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It has been well established by several studies that the relaxor perovskifeilkraO; (KLT) exhibits two
distinct relaxation modes in its dielectric spectrum, with respective barrier heights about 1200 and 2400 K.
While the mode with the smaller barriéknown as#/2 relaxation is responsible for the complex relaxor
behavior of KLT, the relaxation connected with the larger barrier involves pairs of lithium dipoles reorienting
as a single unitknown asw relaxatior). A detailed study of this relaxation over a broad temperature range for
nominal lithium concentrations 3.5% to 16% is presented here. The measured dielectric dispersion and absorp-
tion for all concentrations over this temperature range is shown to be in agreement with the Cole-Cole
modification of the complex Debye dielectric response. Implicit in this modification is the recognition of a
distribution of relaxation times in terms of two parameterand r,,. We find that the parameter connected
with the distribution function, increases with increasing concentration and decreasing temperature. Further-
more, « also decreases in presence of a dc bias field. In addition, the bias field reduces the dielectric loss and
hardens the relaxation frequency. The distribution of relaxation times and its temperature evolution are ex-
plained in terms the random static electric fields due to frozen Li-dipole pairs.

[. INTRODUCTION a measurement of a 0.8% KLT sample. Also this relaxation
does not couple to longitudinal sound waves in ultrasonic
Mixed ferroelectrics have been the focus of much fundaimeasurements. Based on these observations viz. concentra-
mental and applied research for several years. Interest in thon dependence and absence of coupling to longitudinal
study of these materials arises from the fact that the physicaitress, Doussineaet al* proposed that this relaxation most
properties of the host crystal can be modified considerabljikely involves a pair of coupled dipolg®r a double dipolg
by the collective effects induced by atomic substitution.reorienting along the same axis and have called it #he
These modifications include impurity-induced fluctuations,relaxation with a barrier heighd .=2400 K. If it were due
metastable polarization, phase transition leading to an orto the = reorientation of single dipoles, one would expect a
dered or dipolar glassy state etc, KLi,TaO; (KLT) is such  lower activation energy than for the/2 relaxation since the
a system derived from the incipient ferroelectric KEaO r relaxation is not accompanied by the reorientation of the
which is cubic at all temperatures. A large class of thesestrain ellipsoid as we just mentioned and, in addition, this
mixed compounds and their properties has been reviewed hyode should be present at all'Ltoncentrations.
Hochli et al! and Vugmeister and Glinchi#The origin of The purpose of the present study is to analyze the dielec-
the anomalous behavior in this and similar systems lies in théric dispersion and absorption spectrum associated with the
fact that the substituted atonfki) occupy off-center sitds 7 relaxation for different Li concentrations over a broad
and exhibit relaxational motion between equivalent sites withtemperature range. In particular, we show that the Cole-Cole
a characteristic time that depends on temperdtéiighe Li*  empirical forn?~1° of the dielectric response function satis-
relaxation in KLT has been investigated by several groupsactorily fits the data. We then discuss the concentration and
using dielectric spectroscofy® There is no dispute at temperature dependence of the Cole-Cole parameter
present about the existence of two distinct relaxationalvhich accounts for a distribution of relaxation tinfesThe
modes in this system. The high frequency mode involves theemperature dependence of this parameter is shown to arise
reorientation of LT between equivalent sites on orthogonal from random static fields due to frozen or slowly relaxing
axes (barrier height U_,»=1200 K), is termed aw/2  dipolar units. Then, we discuss the results of measurements
relaxation? This relaxation, observed in KLT for all [i  with a dc bias field and show that increased dipolar ordering
concentrations, has been shéWio couple to external stress leads to narrower distribution of relaxation times. We con-
and is connected with the relaxor behavior of KLBy con-  clude that the distribution of relaxation times because of the
trast the low frequency mode termed relaxation is only asymmetry of the potential double well which is characteris-
present for higher concentrations. Its strength decreases #e of disordered ferroelectrics.
the concentration of Li substitution decreases and on ex- The outline of the paper is as follows. We present the
trapolation, disappears below the critical’Lconcentration —experimental data for different KLT crystals studied with the
(x=2.2%). In fact, this relaxation was not observed at all infits of the Cole-Cole model and the results of measurements
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18 900 TABLE I. Pre-exponential factor, and the activation enerdy
(@) KLT 3.5% [ ) KLT 16% for different samples obtained from the fit of Arrhenius law to the
140 K 700 L 140K temperature dependence of the dielectric absorption peak.

[ Conc. 79 (S) U(K)
500 |-

3.5% 6.8% 10 1° 2400
5% 5.32x10°1° 2405
10% 8.26<10° 15 2388
16% 1.81x10°1° 2633
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3 2.5% Debye model.

