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Dielectric relaxation and resonance in relaxor ferroelectric K12xLi xTaO3
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Polar regions are shown to mediate a strong coupling between polarization and strain in the paraelectric
phase of the mixed ferroelectric K12xLi xTaO3 ~KLT ! and KTa12xNbxO3 resulting in a field-induced piezo-
electric response. The coupling is shown to result in a resonance in the dielectric spectrum of the crystals. In
KLT, polar nanoregions can reorient via 180°~p relaxation! or 90° ~p/2 relaxation! rotations. While thep
relaxation is of no consequence, thep/2 relaxation has a strong influence on the overall character of the
resonance. In addition to providing a mechanism for loss and degradation of the quality factor, this relaxation
alters the character of the resonance as the two cross. Experimental results from dielectric spectroscopy above
and below this crossover are presented and discussed. A simple theoretical Debye model involving the elec-
trostrictive polarization-strain coupling is presented and the calculated spectrum is shown to reproduce the
experimental spectrum. The parameters derived from the model are discussed. Most significantly, the electro-
strictive coefficient of KLT is found to be 100 times larger than that of BaTiO3, and is due to the presence of
polar nanoregions.@S0163-1829~99!13833-5#
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INTRODUCTION

Mixed ferroelectrics have been the focus of much fun
mental and applied research for several years. Interest in
study of these materials arises from the fact that the phys
properties of the crystal can be modified considerably by
collective effects induced by the impurity. These modific
tions include impurity-induced fluctuations, metastable p
larization, phase transition leading to an ordered or dipo
glassy state, etc. K12xLi xTaO3 ~KLT ! and KTa12xNbxO3
~KTN! are two such systems, both derived from the sa
incipient ferroelectric KTaO3 which is cubic at all tempera
tures. Höchli1 and Vugmeister2 have reviewed the develop
ment of research in these materials up to the early nine
The origin of the anomalous behavior in these two syste
lies in the fact that the impurities~Nb or Li! occupy off-
center sites3 and exhibit relaxational motion between equiv
lent sites with a characteristic time that is temperat
dependent.1,2 In addition, this off-center occupancy of th
impurity has the consequence of polarizing an exten
region of host cells surrounding it. From Rama
measurements4,5 on KLT it has been shown that even 100
aboveTc interacting~isolated! lithium impurity centers~or
clusters! form regions known as polar regions. These reo
enting polar regions are responsible for modifying the sta
and dynamic properties of the undoped host crystal. For
stance, first order Raman coupling, which is forbidden in
paraelectric phase by symmetry arguments, becomes a
both in KTN and KLT, clearly revealing a lowering of th
local symmetry.4–6 Anomalous ferroelectric behavior ha
also been reported: the dielectric response has been fo7

to exhibit relaxor behavior and to depart from the Cur
Weiss law. In the polarization hysteresis measurements8 a
frequency-dependent remnant polarization has been obse
at temperatures well above the actual ferroelectric transit

An essential characteristic~of great interest for applica
tions! common to all ferroelectrics is the polarization-stra
coupling9,10 which results in a strain that is linearly depe
PRB 600163-1829/99/60~10!/7091~8!/$15.00
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dent on polarization through the piezoelectric effect. T
work we present in this paper concerns this polarizati
strain coupling in KLT. This coupling, as is well known,9,10

manifests itself as a resonance in the dielectric spectrum
frequency which is determined by the mechanical modes
vibration of the sample. Such a coupling in the paraelec
phase of a centro-symmetric KTN and KLT is ruled out
symmetry arguments. However, the cubic symmetry is ea
broken by application of a dc electric field leading to
polarization-strain coupling through a second order pie
electric or electrostrictive interaction. A study of this co
pling in KTN has been reported11 and this report also pro
vides important evidence for the existence of the po
regions in KTN. In KLT, this electrostrictive effect is of eve
greater interest for the following reasons. First, KLT is
relaxor exhibiting strong dielectric dispersion~unlike KTN!
over a broad frequency range. More importantly, and unl
KTN in which no dielectric relaxation is observed in th
MHz range, two relaxational modes have been reported1 in
KLT. The relaxation frequency or the relaxation time of bo
modes can be approximated by an Arrhenius law1

n5n0e2U/T or t5t0eU/T. ~1!

