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Permanent dipole moment and first-order hyperpolarizability of Li-induced polarization clusters
in K 12xLi xTaO3 determined by hyper-Raman spectroscopy

H. Vogt
Max-Planck-Institut fu¨r Festkörperforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany

~Received 5 December 1997; revised manuscript received 3 April 1998!

Hyper-Raman spectra of six samples of K12xLi xTaO3 with Li concentrationsx between 0.008 and 0.087 are
measured in the wave number range below 120 cm21 at temperatures well above the transitions to glassy or
ferroelectric-type states. An internal reference method is demonstrated based on a comparison of hyper-
Rayleigh and hyper-Raman scattering intensities recorded under identical conditions. With the soft-mode
hyper-Raman line being taken as calibration standard, absolute values of the permanent dipole moment and the
first-order hyperpolarizability of the polarization clusters around the off-center Li ions are obtained. Although
only integrated intensities are involved, our procedure requires a detailed analysis of the spectral broadening of
the hyper-Rayleigh line, which exceeds 1 cm21 above 200 K. This analysis yields evidence that hyper-
Rayleigh scattering solely results from thermally activated hopping motions of the Li ions and that orienta-
tional correlations between the Li ions may be ignored in the high-temperature limit under study. At room

temperature our results arepPC* 518 D ~Debye units! 5̂3.7e Å ~electron charge times length measured in Å!

and b22251310230 g21/2 cm7/2 s ~cgs units! 5̂4310240 m4 V21 ~SI units!, wherepPC* and b222 are the
effective dipole moment of a polarization cluster and the dominant component of its hyperpolarizability tensor,
respectively. Both quantities increase with decreasing temperature and reflect the growth of the polarization
clusters due to the slowing down of the soft mode. A temperature-independent intrinsic or core dipole moment

pPC52.3 D5̂0.48e Å is deduced frompPC* and discussed with regard to the off-center displacement of the Li
ion. @S0163-1829~98!00839-X#
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I. INTRODUCTION

In recent years hyper-Rayleigh~HRL! or second-
harmonic light scattering has attracted much interest a
straightforward experimental technique for determining
optical second-order polarizability, also called first-order h
perpolarizability, of molecules.1–3 This quantity describes
the simplest nonlinear optical response and is defined
third-rank tensorb i jk relating the second-order termpW (2) of
the molecular dipole moment to the dyadic square of
local electric fieldEW loc generated by the incident laser radi
tion, i.e.,

pi
~2!5 (

j ,k51

3

b i jkEj
locEk

loc . ~1!

The internal reference method comparing the molecular
perpolarizabilities of solute and solvent within a solutio4

has turned out to be particularly useful. Here, the HRL
tensity scattered from the solution into a direction perp
dicular to the incident laser beam is measured as a func
of the solute concentration. Provided the individual m
ecules act like independent scatterers contributing inco
ently to the HRL intensity,1 a ratio of the form

s5
^bsolute

2 &

^bsolvent
2 &

~2!

can be deduced from the linear relationship between H
signal and number density of the dissolved molecules.
angular brackets in expression~2! denote averages over mo
PRB 580163-1829/98/58~15!/9916~10!/$15.00
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lecular orientations whilebsolute andbsolvent stand for linear
combinations of tensor elementsb i jk selected by the scatter
ing geometry and by the transformation between the mole
lar and the laboratory coordinate systems.5 In favorable
cases, however, bothbsoluteandbsolventare dominated by jus
one tensor element, so that the orientational averages
yield numerical prefactors and a ratio of hyperpolarizabilit
can directly be estimated from expression~2!.

