were slabs with approximate dimensions 0.430.4
30.06 cm and with Al electrodes evaporated on the t
main faces. The oscillating fields were derived from a sig
3472 © 1997 The American Physical Society
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55 3473POLARIZATION DYNAMICS IN THE MIXED . . .
generator, the output of which was amplified through a bi
lar amplifier and applied across the sample. The meas
ments were made using a Sawyer-Tower circuit,17 the volt-
age across the reference capacitor being fed to a di
oscilloscope. The full hysteresis loops were directly tra
ferred to the computer for analysis. Fields up to 2 kV/c
were applied at frequencies between 100 Hz and 1 k
Measurements were made as a function of increasing t
perature, allowing the samples to equilibrate for 15 min
each temperature before measurement.

In order to determine the most relevant range of tempe
tures to be studied~Tc→Tc120 K!, the transition tempera
ture,Tc , was determined from the peak of the dielectric co
stant. For the three concentrations investigated, the trans
temperatures were found16 to be 12.2 K~1.2%!, 59.5 K~3%!,
and 138.8 K~15.7%.!

III. RESULTS

The two principal quantities obtained from hystere
loops are the maximum polarization,Pmax, corresponding to
the maximum field and the remanent polarization,Pr , corre-
sponding to zero field. In conventional~pure! ferroelectrics,
for temperatures above the transition,Pr50 andP is usually
linear in the field:

P5xE, ~1!

wherex is the dielectric susceptibility. As mentioned in th
Introduction, in the mixed ferroelectric KTN, hysteres
loops are observed well aboveTc and their shape changes
approximatelyTc120 K.

A. Temperature dependence of hysteresis loops

Figure 1 shows hysteresis loops for all three concen
tions at temperatures both above and belowTc measured at a
frequency of 40 Hz. One can distinguish three sepa
ranges: far above the transition~.Tc120 K! the system ex-
hibits a typical linear dielectric behavior and oval loops a
observed~see also Fig. 5!; as the transition is approache
~Tc,T,Tc120 K!, the loops open up and take on a typic
s shape with a finitePr , due to the presence of polar region
below the transition (T,Tc), the loops become more squar
with Pr approachingPmax, which indicates that the system
truly ferroelectric.

Pr , Pmax, and the area inside the loop increase with
concentration, pointing to the essential role of niobium in
formation of the polar nanoregions. Nevertheless, the ev
tion of the shape of the loops with temperature is basic
the same for all three concentrations investigated, sugges
similar polarization dynamics for all of them. Consequent
we use the polarization results obtained with the middle c
centration~3%! for the following discussion.

B. Frequency dependence of hysteresis loops

The frequency dependence of the hysteresis loops,
more specifically of their shapes, yields significant inform
tion on the dynamics of polarization. In Fig. 2 a set of loops
is presented for KTN 3% in each of the three temperat
ranges identified above.
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Figure 2~a! shows that, in the purely dynamic rang
~Tc130 K!, the loops can be slightly opened and oval at hi
enough frequencies, but disappear at low frequencies. In
intermediate or quasistatic range~Tc18 K!, the loops exhibit
ans-shape~slim loops! which is also strongly frequency de
pendent. In this range, the frequency dependence can
characterized by noting thatPmax decreases whilePr in-
creases with frequency. In contrast, below the transiti
both Pmax andPr decrease with increasing frequencies, a
the loops are much more square.

A summary ofPmax and Pr is presented in Fig. 3 as
function of temperature and for several frequencies betw
10 and 1000 Hz. BothPmax andPr increase with concentra
tion, with Pmax roughly proportional to the Nb concentration
Figure 3~b! also further illustrates the crossover in the fr
quency dependence which occurs near the transition; ab
Tc , Pr increases with increasing frequency while, belowTc ,
the tendency is reversed andPr decreases~as it normally
should behave! with increasing frequency.

C. Dielectric constant under dc bias fields

In order to complement the polarization measurements
ing the hysteresis loop method, we have also carried
dielectric constant measurements under a dc bias field

FIG. 1. The 40 Hz hysteresis loops of KTN~a! 1.2%, ~b! 3%,
and ~c! 15.7% at various temperatures. The temperatures listed
the right side of the graph correspond to the hysteresis loops in
order of their maximum polarization.
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3474 55L. A. KNAUSS, R. PATTNAIK, AND J. TOULOUSE
fact, Pmax obtained from hysteresis loops in the high-fie
~saturation! limit should be comparable withPind induced by
the dc bias field calculated from the dielectric constant m
surements. Moreover, there should exist a connection
tween polarization and dielectric nonlinearities.