Here n0 is the attempt frequency,U the ~temperature inde-
pendent! energy barrier~separating the equivalent sites! in
units of the Boltzmann constant, andT the temperature. The
purpose of this work is to study the effects of the lithiu
relaxation on the polarization-strain coupling. However, b
fore we proceed further, it is important to know the lithiu
relaxation modes12–15 in KLT, and the possibility, if any, of
a coupling of these modes with an electrostrictively-induc
stress.

On the basis of ultrasonic measurements of KLT, Dou
ineauet al.14,15 established that one of the modes, known
p relaxation, involves a reorientation of lithium ions betwe
sites situated along the same axis. The other mode, ident
by the same group as ap/2 relaxation, involves reorientation
7091 ©1999 The American Physical Society
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7092 PRB 60R. K. PATTNAIK AND J. TOULOUSE
of lithium ions between sites situated on orthogonal ax
The p reorientation is not accompanied by a change in
local strain field and therefore can not couple to an exte
~normal! stress16 while the p/2 mode, which changes th
symmetry of the strain upon reorientation, can respond.
cause the relaxation frequency is strongly temperatu
dependent@see Eq.~1!# the lithium relaxation frequency an
the resonant frequency of the fundamental mechanical m
of vibration can become equal to each other. Thus, K
provides a unique opportunity to study the interaction
tween a relaxation and a resonance, or between local ato
reorientations and acoustic modes.

The paper is organized as follows. We first presen
model~for a Debye system! in which we calculate the com
plex dielectric constant, including an electrostricti
polarization-strain coupling, in centrosymmetric crysta
This is followed by a report on the experimental dielect
resonance measurements in KLT and a discussion of the
sults.

ELECTROSTRICTIVE POLARIZATION-STRAIN
COUPLING

In the high temperature paraelectric phase KLT is mac
scopically centrosymmetric. As is well known, under su
conditions the crystal cannot possess any macroscopic p
ization and hence cannot exhibit a piezoelectric respo
However, the center of symmetry can easily be broken by
application of a dc bias field. Because of the preferen
alignment of the ions, a macroscopic polarizationP0 is then
induced which can electrostrictively couple to the mecha
cal strain. If a small alternating electric field is superpos
onto the dc bias field, the induced macroscopic polariza
will oscillate aboutP0 with a frequency equal to the fre
quency of the small ac field. Such an experimental arran
ment is easily realized in our dielectric measurement se
The electrostrictive coupling then manifests itself as a re
nance in the dielectric response of the sample. In this sec
we review the effect of electrostrictive polarization-stra
coupling on the capacitance of the sample. First, we cons
the ideal case where the effects of relaxation and damp
are ignored. A more detailed account of this discussion
be found in the monograph by Mason17 and others.18 Next,
we extend Mason’s work17 to include relaxation and damp
ing.

Case I: In the absence of relaxation and damping

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 approximation17 to set the stress alon
these directions equal to zero throughout the crystal. W
these assumptions, a time- and space-dependent stres
strain will exist only along the length. The strain can
written as

S1~x,t !5s11
E T1~x,t !1M13E3

2. ~2!
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The first term on the right corresponds to Hooke’s law a
the second to the electrostrictive effect. HereS1 is the strain,
T1 is the stress,s11

E the elastic compliance at constant elect
field, M13(5M1133) is the relevant electrostrictive coeffi
cient, andE3 is the total electric field along thez direction
that consists of the dc bias fieldE0 , superposed onto a sma
signal ac fieldE3(t). This quadratic term can be linearized17

to

E3
25„E01E3~ t !…2'E0

212E0E3~ t !

and the variable strain then becomes

S1~x,t !5s11
E T1~x,t !1g13E3~ t !, ~3!

where g1352M13E0 . Using the above expression for th
strain that is electrostrictively coupled to the external fiel
Mason17,18has shown that the capacitance of the sample w
boundaries that are free from mechanical stress is given

C~v,E0!5
wl

d F e33
T 2

g13
2

s11
E G1

g13
2

s11
E

tanu

u
, u5

v l

2V
. ~4!