5% The frequencyw, at which the absorption reaches its peak

3 value, provides an estimate of the average relaxation time

e — J zwgl, which is one of the most important parameters of

M E any relaxation process. The temperature dependence of this
relaxation time thus determined from the absorption peak is

s E presented in Fig.(t) for all four different samples. Note that
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FIG. 1. Dielectric absorption spectrum at 140(épen circles  and a fit of the above form yields a straight line, which is
along with the Debye expression for absorptisalid line) for com- also shown in Fig. (c) as a solid line along with the data.
parison. Note that as the concentration increases (ept 3.5% t0  The fitting parameters obtainegy and U are presented in
(b) at 16% the width becomes larger. Also the maximum absorptionrgple |. We notice that the attempt tinzg and the activation
increases(c) Relaxation timgmarkers in In scale against inverse energyU are almost the same for the three lower concentra-
temperature for all the samples. The solid line is the Arrhenius fit totions and are consistent with values reported in the
the data. literature>*~% A deviation of about 10%, observed in the

16% sample may be due to a temperature gradient that may
with a dc bias field. This is followed by a discussion of the have existed across the sample because of its large size.
results and, finally, the conclusion. We note from Figs. @) and Xb) that, although the ab-
sorption profile for both these sampl@nd also for the other
two) deviates from a Debye response, it nevertheless is
largely symmetric. In view of this, the Cole-Cole modified

In the present work, we examined four different KLT dielectric dispersioh’
samples with 3.5%, 5%, 10%, and 16% nominal concentra-
tions, respectively. All crystals were in tli@00) orientation
and typically (5x5x 1) mnt except the 16% sample which
was a cube 5 mm on the side. The measurements were car-
ried out upon cooling the samples with the ac signal no morevas chosen to fit the data. Heeg is the static permittivity,
than 250 mV. €., is the optical permittivity - the relaxation time, ana the

In Figs. 1@ and 1b) we show the imaginary part of the frequency of measurement. Implicit in the above modifica-
dielectric constan&” (open circleg at 140 K for the 3.5% tions is the idea of a distribution of relaxation
and 16% KLT. The frequency axis has been kept the saméme$1%2controlled by the parameter—in contrast to the
for better comparison. We have also plotted a Debye absorsingle relaxation time ¢=0) assumed in a pure Debye
tion spectrum(continuous curvesto compare and contrast model. The best fit¢solid lineg along with the datdopen
with the experimental data. The first point to note is that thecircleg at 140 K are shown in Fig.(2) for the 3.5% and in
absorption profile for both concentrations depart from theFig. 2(b) for the 16% sample. We notice that, except at the
Debye form and more so for higher concentrations. Coniow and high frequency ends of the spectrum, the Cole-Cole
versely, this suggests that the relaxation may approach thferm fits the data reasonably well. The associated fitting pa-
Debye limit at very low concentrations. Second, the absorprametersy and the mean relaxation time, for each sample
tion strengther,,, increases from approximately 17 for the are also provided in the plots. Similar fits were made at all
3.5% sample to about 850 for the 16% sample. In contrastpwer temperatures, and the one at 110 K for the 3.5%
the full width at half maximum does not show as significantsample is shown in Fig.(2) along with the data. The Cole-

a trend with concentration, only increasing from 1.38 de-Cole parametet obtained from the fits is presented in Fig.

II. EXPERIMENTAL RESULTS
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. - ) . o FIG. 3. (a) Dielectric absorption for the KLT 10% samples with
_ FIG. 2. Fit of Cole-Cole modified dielectric absorptiésolid jjtterent bias fields at 120 K. The spikes noticed are resonances due
line) to the date(.open circles at 140 K for (@) KLT 3.5% and(b) to polarization-strain couplingb) Note that the effect of the field
KLT 16%. (c) Fit at a lower temp_erature of 110 K for the KLT becomes progressively stronger at lower temperdfi68 K) with a
3.5%. (d) The temperature evolutlo_n of the Cole-Cole empirical suppression of the low frequency end followed by a shift of the
paramete_ra for all the c_oncentratlons. For the 3.5% and 5% peak to higher frequency. The solid line is the Cole-Cole fit to the
samples it stays nearly independent of temperature but for th@,e, () The field strength dependence of the Cole-Cole parameter
higher concentration samples it increases. a at 110 and 105 K. Notice the decreaseaoivith field strength.