The dielectric results are presented in Fig. 4. At high te
perature, all curves follow a Curie-Weiss law,«21;~T2T0!,
with a field-dependent slope~see the inset in Fig. 4!, a point
that will be discussed in a later and more specialized pu
cation. At low temperature, the dc bias field strongly su
presses the dielectric susceptibility, particularly so bel
160 K ~Tc120 K!. This latter observation further highlight
the importance of the contribution of polar regions to t
zero-field susceptibility. Finally we note that, under a dc b
field, the cubic tetragonal transition shifts to higher tempe
tures while the tetragonal-orthorhombic transition shifts
lower temperatures. The tetragonal phase is therefore s
lized by strains resulting from an electrostrictive or a fie
induced piezoelectric effect.

IV. ANALYSIS

A careful examination of the results reveals the existe
of two distinct regimes in the polarization behavior above

FIG. 2. Hysteresis loops of KTN 3% measured at several
quencies for temperatures~a! Tc130 K, ~b! Tc18 K, and ~c!
T!Tc . The frequencies listed on the right side of the graph co
spond to the hysteresis loops in the order of their maximum po
ization.
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transition. At higher temperature~T.Tc120 K!, the polar-
ization is purely dynamic and can be associated with entr
fluctuations characterized by a lifetime. With the appeara
of polar nanoregions, the polarization becomes quasist
and exhibits orientational dynamics characterized by a ju
frequency or a reorientation time and both the polarizat
and dielectric constant exhibit nonlinearities.

A. Pure dynamic range

Far above the transition~T.Tc120 K!, KTN behaves as
a linear dielectric of an unusual type, with very large d
namical polar fluctuations. As shown in Fig. 2~a! and in Fig.
5, hysteresis loops are observed that are oval in shape.
linear character of the polarization in this range is dem
strated in Figs. 5~b! and 5~c! which show that the maximum
polarization,Pmax, is strictly proportional to the maximum
amplitude of the field,E0 ~respectively, 2 and 1 kV/cm!. The
dynamic character of the polarization in this range is de
onstrated by the change of the area inside the loops w
frequency; as the frequency decreases, the loops become
rower so that the remanent polarization tends to vanish.
decreasing width of the loops with frequency proves that
remanent polarization observed is purely dynamical in nat
and that there is no spontaneous polarization in this ran
Pr~V50!50.

The oval shape of the loop is indicative of a phase
between the applied field and the polarization response

-

-
r-

FIG. 3. ~a! Maximum polarization and~b! remanent polarization
for each concentration of KTN measured at frequencies rang
from 10 to 1000 Hz. The arrows indicate the temperature of
maximum dielectric susceptibility for each concentration.
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55 3475POLARIZATION DYNAMICS IN THE MIXED . . .
can be confirmed by a comparison with dielectric resu
Indeed, the existence of a phase lag implies that the po
ization contains an imaginary as well as a real compon
and can therefore be written as

P5~«8cosVt1«9sinVt !«0E0 , ~2!

where«8 and«9 represent the real and imaginary parts of t
dielectric constant,«0 is the permittivity of free space,E0 the
maximum amplitude of the applied ac electric field, andV its
frequency. Figure 5 shows that Eq.~2! can be fitted quite
satisfactorily to the hysteresis loops. The fitted values of«8
and «9 are given in Table I along with the values obtain
from the direct ac dielectric measurements reported ab
under a dc bias field. The values of«8 obtained from fitting
the hysteresis loops are close to the directly measured va
confirming that, in this temperature range, the dielectric
sponse is mostly linear. In the case of«9, the much larger
values obtained from fitting the hysteresis loops are ind
tive of the strong effect of the field on the lifetime of th
polarization fluctuations and on the resulting phase lag.
relationship between hysteresis loops and dielectric meas
ments is discussed later in the paper.