Heree33
T is the constant stress dielectric permeability in t

absence of any polarization-strain coupling and the so
speedV is defined as

V25
1

rs11
E .

From Eq. ~4! above for the capacitance, we note that t
condition for resonance is

u5
v l

2n
or n5

1

2l
A 1

rs11
E ,

where n is the frequency andr the density. In a thin bar
sample, the mode whose wavelength is twice the length
the specimen is the fundamental mode of vibration. Thu
resonance occurs when the dielectric measurement frequ
equals the frequency of the resonant standing wave in
sample. From the first two terms in the above expression,
also note that the electrostrictive coupling has the added
fect of suppressing the free dielectric constant far away fr
the resonance.

Case II: In the presence of relaxation and damping

In the above calculation leading to Eq.~4! for the capaci-
tance, the effects of relaxation and damping were ignor
However from our measurements, we find that the relaxa
has a strong influence on the resonant response and is in
the focus of this paper. We therefore extended the calc
tions of the preceding section to include damping and rel
ation. To the best of our knowledge such a calculation
not been reported elsewhere. Therefore, we present the
culation in some detail.

As discussed earlier@Eq. ~1!#, the lithium ion undergoes
thermally-activated motion between equivalent sites with
relaxation timet that depends on temperature. Following th
reorientation the displaced host ions that surround the im
rity will also relax to new equilibrium positions. Thus, th
lithium reorientation generates a stress that modifies the
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PRB 60 7093DIELECTRIC RELAXATION AND RESONANCE IN . . .
isting stress distribution around the impurity sites and p
vides an anelastic mechanism for damping. To incorpo
the loss, a strain rate-dependent stress is now introduced
Eq. ~2!

1

s11
E S1~x,t !1h~v,t!

]S1~x,t !

]t
5T1~x,t !1

g13

s11
E E3~ t !

leading to the following wave equation:

r
]2u~x,t !

]t2 5
1

s11
E

]2u~x,t !

]x2 1h~v,t!
]

]t

]2u~x,t !

]x2 . ~5!

The coefficienth has dimensions of viscosity. Such a vi
cous damping of acoustic waves has been discussed by
eral authors.19 In the particular case of KLT, the loss mech
nism is the reorientation of the lithium impurities and
strength will depend on the relaxation time as well as on
frequency of the applied field. For simplicity, we assume
Debye form forh:

h~v,t!5h0~T!
vt

11v2t2 , ~6!

whereh0(T) is a temperature dependent viscosity.
Choosing the origin at the center of the bar sample,

wave Eq.~5! can be solved with stress-free boundary con
tions T(6 l /2)50, leading to the following expression fo
the stress:

T1~x,t !5F g13

s11
E

coskcx

cos
kcl

2

2
g13

s11
T GE~ t !, ~7!

where the complex wave vectorkc is given by19

kc5k2 ia5
v

V
2 i

hv2

2V3r
.

HereV is the sound velocity in the material whose density
r, anda is the acoustic attenuation coefficient.

Before we couple the above stress to the electric displa
ment vector, let us recall that, in the presence of a relaxat
the equation relating the electric displacement and the
plied electric field is written as20

dD

dt
1

1

t
D5

es

t
E~ t !,

wheret again is the mean residence time between reorie
tions of the lithium off-center ions. Because of th
polarization-strain coupling, we must also include the el
trostrictive coupling into the above equation:

dD

dt
1

1

t
D5

1

t
@esE~ t !1g13T1~x,t !#. ~8!

As mentioned in the beginning of this section to the bes
our knowledge we do not know of any previous investigat
of dielectric relaxation including a coupling term as given
Eq. ~8!, ~earlier reports including Mason17 and others18 as-
sumet50!. Here es5e(v50) is the static dielectric per
mittivity of the material.
-
te
to

ev-

e
a

e
-

e-
n,
p-

a-

-

f

Inserting Eq.~7! for the stress in Eq.~8!, and following
Daniel20 and Mason,17 the real and imaginary permittivity
can be obtained:

e8~v!5
es1e`v2t2

v2t211
2

1

s11
E

4E0
2M13

2

v2t211
@12Yr2vtYi #,

~9!

e9~v!5
~es2e`!vt

v2t211
2

1

s11
E

4E0
2M13

2

v2t211
@vt2vtYr1Yi #.