2(d) for all concentrations as a function of temperature. TheC le id i | ith the d ircles f
two main observations concernirgare (i) that it increases d'?fe It (?'olld ine) aﬁng V\gt the hata((r)]pen cire e$emor
with concentration andii) that it is more flat at higher tem- ifferent field strengths and note that the parametene-

perature but curves upward with decreasing temperature, a eases with Increasing field strength. The overfill depen-

the more so at higher concentrations. dence ofa on the field strength at 110 and 105 K is plotted
In an effort to examine the effects of a dc bias field on theln Fig- ©).

relaxation, measurements were conducted with different bias

voltages on the KLT 10% sample. upon cooling. The 10% Il DISCUSSION

sample was specifically chosen with the thought that, at an

intermediate concentration, the effects of the external field The essential features of the results presented in the last

would be more perceptible than at a lower concentratiorsection are thati) the dielectric dispersion and absorption

while still remaining simple. In Figs. (8 and 3b) we are largely symmetric aboui~=1 but deviate increasingly

present the absorption spectrethat 120 and 105 K, respec- from a Debye form with increasing concentratidin) = fol-

tively, for different bias field strengths. We notice that, atlows an Arrhenius law and the macroscopic or average acti-

temperatures above 120 K, a field of 2000 V/cthe largest vation energyU for relaxation and the associated attempt

the impedance analyzer could tolepateas minimal effect time 7y obtained from it are almost concentration indepen-

both on the shape and strength of the absorption. The spiketent; (iii ) the Cole-Cole modification of the Debye dielectric

in Fig. 3@ are presumably due to polarization-strain response function describes the absorption spectrum reason-

coupling**? (a resonant response in the dielectric spectrunably well over a broad temperature range) the parameter

is noticed when one of the mechanical modes of vibration ofx increases with concentration, and also with decreasing

the specimen matches the excitation frequenttyis clear temperatures; and, finalljy) a dc bias field has the effect of

that, as the temperature is decreased, the absorption beconiesdening the relaxation frequency while suppressing the ab-

progressively more sensitive to the fi¢lmpen circles in Fig.  sorption.

3(b)]. In addition to an overall reduction, the absorption peak A spectral width broader than the Debye value of 1.14

shifts to higher frequency with increasing field strengghe  decade as noticed in Fig. 1 is often attribifténl a distribu-