Of course, the internal reference method requires the
lecular hyperpolarizability of at least one solvent to
known as a calibration standard. Therefore HRL scatter
from solutions has to be complemented by the more diffic
technique of electric-field-induced second-harmo
generation6 ~EFISHG! in a number of common solvents. I
EFISHG the dipolar molecules of the solvent under study
partly aligned by an external static electric field and Mak
fringes due to coherent second-harmonic generation~SHG!
are measured relative to those of crystals with known S
susceptibilities. Since the degree of alignment depends
the permanent dipole moment of the molecules, this quan
is involved in the SHG efficiency.7 Moreover, there is a con
tribution from the optical third-order polarizability~second-
order hyperpolarizability! describing SHG due to a ‘‘mix-
ing’’ of the external static electric field and the las
radiation. It is clear that the accuracy by which absolute v
ues of hyperpolarizabilities can be obtained from HRL sc
tering relies on the availability of all parameters relevant
EFISHG in the solvents used for calibration.

In this paper, a variety of the internal reference meth
just described is applied to the solid solution K12xLi xTaO3
~KLT ! in which K ions of the persistently cubic perovski
9916 © 1998 The American Physical Society
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KTaO3 are replaced by Li impurities. Since the ionic radii
Li1 and K1 differ by a factor of almost two, the Li ion
cannot fill the centrosymmetric lattice site of the K ion, but
displaced from the K site by about a quarter of the latt
constant along one of the six equivalent^100& directions.8

The off-center displacement is equivalent to the addition
an electric dipole with a moment of almost 5 D@Debye unit
510218 g1/2 cm5/2 s21 5̂(1/3)310229 C m). In response
to this rather strong disturbance there is a local lattice re
ation that we shall call polarization cluster for short, inclu
ing the Li dipole at its core.

At elevated temperatures the Li ions fluctuate betwe
their six equivalent off-center positions. The dynamics
these thermally activated hopping motions can be charac
ized by a distribution of relaxation frequencies the center
which follows an Arrhenius law of the form

f 0~T!5 f 0~`!expH 2
Eb

kBTJ , ~3!

whereEb denotes the height of the energy barrier to be ov
come in a 90° flip andf 0(`) is the attempt frequency.9–13

Nearly all studies of KLT have concentrated on the coope
tive behavior of the Li dipoles below 100 K, especially o
their condensation to a glassy or ferroelectric-type state.14–16

In this paper, however, attention is restricted to a tempera
range well above any phase transition, so that to some de
the Li-induced polarization clusters may be considered
orientationally uncorrelated like the dissolved molecules i
dilution.

The orientational fluctuations of the polarization cluste
give rise to HRL scattering. There are two slightly differe
ways to interpret this phenomenon:

~a! A local first-order hyperpolarizabilityb i jk is attributed
to each polarization cluster. Hence the integrated HRL int
sity is determined by some orientational average of
square of this quantity@see expression~2!#.

~b! The hopping motions of the Li ions are accompan
by fluctuations of the macroscopic polarizationPW (rW,t) as
well as the second-order susceptibilityx i jk

(2)(rW,t) around their
vanishing mean values. In the simplest approximation
second quantity is a linear functional of the first one, i.e.

x i jk
~2!~rW,t !5x i jk

~2!@PW ~rW,t !#5(
l 51

3 S ]x i jk
~2!

]Pl
D

PW 50

Pl~rW,t !. ~4!

Accordingly, the HRL intensity reflects the mean square
the polarization induced in KTaO3 by the Li impurities.

Since KTaO3 preserves its cubicOh symmetry down to
low temperatures, HRL scattering should be absent in
pure host crystal, so that in contrast to molecular solutions
internal reference seems to be missing. It has been sh
that in nominally pure samples of KTaO3 symmetry-
breaking defects, unavoidable at the present state of the a
crystal growing, lead to HRL scattering, which becom
clearly observable below 50 K when the surrounding po
ization clusters cover a sufficiently large number of u
cells.17,18This defect-induced HRL scattering, however, ca
not be used as an intensity standard for calibrating HRL s
tering from KLT because the nature of the defects is diffic
to identify and their concentrations can hardly be controll
e
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so that significant variations among KTaO3 samples grown
in different laboratories have been found.18–20

A more appropriate effect seems to be EFISHG
KTaO3. It is well characterized21 and can provide an interna
reference for determining the hyperpolarizability of the p
larization clusters in KLT by a study of EFISHG as a fun
tion of Li concentration. Here, the problem arises that
external electric field affects the alignment of the Li ions to
degree that remains rather unpredictable as long as the m
nitudes of the relevant parameters, especially the off-ce
displacement and dipole moment of the Li impurity, are s
a matter of debate.22