~10!

Here the functionsYr and Yi are proportional to the me
chanical strain, and are given by

Yr5
u sinu cosu1b sinhb coshb

~u21b2!~cos2 u1sinh2 b!
, ~11!

Yi5
u sinhb coshb2b sinu cosu

~u21b2!~cos2 u1sinh2 b!
, ~12!

where

u5
v l

2V
, b5

hv2l

4V2r
.

Equations~9! and ~10! are the desired expressions for th
dielectric function in the presence of the polarization-str
coupling for a dipolar system undergoing a Debye-like rela
ation. It can be verified thate8(2v)5e8(v) and e9(2v)
52e9(v), as required by Kramers-Kronig relation.

The validity of the above model is limited to the rang
vt<1 in which the reorientation-induced stress relaxes fu
~the lithium can follow the stress wave!. At low tempera-
tures, when the relaxation time is long, i.e.,vt@1, the
reorientation-induced stress no longer relaxes. This inv
dates the applicability of Eq.~8! and thus the model break
down below the crossover temperature wherevt@1.

In physical terms,g13Yr andg13Yi are the real and imagi
nary amplitude of the average strain, i.e., the strain integra
over the length of the bar and then divided by the length.
can be seen from Eqs.~11! and ~12! these two terms repre
sent the strain contribution near the mechanical resonanc
the dielectric response. The overall shape of these two
culated curves depend on the productv rest. We plot them in
Figs. 1~a! and 1~b! for different relaxation times. The param
eters used are given in Table I. We notice in particular th
when v rest!1, the real part resembles the response o
harmonic oscillator and has a narrow full width at half ma
mum ~FWHM!. But as v res→t21, the shape evolves into
that of a relaxation and the imaginary partYi becomes sig-
nificantly broader suggesting that the strain does not
enough time to relax to its normal value.

Before we conclude this section we remark that the mo
discussed here has been developed for the case of a D
relaxation. However in most systems, including the dis
dered ferroelectrics studied in the present work the relaxa
is more complex than a simple Debye. Nevertheless, the
sults of the model are useful for a qualitative comparis
with the experimental results as we now show.
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EXPERIMENTAL RESULTS

KTN and KLT crystals with different impurity concentra
tions were studied in the present work. However, most of
discussion presented here will focus on KLT 3.5% (Tc
546 K) since this sample was studied in somewhat m
detail. The samples were typically 1 mm thick, 2 mm wid
and 5 mm long, all single crystals with@100# orientation. The
main surfaces were fully aluminum coated. The dc bias fi
was 300 V/cm or less and all measurements were done u
cooling the sample with the superposed ac excitation volt
no higher than 250 mV rms.

In Fig. 2 we present the real and imaginary parts of
dielectric spectrum showing the resonance in two differ
crystals, KLT-3.5% and KTN-30%, measured respectively
Tc140 K andTc120 K. It is interesting to note the contra

FIG. 1. Calculated strain@using Eqs.~11! and ~12!# involving
the polarization-strain coupling. The various parameters used
given in Table I and the associated lithium ion relaxation times
the plot. ~a! Real part.~b! Imaginary part. Note that in the limi
v rest!1 the anelastic strain relaxes producing a resonant resp
~84 K!. But asv rest→1 the resonant response changes into a
laxation ~70 K!.

TABLE I. Calculated parameters@Eqs.~9! and~10!# at different
temperatures for the electrostrictive coefficient, static and high
quency dielectric constants, the viscosity, and the acoustic atte
tion coefficient.

Temp.~K! M13 ~m2/V2! e` es h0 ~Poise! a ~m21!

84 1.4310217 150 2070 1.23103 0.3
76 3.2310217 850 2640 1.753103 1.65
72 4310217 1290 3100 1.83103 2.65
70 5310217 1535 3500 2.53103 4
e

e
,

d
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e

e
t
t

between them. Even though the KTN crystal was dop
about 10 times more and the temperature was two tim
closer toTc , the overall shape of the resonance~both real
and imaginary parts! reveals little damping~the absorption
FWHM,1 kHz!. By contrast, the shape of the resonance
the more dilute KLT, even twice as far fromTc , already
reveals a large damping or internal friction with the abso
tion peak about four times as great and a FWHM;2 kHz.
This shows that the lithium relaxation, because of its sl
dynamics, has a much stronger influence on the mechan
resonance of KLT. In KTN, the Nb dynamics is much fas
than the time period of the strain response, so as to have
or no influence at all.