B. Quasistatic range

As mentioned in the Introduction, it has recently be
shown that, for all concentrations of KTN between 1.2 a

FIG. 4. Real dielectric constant of KTN 15.7% as a function
temperature for different dc bias fields.Tc is the actual transition
temperature.T0 is the Curie-Weiss temperature.
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30%, long-lived polar nanoregions condense at appro
matelyTc120 K. The present polarization results show th
the condensation of these polar regions is accompanied
change in the shape of the hysteresis loops from ova
s-shape, thereby displaying saturation effects and a n
linear dependence of the polarization on the applied ac fi

f

FIG. 5. Hysteresis loops atT.Tc120 K from KTN ~a! 3%, ~b!
15.7% forE052 kV/cm, ~c! 15.7% forE051 kV/cm, and~d! at
Tc,T,Tc120 K from KTN 15.7% forE052 kV/cm. The solid
lines are fits of the polarization with Eq.~2! ~a!–~c! and Eq.~3! ~d!.
s and
ained in
TABLE I. Comparison of dielectric constants obtained from fitting the polarization hysteresis loop
from direct dielectric measurements. The asterisk means the measured values for the 3% were obt
zero field.

Conc. (X) Field ~E0!

«8 «9

Dielectric
meas.

Polarization
Fit

Dielectric
meas.

Polarization
Fit

T5Tc126 K
3% 2 kV/cm 3 411* 3 168 26* 217
15.7% 2 kV/cm 4 218 4 394 16 406
15.7% 1 kV/cm 4 580 4 322 36 390

T5Tc13 K
15.7% 2 kV/cm 10 099 21 755 51 2609
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3476 55L. A. KNAUSS, R. PATTNAIK, AND J. TOULOUSE
In this quasistatic range, the polarization can be well
scribed by a more general expression:18

P5c tanh~aE0cosVt1bE0sinVt !. ~3!

We note that the hyperbolic tangent is obtained when ca
lating the average polarization of an Ising system. This
therefore an expression that one would naturally construc
describe the dynamics of an Ising system in which the po
ization response lags behind the applied field, due to
interactions between dipoles. A similar model has been u
by Bell19 to analyze the superparaelectric behavior of rel
ors. The fit of this expression to thes-shape hysteresis loop
is almost perfect as illustrated in Fig. 5~c!. The extraction of
«8 and«9 values from the fitted values of the parameters
slightly more difficult than in the previous linear case but c
be obtained by taking the derivativedP/dE0 in the limit
E0→0:

dP

dE0
5c@sech~aE0cosVt1bE0sinVt !#2

3@a0cosVt1b sinVt#, ~4!

«0«*5
dP

dE0
U
E0→0

5cacosVt1cb sinVt ~5!

such that

«0«85ca and «0«95cb. ~6!

The values of«8 and «9 thus obtained from the fit of the
hysteresis loops are listed in Table I along with the valu
obtained from direct ac dielectric measurements. The fi
values are again higher than the measured ones, but mo
now in the quasistatic range than previously in the dyna
range. This is particularly significant for«8 but should be
expected because of the much larger field applied in the
teresis loop measurements. In these measurements, the
ac field can switch the polar regions which therefore cont
ute a significant amount to«8, while in the direct dielectric
measurements, the switching of the polar regions is impe
by the presence of the large dc bias field.

The nonlinear character of the polarization in the qua
tatic range is clearly shown by the hyperbolic tangent fo
of the polarization, but it appears even more explicitly in
Fourier analysis of the polarization signal:

P5x~1!~V!E2x~2!~2V!E21x~3!~3V!E32••• . ~7!

It is important to note that the second harmonic of the po
ization, being proportional toE2, contributes anE3 ~odd!
term to the energy and can only be present if the mac
scopic inversion symmetry is broken. The results of the F
rier analysis of the polarization signal are shown in Fig. 6
KTN 3% and 15.7% measured upon heating. The most
portant feature on this figure is the rise of the third harmo
below Tc120 K for both concentrations, even though the
respective transition temperatures,Tc , are very different.
This clearly points to the polar nanoregions as the cause
the polarization nonlinearities. It is worth noting that, while
the magnitude of the third harmonic decreases with incre
-
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ing fundamental frequency, the temperature dependenc
approximately the same at all frequencies. This is shown
the inset of Fig. 6, where the third harmonic curves have
been normalized to one at the lowest temperature.

The third harmonic in the cubic phase can only be due
electrostriction and it gives rise, in the low symmetry pha
to an induced piezoelectric effect.20 In contrast to the third
harmonic, the second harmonic remains negligibly smal
all temperatures. This observation is understandable ab
Tc , since the macroscopic inversion symmetry does not
low for even powers of the field to appear in the polarizatio
However, in the low-symmetry phase, the second harmo
will only be zero if the polarization is completely switche
by the oscillating field or if the crystal is multidomain. I
KTN, the relatively large polarization supports the first e
planation and indicates that KTN is an unusual soft po
ferroelectric.