Fig. 3b)]. In Fig. 3b) at 105 K we also present the Cole- tion of relaxation times around a mean or most probable
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value. Such an attempt to fit the dielectric absorption data oWve recall from Arrhenius law, the relaxation time depends on
KLT with a Gaussian distribution of relaxation times hasthe intrinsic parameters and 7. This should entail a dis-
been made by Christeet al> However their report does not tribution of U or 7, or both and hence, a temperature depen-
contain any temperature evolution of the distribution func-dentU and/orr,. Yet we note from Fig. (c) that the relax-
tion and any possible explanation of its origin. The maination time obeys an Arrhenius law and yields temperature-
cause of this distribution that would be specific of disorderedndependentU and 7, that are also nearly concentration
ferroelectric§® is the local fields which should be concentra- independentsee Table)l The temperature independence of
tion and temperature dependent. Each impurity dipole clusted and 7, follows from the absence of any noticeable curva-
experiences a slightly different local field and relaxes with itsture in the Arrhenius plot! Thus, there seems to be a con-
own intrinsic time. In this respect a distribution of relaxation flict between the implications of the Cole-Cole modification
times is a manifestation of the distribution of local fields or of the Debye dielectric response and the Arrhenius depen-
dipole-dipole interaction strengths. Another point to note isdence of the relaxation time. In order to resolve the conflict
that each coupled dipole pair can experience a field due twe propose the following model. In the presence of local
other coupled pairs and also due to unpaired or individuafields, it is more appropriate to replace the symmetric double
dipoles. But since the relaxation frequency of unpaired diwell potential by an asymmetric double well potential. The
poles is much higherl . ,=1200), their contribution will, equilibrium positions are no longer degenerate; one site be-
on the average, be negligibly small. Thus the local fields atoming more stable than the other. Since there is no specific
Li* sites will largely come from dipole-pair clusters that are preference as to which well becomes deeper or which one
quasistatic or slowly reorienting. Evidently this contribution becomes shallower, the structure of a symmetric double well
will increase with concentratiofbecause of a smaller mean on the average is preserved with an activation energy that is
separation between Licenters and also with decreasing independent of temperature. Thus the average activation en-
temperature as more and more pairs become frozen. As wargy and attempt time, as obtained from the Arrhenius fit,
discuss below, the larger absorption width in Fig)¥or the  should not reveal any temperature dependence while the
higher concentration samples originates from these randowhape of the relaxation peak would.
local fields. In view of the assertion made earlier that the random local
In order to obtain further details of this distribution func- fields are an essential source for a distribution of relaxation
tion, we turn to the Cole-Cole fit of the data presented intimes, it may then be argued that ordered—in contrast to
Figs. 2a)—2(c). The most important features in this figure random—Iocal fields can produce a discernible change in the
[Fig. 2(d)] are thate increases with concentrationand also  distribution of relaxation times. In an attempt to verify this
with decreasing temperature and more so for higher concemrediction, measurements with a dc bias field were con-
trations. The increase af with concentration implies that ducted on the KLT 10% sample and the results are shown in
the distribution of relaxation times progressively broadens a&igs. 3a) and 3b). We note from Fig. &) that, with a field
the concentration increases. This is expected since, at highstrength of 2 kV/cm, the relaxation time is approximately
concentrations, there will be a higher density of dipole clus0.33x10"4s while the same without any field is approxi-
ters. The other feature to note in FigdRis the near inde- mately 0.63< 10 *s. This shows that, as the degree of or-
pendence ofa on temperature for lower concentration dering increases, the relaxation time becomes shorter. In or-
samples. This is an indication that, above 100 K, the distri-der to determine whether or not the field has any influence on
bution of local fields in these samples is nearly independenthe parametery, the Cole-Cole expression for absorption
of temperature. It is likely that the coupled pairs of dipoleswas used to fit the data at 110 and 105 K. From Fib) 8/e
are sufficiently far apart at low concentrations not to influ-note that the fit(solid line) is reasonably good and that, as
ence each other. The remaining temperature-deperdént shown in Fig. 8c), o decreases with increasing field
most likely due to some larger more complex dipole clustersstrength. Since the limiw—0 corresponds to the Debye
presumably consisting of more than two dipoles, that aremodel, it would mean that the external field has the effect of
already frozen. These frozen clusters with a larger dipolenarrowing the distribution of relaxation times. The external
moment provide a background of stationary random locafield aligns an increasing fraction of the dipoles with de-
fields. That the population of such large frozen moments igreasing temperature which results in a smaller variance of
small follows from the narrow width of the distribution func- the local fields. This confirms the assertion made earlier that
tion. In contrast, for the higher concentration sampless  the random local fields play an essential role in causing the
first of all larger implying a broader distribution function as distribution of relaxation times.
already mentioned and second increases with decreasing  We may remark here about the possible influence that
temperature. Such an increaseaoivith decreasing tempera- these coupled dipole pairs may have on the phase transition
ture must be due to the changing dynamics of dipole clustersharacteristics of KLT. It was pointed out by Vugmeister and
(slowing down with decreasing temperaturat higher con-  Glinchulé that the static random fields due to individual Li
centrations, a slowing down of the dynamics is more likelydipolar units are not sufficient to explain a critical concen-
since the dipoles will, on the average, be more closelyration of 2.2% and that additional random fields must there-
spaced. As the temperature is decreased, the fraction of diere be present. Doussineatial* and Wickenhéer et al!®
pole pairs that are freezing will increase leading to aproposed, and our present results suggest, the same explana-
temperature-dependent local field distribution. tion, namely that that additional static random fields arise
The foregoing analysis establishes the existence of a difrom coupled Li -dipole pairs that begin freezing well above
tribution of relaxation times that depends on temperaturehe phase transition.
particularly strongly at higher concentrations. However as We point out here that the various modifications to the



12 824 R. K. PATTNAIK, J. TOULOUSE, AND BOLLA GEORGE PRB 62

single relaxation time Debye dielectric response are based ders. The presence of frozen random field implies that the
the analysis of a large volume of data rather than on anylouble potentials, within which dipole pairs reorient, are
fundamental scientific reasoning. In this respect, there is nasymmetric. It is then also possible to resolve the apparent
justification, a priori, to recognize a Cole-Cole distribution contradiction between temperature-independent average acti-
of relaxation times in KLT for the analysis of the data. Any vation energy and attempt time. This is done by noting that
other symmetric distribution, such as Fuoss-Kirkwood 0fin a random distribution, there will be an equal number of
Gaussian form could well have been chosen with the SamBositive and negative asymmetry. Finally we have shown
success. However, independent of the specific choice of th@at as expected from our model, a dc bias field reduces the
distribution, the conclusions—distribution of relaxation degree of randomness and consequently also reduces the
times, concentration-independent mean values, temperaturgigth of the distribution. Such a distribution of asymmetric
dependent local random fields, etc.—will nonetheless be thgoyple well potential may be a general characteristic of polar

same. o compounds with off-center ions.
In summary we have shown that therelaxation in KLT,

for nominal Li* concentrations from 3.5% to 16%, is well
described by a Cole-Cole modification of the Debye relax-
ation function over a broad temperature range. Based on the
temperature dependence of the Cole-Cole parametave We gratefully acknowledge L. A. Boatner for providing
conclude that, the distribution efis due to a corresponding the KLT and KTN single crystals. This work was partly sup-
distribution of fields from frozen dipole pairs or larger clus- ported by NSF Grant No. DMR. 9624436.
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