The experimental results can be broadly divided into th
temperature ranges:~1! T.85 K; ~2! 70 K,T,85 K; and
~3! T,70 K. We present the results successively in the th
regions.

~1! Although all measurements were started from 160
no significant changes are noticed in the shape of the r
nance until about 85 K. The resonance is seen to occur
frequencyn5V/2l , and also to shift to higher frequencies
the temperature is decreased. This trend ceases near 1
where the resonance begins to shift to lower frequencies

~2! In this intermediate temperature region, the relaxati
initially at a higher frequency, crosses the resonance to
at lower frequencies. This crossover is presented in Fig. 3~a!.
We see that, at 72 K, the relaxation peak is near 1 M
while the resonance is near 700 kHz. This crossover occ
around 70 K and, at 68 K, the relaxation is seen below
resonance. The evolution of the dielectric resonance in
temperature region is shown in Figs. 3~b!–3~e! starting at 84
K. In this figure, the frequency range along the horizon

re
n

se
-

-
a-

FIG. 2. Typical dielectric resonance data from KLT~3.5%! and
KTN ~30%! crystals.~a! Real part.~b! Imaginary part. Note the
large absorption strength and broader linewidth of KLT even at
K aboveTc .
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PRB 60 7095DIELECTRIC RELAXATION AND RESONANCE IN . . .
axis has been fixed at 25 kHz for all plots to better show
evolution of the shape of the resonance line with tempe
ture. At 84 K ~about 40 K aboveTc ,! the dielectric absorp-
tion peak@Fig. 3~b! solid curve# is quite narrow~;1 kHz!
and small. The shape of the real~dashed curve! and imagi-
nary ~solid curve! parts resemble the response of an und
damped harmonic oscillator driven at resonance. It is a
evident, from the baseline slope of the resonant absorp
peak, that the dielectric relaxation peak is approaching
resonance from the high frequency side. We further no
that they both coincide near 70 K. This progression of
lithium relaxation crossing the resonance towards lower
quencies has two most noticeable effects:~i! an increase in
the linewidth of the absorption; starting from about 1 kHz
84 K, the half width increases to approximately 20 kHz at
K; and more importantly~ii ! a change in the character of th
resonance. These changes are more visible in the real pa
the dielectric constant than in the absorption part. Star
from a harmonic oscillatorlike response at 84 K@Fig. 3~b!#,
the shape of the resonance gradually transforms into the
laxationlike response@Figs. 3~c! and 3~d!# of an order-
disorder system. Also to be noted in Figs. 3~b!–3~e! is that
the line shape is asymmetric even starting from high te

FIG. 3. ~a! The crossing of the relaxation past the resonance
72 K the relaxation is at 1 MHz while the resonance is at 700 k
They cross each other near 70 K. Real~right axis! and imaginary
~left axis! dielectric constant of KLT 3.5% crystal at different tem
peratures near the crossover.~b! At 84 and 78 K it has a harmonic
oscillatorlike response with a narrow linewidth.~c! As the relax-
ation approaches the resonance the shape of the curve beg
change into a mixed response of a resonance and a relaxa
~d!, ~e! The resonant response completely changes into a relaxa
one asv rest→1.
e
-

r-
o
n
e
e
e
-

t
0

t of
g

e-

-

peratures. Finally, the absorption peak can be seen to
from 665 kHz at 84 K to 657 kHz at 70 K.

~3! Once the relaxation peak has fallen below the re
nance frequency, a new dynamic range begins in which
relaxation time is longer than the resonance time period.
most important effects noticed are~i! the resonance fre
quency that was earlier shifting to lower frequencies
creases again below the crossover, i.e., the acoustic m
participating in the resonance hardens, and~ii ! the resonance
becomes broader, loses strength, and is almost unobser
near 60 K. However, at still lower temperatures, when
relaxation peak is well below the resonance frequency,
resonance reappears with growing strength. In Fig. 4, a
quence of resonance lines in the 50 K range is presented.
fact that the relaxation peak lies well below the resona
frequency is also seen in the flatness of the ‘‘background’
the resonance peak.