C. Field-induced polarization and nonlinearity

As shown earlier, the dielectric constant, real and ima
nary parts, could be obtained from the hysteresis loo
However, because the two types of measurements were
made under the same conditions, a large ac field in one
and a large dc field in the other, we found discrepanc
between the fitted values of the dielectric constant and
directly measured ones. In this section we analyze the or
of these discrepancies. A similar nonlinear dielectric m
surement on doped SrTiO3 and KTaO3 has been reported b
Decet al.21 and Maglioneet al.22

When a dc bias field,E0, is applied to the sample, inver
sion symmetry is broken and a finite polarization,Pind , is
induced, which can be calculated from the experimental
electric data.Pind can then be compared to the maximu
polarization,Pmax~V,E0!, measured on the hysteresis loop
However, as we mentioned above, there exists an impor
difference between hysteresis loops and nonlinear dielec
measurements which is that, in the former, the macrosco
polarization is time varying while, in the later, it is tim

FIG. 6. Amplitude of the third and second harmonics obtain
from Fourier analysis of the polarization signal.d, 100 Hz excita-
tion; h, 1 KHz excitation. Inset: The normalized third harmon
amplitude for different excitation frequencies as given in the le
end.
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55 3477POLARIZATION DYNAMICS IN THE MIXED . . .
independent. For this reason, the comparison is only vali
the limit of zero-frequency hysteresis loop measureme
Pmax~0,E0!.

The induced polarization,Pind , can be calculated from
experimental dielectric data by first writing the total pola
ization in the presence of a dc bias field as

P~v,E0!5x~1!~v!@E01e0sinvt#

1x~3!~v!@E01e0sinvt#
3

in which we only keep the lowest-order nonlinear term, a
e0 andv are, respectively, the magnitude and frequency
the small signal ac probe field. We note thatx~3! from the
dielectric measurements was estimated at the fundame
frequencyv. We then expand the right-hand side of t
above equation, neglectinge0

2 ande0
3 terms, to obtain:

P~v,E0!5x~1!~v!E01x~3!~v!E0
3

1@x~1!~v!1x~3!~v!E0
2#e0sinvt

5Pind~E0!1x~v,E0!e0sinvt,

where the last expression definesPind~E0! which can be es-
timated from the experimentally measured dielectric qua
ties, x~1!~v!5x~v,0! andx~v,E0!. Pind is compared toPmax
in Fig. 7~a!. The two quantities are equal at high tempe

FIG. 7. ~a! dc field induced polarization~Pind!, and maximum
polarization~Pmax! from hysteresis loops~at different frequencies!
for KTN 15.7% withEmax52 kV/cm. ~b! x~3! derived from the data
of the third harmonic polarization, and nonlinear dielectric const
~Diel!.
in
s,

d
f

tal

i-

-

tures butPmax~V,E0! is found to be lower thanPind~E0! at
low temperatures~below the condensation temperature! but
tending towardsPind in the limit V50.

Similar remarks apply to the comparison betweenx~3! re-
sults from hysteresis loop and dielectric measurements
the dielectric case, the measuredx~1!~v! andx~v,E0! can be
used to estimatex~3!~v!, which can then be compared wit
x~3!~3V! determined from the third harmonic polarizatio
signal. To determinex~3!~3V! from the hysteresis loop mea
surements, we assume an excitation of the fo
E(t)5E0 sinVt in Eq. ~7!. Retaining only the first nonlinea
coefficient, it can then be shown that

x~1!~V!1
3

4
E0
2x~3!~3V!5

V

pE0
PV

and

x~3!~3V!5
4V

pE0
3 P3V , ~8!

where

PnV5E
0

T

dt P~ t !sinnVt, n51,2,3,... .

Here P(t) is the measured polarization signal,T52p/V is
the period, andPnV is the amplitude of thenth harmonic
present in the measured signal~see Fig. 6!. The x~3! curves
determined from the dielectric and hysteresis loop meas
ments are presented in Fig. 7~b!. In the high-temperature
regionx~3! andx~3!~3V! are small but almost equal to eac
other.
Below the condensation,x~3!~3V! is seen to be frequenc
dependent, but tending towardsx~3! in the limit of V50. We
have thus established the relationship that exists betw
hysteresis loop measurements and the dielectric meas
ments under a dc bias field.
It is important to note that, in the dielectric measureme
under a dc field, the system is in equilibrium and the induc
polarization is maximum while, in the hysteresis measu
ments the system is not in equilibrium and the magnitude
the induced polarization depends on the frequency. It
then be concluded that thex~3! obtained from the nonlinea
dielectric measurements is the maximum attainable first n
linear coefficient andPind the maximum attainable polariza
tion.