Therefore it is more promising to take the route via spo
taneous hyper-Raman~HRM! scattering by the zone-cente
soft mode of KTaO3. The absolute cross section or effi
ciency of this process can be calculated from the coefficie
of EFISHG, provided the ion displacement pattern induc
by the external field in the EFISHG experiment is domina
by the eigenvector of the soft mode.23 Using this relation
between soft-mode HRM effect and EFISHG, we obtain
hyperpolarizability of the polarization clusters in KLT from
a comparison of HRL and HRM scattering intensities. A
mittedly, we also have to assume that doping of KTaO3 with
Li does not influence the soft-mode HRM tensor, so that
HRM efficiency varies withx only via thex dependence of
the soft-mode frequency. Such a simplification is justified
the polarization clusters are isolated from each other, i.e
elevated temperatures far above the onset of collective
havior.

It is tempting to go one step further and to identify th
fourth-rank tensor]x i jk

(2)/]Pl , introduced in Eq.~4!, with the
EFISHG coefficients determined for pure KTaO3, Pl being
the polarization induced by an external static field in t
direction of thel th cubic axis. Now HRL scattering from
KLT becomes a property of the host crystal whereas the
impurities only provide the inhomogeneous polarizati
PW (rW,t) necessary for the effect. This idea is not new. It h
already been applied by Azziniet al.24 in order to estimate
the dipolar correlation length in KLT at low temperatur
from SHG experiments, which they have essentially trea
as HRL scattering in the forward direction. Moreoeve
Voigt and Kapphan25 have shown that SHG in KLT is wel
described by attributing a SHG tensor of point group sy
metry 4mm to each ‘‘dipolar region,’’ the tetragonal axi
being parallel to the direction of the dipole moment. Th
found this tensor to agree in the ratios of its components w
the EFISHG tensor of pure KTaO3 referring to an electric
field in the dipole direction. Expressing their experimen
results in our notation, we may state that SHG and H
scattering in KLT are characterized by a fourth-rank ten
]x i jk

(2)/]Pl coinciding at least in its structure and the ratios
its components with the corresponding tensor of EFISH
coefficients of pure KTaO3. In order to understand the rela
tion between Li-induced HRL scattering in KLT an
EFISHG in pure KTaO3, we have to realize that the firs
effect only probes a small-wave-vector Fourier componen
the polar local lattice distortions around the symmet
breaking impurities. Like the displacement pattern due to
external electric field this Fourier component is mainly d
termined by the soft-mode eigenvector,18 so that in both
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cases]x i jk
(2)/]Pl can be specified as]x i jk

(2)/]Pl
SM wherePl

SM

is the polarization associated with the soft-mode displa
ments along thel th cubic axis. Following Bruce and
Cowley,26 we may also refer to the well-known concept
Huang scattering when pointing out that the essential ef
of the Li ions is similar to that of a static or quasistatic loc
field conjugate to the ordering coordinate of the host, i.e.,
normal coordinate or polarization of the soft mode.

As long as the soft-mode HRM tensor can be expresse
terms of EFISHG coefficients and vice versa, it is involv
in HRM as well as HRL scattering and can be canceled in
ratio of HRL and HRM intensities. Then the transverse
fective charge of the soft mode calculable from the TO-L
splittings of the zone-center phonons27 acts as a standard t
which the dipole moment of the polarization clusters is
ferred. Thus both hyperpolarizability and permanent dip
moment associated with the off-center Li ions can be
duced from the HRM spectrum measured at a given temp
ture as a function ofx. Several conditions, however, have
be met that require careful consideration.