It is also interesting to note a sharp split between 662 k
and 665 kHz that grows stronger as the temperature is
creased. This feature is reproducible and is therefore no
experimental artifact, but it is beyond the scope of t
present paper.

In order to compare the temperature evolution of the t
processes~relaxation and resonance!, we plot in Fig. 5 the
temperature dependence of the respective peak frequen
The relaxation frequency was determined from an ear

t
.

to
on.
on

FIG. 4. Imaginary part of the dielectric constant after the cro
over.~a!,~b! It is weaker in strength and almost intractable betwe
58 and 56 K.~c! Below 56 K the strength is even weaker but th
peak is better pronounced with a narrower width.~d!,~e! At even
lower temperatures the peak increases and a reproducible spl
pears at the maximum.
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7096 PRB 60R. K. PATTNAIK AND J. TOULOUSE
measurement without any dc bias field. The two curves
tersect each other near 70 K, which is the crossover temp
ture. An expanded view of this intersection is provided in t
inset. This shows that the resonance shifts to lower
quency as the temperature is decreased towards the cros
near 70 K whereupon it begins to increase again, thus i
cating hardening.

DISCUSSION

It is worth emphasizing that two dynamic processes
monitored here. The first one is the dielectric resonan
driven by the polarization-strain coupling, and the other
the lithiump/2 relaxation which is a thermally activated pr
cess. The two processes are shown in Fig. 3~a! to cross each
other near 70 K. Accordingly, three different dynamic r
gimes can be identified.~i! At high temperatures (T
.85 K), the lithium relaxation peak is at much higher fr
quency than the resonance (v rest!1). ~ii ! In the crossover
region between 85 and 70 K (v rest<1), the lithium relax-
ation peak, approaching from the high frequency si
crosses the resonance near 70 K.~iii ! In the low temperature
region ~below 70 K!, the relaxation peak is below the res
nance (v rest@1).

As shown earlier in the present experimental configu
tion, the polarization along thez direction of the crystal pro-
duces an electrostrictive~normal! stress and strain along th
length~x axis! of the specimen. In addition, the reorientatio
of the lithium impurity contributes an anelastic component

FIG. 5. Thep/2 lithium relaxation crosses over the resonan
near 70 K. Inset: Enlarged view. After the crossover, the re
nance hardens, i.e., it shifts to higher frequencies with decrea
temperature.
-
ra-
e
-
ver
i-

e
e,
s

,

-

the electrostrictive stress. In a small frequency range aro
the resonance frequency the stress becomes large and
lead to a stress-induced reorientation of the lithium impu
ties. At high temperature, because the relaxation frequenc
much higher than the resonance frequency, lithium can re
ent almost instantly in the presence of the resonance st
Consequently the viscosity parameterh, which was assumed
of the Debye form, has only a small frequency dispers
resulting in a sharp dielectric resonance, as observed at
temperatures.

From Eqs.~9! and ~10! we note that the contribution o
the strain to the dielectric response is contained in the te
Yr andYi . In the smallvt limit these functions resemble th
real and imaginary components of the resonant response
harmonic oscillator. The dielectric spectrum at 84 K, sho
in Fig. 3~b!, indeed illustrates such a response. The cal
lated imaginary dielectric constant at 84 K is shown in F
6~a! along with the experimental data. The parameters
provided in Table I and they are analyzed at the end of
section.