D. Ferroelectric range

A set of hysteresis loops, measured at different frequ
cies and well belowTc , is shown in Fig. 2~c!. The loops
have a much squarer shape than in Fig. 2~b!, suggesting the
existence of a static and stable polarization. This is furt
confirmed by the frequency dependence of the loops wh
in this range, is opposite to what it is at higher temperatu
namely, bothPmax andPr now increase with decreasing fre
quency, thus showing that the polarization induced by
external field is retained after removal of the field.

t
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E. Phase transitions

The final observation of this study concerns the deter
nation of the phase transition, based upon measuremen
the remanent polarization,Pr . Figure 8 showsPr vs T as
well as the derivativedPr /dT for both the 3% and the
15.7% KTN crystals. The inflection points in thePr curves
are found to coincide with the transition temperatures de
mined from the maxima of the dielectric constant.16 In fact,
this observation even suggests the existence, in KTN 3%
at least one lower transition around 45 K which is not
solved in the dielectric measurements. This would confirm
recent ultrasonic study13 that showed that, for lower concen
trations of niobium, three phase transitions are still occurr
which are too close to one another to be resolved but ca
separated~or possibly induced! by the application of a dc
bias field.

F. Model of polarization dynamics

The slow polarization dynamics that we have repor
above in the quasistatic range cannot be understood in te
of the simple reorientation of individual Nb off-center ion
The frequency of such a reorientation was estimated ea
and shown to follow an Arrhenius relation at hig
temperature:23

n5n0exp~2Ud /T!, ~9!

with the activation energyUd570 K and the preexponentia
n05300 cm21. The reorientation frequencies correspondi
to this relation are in the terahertz range and therefore m
higher than the frequencies of the present polarization m
surements. Consequently, the low-frequency polarization

FIG. 8. Remanent polarization and its temperature derivative
KTN ~a! 3% and~b! 15.7%. The inflection points of the remane
polarization match the peak of the dielectric constant.
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namics observed in the present work must be due to inter
ing off-center Nb ions. A few years ago, a model w
developed to describe the low-frequency kinetics in rando
site electric dipole systems.3,18 In this model, the interactions
between neighbor dipoles were treated exactly to desc
the dynamics of pairs. The reorientation of strongly intera
ing dipoles in pairs, was shown to take place at a much lo
frequency than the noninteracting dipoles:

n5n0expS 2
Ud1Udd

T D
in which Udd is the additional energy barrier due to th
strong interaction in pairs. An explicit expression forUdd

has been derived and discussed in Ref. 16. Using this mo
separate calculations of the polarization and the dielec
constant were performed.18 In particular, it was found that
the polarization could be approximated by an express
similar to Eq.~3! above.

V. CONCLUSION

Our earlier experiments have unambiguously revealed
presence of groups of strongly interacting dipoles in w
has been named polar nanoregions.16We have shown that, in
KTN, these polar nanoregions appear atT* (n)>Tc(n)120
K for all concentrationsn. The present KTN study of hys
teresis loops and dielectric constant under a dc bias fi
reveals that the onset of polarization and dielectric non
earities coincide with the condensation of these polar
gions. This condensation thus marks a crossover from
purely dynamic regime to a quasistatic one. In the pur
dynamic regime, the polarization and dielectric responses
linear. The hysteresis loops are oval in shape, the rem
polarization is strictly due to the phase lag between the
larization response and the applied field. In the quasist
regime the polarization and dielectric responses become
linear. The polarization response contains odd harmonics
the dielectric nonlinearities depend more weakly on tempe
ture. In the quasistatic regime, we have also shown that
results from polarization hysteresis loop measurements
identical to the nonlinear dielectric measurements in the li
of zero frequency.These results clearly identify the ran
domly distributed polar regions in the strongly polarizab
lattice as the source of the nonlinear dynamical properties
KTN above Tc . Similar polar regions may also be the sour
of slow dynamics, nonlinear dielectric and polarization pro
erties in other mixed-disordered ferroelectrics.
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