The outline of the paper is as follows. In Sec. II we d
scribe experimental details and display characteristic res
The line shape of the HRL line is analyzed in Sec. III. W
interpret the ratio of HRL and soft-mode HRM intensities
Sec. IV. Finally, in Sec. V we present our estimates of h
perpolarizability and permanent dipole moment of the
induced polarization clusters and discuss their significan

II. EXPERIMENTAL DETAILS AND REPRESENTATIVE
RESULTS

The HRM setup is sketched in Fig. 1. The source of
exciting radiation is a diode-laser-pumped Nd-YAG las
~Coherent Model DPY 501 QII!. The acousto-opticQ switch
provides laser pulses of 30-ns width and 3.2-kHz repetit
rate. The average power at the site of the sampleS is about
0.5 W. A combination of a half-wave plate (l/2) and a thin-
film polarizer ~TFP! is used as attenuator. All spectra a

FIG. 1. Experimental setup for observing hyper-Rayleigh a
hyper-Raman scattering from K12xLi xTaO3 in a 90° scattering ge-
ometry. PM, power meter;S, sample in cryostat;F, Schott filter,
RG 850;l/2, half-wave plate; TFP, thin-film polarizer;M , mirror;
G, glass plate for directing some backreflected laser light on
triggering photodiode PD; GP, Glan prism; DP, Dove prism as
age rotator; PMT, photomultiplier tube; PA, preamplifier; MCA
multichannel analyzer.
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taken in a 90° scattering geometry, which in Porto’s notat
can be specified byX(YY)Z whereX, Y, andZ stand for the
cubic axes of the crystals under study. The scattered ligh
collected by an f /1 objective with a focal length off
57.5 cm. A Dove prism rotates the image of the laser be
passing through the sample, so that it is parallel to the
trance slit of the double monochromator. The image has
exceed the height of the entrance slit in order to exclude
sample surfaces from contributing to the measured sig
and to confine the scattering volume to the bulk of t
samples.

The six single crystals of KLT under study are generou
provided by S. Kapphan~FB Physik, University of
Osnabru¨ck, D-49069 Osnabru¨ck, Germany!. Their Li con-
centrations have been determined by NMR and SHG as
plained in Ref. 25. All samples have the form of cubes w
edges parallel to thê100& axes, the edge lengths varyin
between 2 and 6 mm. They are mounted on a copper bloc
a continuous-flow cryostat and cooled by helium exchan
gas. Their temperature is controlled within60.1 K.

There are two reasons to make no use of multichan
detection by a position-sensing photomultiplier tube as
scribed in our previous papers,17,28 but to apply the conven-
tional single-channel technique combining a scanning dou
monochromator, a Burle/RCA C31034 photomultiplier tub
and a gated photon-counting equipment:

~i! Spectral response and instrumental profile are m
simpler because they do not suffer from pixel cross talks
imaging problems.28

~ii ! The single-channel setup copes more easily with
orders-of-magnitude difference between HRL and HRM
tensities at lower temperatures because the HRL inten
can selectively be attenuated by calibrated neutral den
filters while the double monochromator is scanning throu
the HRL line.

The spectral slit width@full width at half maximum
~FWHM! of instrumental profile# is chosen to be always

Dñ52.7 cm21. This is a compromise: On the one handDñ
is small enough to detect the broadening of the HRL l

above 200 K, whereas on the other hand,Dñ is large enough
to observe HRL scattering up to room temperature even
the lowest Li concentration. In order to determine the inst
mental profile and to exclude any contribution from the sp
tral width of the laser radiation itself, we compare the li
shape of the frequency-doubled laser beam with that of a
line near 532 nm emitted from a low-pressure discha
lamp. For the given spectral resolution, both line shapes
incide and are well described by a Gaussian.

The typical temperature dependence of the HRM sp
trum between 2120 cm21 ~anti-Stokes side! and
1120 cm21 ~Stokes side! at a given Li concentrationx is
shown in Fig. 2. With decreasing temperature, three featu
are noticed: the convergence of the Stokes and anti-Sto
soft-mode HRM lines, the blowup of the HRL intensity, an
the narrowing of the HRL line. We remark that variations
the HRL linewidth have not been found in our precedi
studies of KLT.29,30 There, the temperature was always ke
below 200 K while at temperatures between 120 and 20
the spectral slit width was about 3.6 cm21. It is clear from
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Fig. 2 that under these conditions the broadening of the H
line remains unresolved.