In the crossover temperature range, with the relaxat
time becoming longer, the anelastic component of the st
that is proportional todS/dt takes a progressively longe
time to fully relax, leading to damping over a broader fr
quency range. Because of this, the functionsYr andYi begin
to display a relaxational character. The data at 76 K in F
3~c! is evidence of this mixed response. The relaxatio
character grows stronger ast becomes even longer and ove
damping is evident from~the real part of! the data~dashed

-
ng

FIG. 6. Calculated@Eqs.~9! and~10!# real and imaginary dielec-
tric constant at different temperatures compared with experime
result. The parameters are given in Table I. Note that the asym
try and linewidth predicted by the model is in good agreement w
the data.
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lines! in Figs. 3~d! and 3~e!. The calculation shows that, ast
increases, the spectral width of the resonant strain under
noticeable broadening and not so significant an increas
amplitude. It is interesting to note in Figs. 3~b!–3~e! that the
height of the peak stays almost the same from 84 to 70 K
contrast to about a tenfold increase in the linewidth. Thus
may be said that it is not the magnitude of the anelastic st
but rather the associated relaxation time that plays the m
important role.

The overdamping observed in Figs. 3~d! and 3~e! is also
consistent with the large attenuation observed near
below the crossover temperature in the ultraso
measurements.13,14 The calculated and measured imagina
parts at different temperatures are shown in Figs. 6~a!–6~d!
and the parameters are given in Table I. At high tempe
tures, the model agrees with the measurements but begi
depart as the temperature is decreased. This is due to the
that the model was developed assuming a Debye-type re
ation, i.e., uncorrelated or isolated dipoles. In the case
KLT, which displays the relaxor behavior, this assumpti
becomes increasingly invalid when approaching the tra
tion.

Another point to note in Figs. 3~b!–3~e! is that the line
shape is asymmetric, and that this asymmetry is more
nounced in the imaginary parte9(v) than in the real part
e8(v). At excitation frequencies above the resonance
quency, the crystal is clamped, i.e., the stress and strain
out of phase by 180° (Yr undergoes a change of sign!. Con-
sequently, forv.v res, the lithium reorientation is prevente
leading to a rapid decrease in absorption.

The reappearance of the resonance~with narrowing
width! at lower temperatures is most likely due to the fa
that the relaxation frequency is then far below the resona
As shown in Fig. 5 at 54 K, the relaxation frequency is le
than 3 kHz while the resonance frequency is at about
kHz. As a result of this large difference, the lithium and t
accompanying distortion appear frozen and the anela
strain does not come into play. This in turn leads to redu
attenuation and a reappearance of the resonance.

In the model used, we note that the resonance freque
is unaffected by the lithium relaxation. But as shown in t
inset of Fig. 5, the resonant frequency~or the speed of sound
wave propagation! undergoes softening, goes through
minimum and then increases again below the crossove
qualitative explanation of this behavior can be provided
follows.

The lithium reorientation-mediated stress and strain c
tribute to the compressibility of the crystal over and abo
the elastic stress and strain. In the temperature range bet
100 and 70 K, as the relaxation time nears the period
vibration of the resonance, the anelastic stress has am
time to fully relax. Thus the reorientation of the polar regio
is accompanied by a local mechanical distortion. The size
these polar regions estimated from Raman scattering4 and
diffuse neutron scattering21 measurements, is approximate
35 Å ~eight unit cells! close toTc . The reorientation-induced
stress and the accompanying strain in this temperature r
has the effect of increasing the compressibility of the crys
~see Robrock16!, hence decreasing the bulk modulus~which
is inversely proportional to the compressibility!. Thus, in this
temperature range, the sound speed, which is inversely
es
in
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portional to the square root of the bulk modulus, exhibits
reduction. By contrast, below the crossover, the reorienta
becomes progressively more difficult with decreasing te
perature, which has the effect of increasing the stiffness
the crystal or decreasing its compressibility. The observa
of an increase in the resonant frequency below the cross
is consistent with this explanation. Such modification of t
compressibility by reorienting impurities in metals has be
discussed by Robrock.6 In the temperature region above 10
K, the compressibility is essentially unaffected by the rela
ation. Consequently as the temperature is decreased the
tal, being ionic, exhibits the normal behavior of increasi
stiffness due to anharmonic effects.