The x dependence of the HRM spectrum at a given te
perature is displayed in Fig. 3. The intensities are scale
yield the same integral soft-mode intensity for all concent
tions. Qualitatively, we can state that the width of the HR
line is independent ofx whereas the HRL intensity increase
with x. Apparently, however, there is no strictly linear rel
tion between HRL intensity and Li concentration.

For all Li concentrationsx and temperaturesT under
study, the HRM spectrum is described by a spectral func
S(V,x,T), which can be written as the sum of three cont
butions:

S~V,x,T!5I EL~x,T!d~V!1I LR~x,T!FLR~V,x,T!

1I DHO~x,T!FDHO~V,x,T!. ~5!

FIG. 2. The low-frequency hyper-Raman spectrum
K0.972Li 0.028TaO3 at four different temperatures. The 90° scatteri
geometry is denoted byX(YY)Z, i.e., the incident and scattere
light propagate in the@100# and@001# direction, respectively, while
the electric fields of both are parallel to the@010# axis. The spectral

slit width ~FWHM of the instrumental profile! is Dñ52.7 cm21.
An average laser powerPL50.5 W at the site of the sample i
used. Note the shift of the Stokes and anti-Stokes hyper-Ra
lines as well as the narrowing and rapid increase of the hy
Rayleigh line at the center. In the two lower diagrams, the peak
the hyper-Rayleigh lines are scaled down by factors of 10 and
respectively.
L

-
to
-

n
-

Each of the three terms is the product of an integral inten
and a line shape function referred to the wholeV axis and
normalized to 1. In order to reproduce the HRL line, we ha
to combine ad function and a Lorentzian given by

FLR~V,x,T!5
G/2p

V21~G/2!2
, ~6!

whereG5G(x,T) is its FWHM. As normalized line shape
function of the damped harmonic oscillator representing
soft mode we use the formula

FDHO~V,x,T!5
1

p

n~V,T!11

ñ~V0 ,g,T!1 1
2

V0gV

~V0
22V2!1g2V2

,

~7!

wheren(V,T) is the Bose-Einstein population factor, whi
V05V0(x,T) and g5g(x,T) denote frequency and damp
ing constant of the soft mode, respectively. As can be v
fied by contour integration~for example, see Ref. 31!,
ñ(V0 ,g,T) is given by

f

an
r-
of
0,

FIG. 3. The room-temperature hyper-Raman spectrum
K12xLi xTaO3 as a function of the Li concentrationx. Scattering
geometry and spectral resolution are those of Fig. 2. The four s
tra are scaled, so that their integrated hyper-Raman intensities
the same.
ñ~V0 ,g,T!5n~V0 ,T!2
V0g

pvT
2 (

m51

`
m

@m21~V0 /vT!2#@m21m~g/vT!1~V0 /vT!2#
~8a!
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with

vT5
2pkBT

\
. ~8b!

In the temperature interval of interest, i.e., between 120
300 K, the correction ofn(V0 ,T) by the second term in Eq
~8a! remains almost negligible.

As already mentioned in Ref. 30, the single-oscillator d
scription turns out to be insufficient for the highest Li co
centrationx50.087 atT&200 K. Here, Eq.~7! has to be
supplemented by the line shape function of a second dam
harmonic oscillator of lower frequency and minor weigh
This change of line shape is not yet understood since it d
not seem to be related to the Li-induced phase transi
around 100 K.

The convolution of expression~5! with the instrumental
profile is fitted to the experimental data, the fit paramet
being I EL , I LR , I DHO, V0 , g, and G. The quality of our
fitting procedure is demonstrated in Fig. 4. In Fig. 5 we sh
the decomposition of the HRL line into the contributio
from the three terms in Eq.~5!. The interpretation of the fit
parameters is postponed to the following sections.