DISCUSSION OF THE PARAMETERS OBTAINED
FROM THE FIT

In Table I the electrostrictive coefficientM13 of KLT is
seen to increase with decreasing of temperature. At 70 K
about four times as large as it is at 84 K. This parameter
be compared with those of SrTiO3 and BaTiO3. As reported
by Rupprecht and Winter, at 243.3 K this parameter
SrTiO3 is (1.72360.002)310219m2/V2. According to Cas-
pari and Merz it is23.33310219m2/V2 for BaTiO3 at room
temperature. Our values in the temperature range 85 to 7
is seen to be about 100 times greater. This much larger v
of the electrostrictive coefficient in KLT is supported by th
simple experimental fact that Caspari and Mertz in th
work for BaTiO3 had to apply an electric field of 30 00
V/cm while a similar effect in KLT can be observed with
field of only 300 V/cm. This clearly proves that th
polarization-strain coupling is much stronger in KLT than
is in either BaTiO3 or SrTiO3.

The high frequency dielectric constante` is observed to
increase at lower temperatures. This is an anomalous be
ior sincee` is normally independent of temperature. Whi
this temperature independence may be true in the op
frequency (;1014Hz) range where the electrons only co
tribute with the ions providing a stationary background,
may not be true when the measurement frequency is far
low the phonon band. Our best explanation is that this is
to an increase in the local fields created by the defe
induced distortions which grow in size as the temperatur
decreased. These local fields can enhance the high frequ
ionic polarizablity and lead to a large temperature depend
e` . Recently Vugmeister22 has proposed thate` in relaxor
ferroelectrics can be as high as 1000.

The static dielectric constantes is also seen to increas
with decreasing temperature which indeed is expected fro
Curie-Weiss law.

The viscosity parameter,h0 is seen not to increase s
significantly between 84 to 70 K. At 70 K it is about twice a
large as at 84 K. This would suggest that the reorientati
induced stress does not increase as significantly as the c
over is approached, consistent with the fact that the abs
tion peak does not increase as much as its width@Figs. 3~b!–
3~e!#. In this relaxor it is the reorientation time or th
relaxation time that plays the most significant role in mo
fying the properties of the host. The mean viscosity para
eter h̄ @Eq. ~6! averaged over the frequency range of calc
lation# can be compared with quartz. As discussed by Ball
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~see Ref. 18!, for quartz,h/C is about 10214sec, whereC is
the elastic constant. In the present case, with our own u
sonic measurement ofC11 of KLT, h̄/C11 is of the order of
10210sec at 85 K. This may be consistent with the fact th
the quality factor of the KLT crystal is more than four orde
of magnitude smaller than the quality factor of quartz~which
is in the range of several million23!.

Finally, the attenuation coefficienta is seen to increase
significantly over the same temperature range. This follo
from the fact thata depends on the inverse cube of the spe
of sound (a;V23). The largest decrease of sound speed
observed between 84 and 70 K explaining such a large t
perature variation. We could not make a meaningful co
parison of this coefficient with the available ones as they
have been measured at much higher ultrasonic frequenc

CONCLUSIONS

In the present paper we have shown that, in mixed fe
electrics, precursor polar regions significantly enhance
piezoelectric properties by allowing a strong electrostrict
coupling between polarization and strain. The alignment
the polar regions~by a small dc bias field! provides sufficient
macroscopic polarization for the piezoelectric response
become effective. As compared to pure ferroelectric such
BaTiO3 and~incipient! SrTiO3 the coupling in KLT requires
field strengths that are two orders smaller. This we believ
et

er
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ll
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is

due to the enhancement of the coupling due to the prese
of the off-center lithium in polar regions. The anelastic stra
caused by the lithium reorientation has a limited effect
temperatures above and below a crossover region where
relaxation time and the period of the mechanical strain wa
are far away from to each other. By contrast, in the crosso
region, the interaction between the two dynamic proces
results in a variety of anomalous behaviors namely: tra
formation of mechanical resonance and dielectric resona
into a relaxation, increase of the bulk compressibility.
simple Debye model taking the electrostrictive coupling in
account has been presented and the results of the calcula
match the trends observed in the experiments. The fact
the lithium p/2 reorientation in KLT can couple to the me
chanical strain and, moreover, that the associated relaxa
frequency can cross the acoustic resonance frequency~before
the phase transition! may be the reason for relaxor behavi
in KLT. By contrast, in KTN the fact that Nb relaxatio
always stays well above the resonance~in fact, it is not ob-
servable at all in the low frequency range! may be the reason
for it not to display any pronounced relaxor behavior.
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