III. SPECTRAL BROADENING OF HYPER-RAYLEIGH
LINE

The spectral broadening of the HRL line can easily
explained in terms of a Debye relaxator of relaxation f
quencyf 051/2pt0 modulating the second-order susceptib
ity x i jk

(2) according to Eq. ~4!. Using the fluctuation-
dissipation theorem,32 we obtain the relation

SD~V!;@n~V,T!11#«D9 ~V!, ~9!

FIG. 4. Six-parameter description of the hyper-Raman spect
of K0.957Li 0.043TaO3 at T5239.7 K. The superposition of a dampe
harmonic oscillator response, a central Lorentzian, and a centrd
function is convoluted with the instrumental profile and then fitt
to the experimental points. Scattering geometry and spectral r
lution are those of Fig. 2. The six fit parameters are defined by E
~4! to ~8! and have the valuesI EL526.7 counts/s,I LR56.65I EL ,
I HRM525.4I EL , V0577.9 cm21, g518.9 cm21, and G
53.8 cm21.
d
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ed
.
es
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whereSD(V) is the contribution of the Debye relaxator t
the spectral function of the scattered second-harmonic l
and«D9 (V) the imaginary part of its dielectric function. W
may write

@n~V,T!11#'
kBT

\V
~10!

and

«D9 ~V!;
Vt0

11~Vt0!2
. ~11!

Combining Eqs.~9! to ~11! and lumping together the factor
of proportionality to an integral intensity, we reproduce t
Lorentzian term in Eq.~5! with

G5
2

t0
. ~12!

In Fig. 6 we plotG as a function of temperature. Withi
the experimental accuracy, a systematic variation ofG with
Li concentrationx at a given temperatureT cannot be ob-
served, so thatG has to be taken as independent ofx. There-
fore we only show the mean value by a full circle and ind
cate the range in which the values ofG of all six samples are
found by an error bar.

Although the temperature interval in which the spect
broadening of the HRL line can be analyzed is rather sm
an Arrhenius law as given by Eq.~3! is well fitted to the
experimental data~solid line in Fig. 6!. We obtainEB /kB
51000 K and f 0(`)/c5120 cm21. These parameter val
ues are surprisingly close to those derived from dielec
measurements at frequencies below 1 GHz and tempera
below 150 K.

The Arrhenius laws available from the literature8–15 are
displayed in Fig. 7 where they are extrapolated to high te
peratures. The results of various authors scatter within
hatched areas. There are two relaxation frequencies cha
terizing the orientational fluctuations of the Li dipoles. Th

m

o-
s.

FIG. 5. Decomposition of the hyper-Rayleigh line o
K0.975Li 0.043TaO3 at T5277 K into three contributions arising from
soft-mode hyper-Raman scattering, purely elastic, i.e., unresolv
hyper-Rayleigh scattering, and Lorentzian-type quasielastic sec
harmonic light scattering. The solid line through the experimen
points is the sum of the three curves underneath.



-

a
-

ine
dt
a-

K
m
th
g

la-

ibu-
r

ce-

or-

will
ce

eir

ant
-

th
f

ual
he

ec-
at

as
re
ak

e of

er
ular

at
sig-

of
n
as

n-

b
em
ol

ith

e
les

h

t

tic,
om

PRB 58 9921PERMANENT DIPOLE MOMENT AND FIRST-ORDER . . .
lower one (EB /kb'2500 K) is associated with the reorien
tation of pairs of closely spaced Li ions,13 sometimes called
Li dimers,12 while the higher one (EB /kB'1000 K) refers
to 90° flips of single Li dipoles becoming cooperative
lower temperatures.11–13 From Fig. 7 we expect the higher
frequency relaxation mechanism to give rise to a HRL l
broadening observable above 240 K if the spectral slit wi
is around 1 cm21. The lower-frequency relaxation mech
nism, however, should remain unresolved until about 420
Taking into account the values of energy barrier and atte
frequency deduced from Fig. 6, we have to conclude that
Lorentzian contribution to the HRL line results from hoppin

FIG. 6. The width~FWHM! of the Lorentzian contribution to
the hyper-Rayleigh line as a function of temperature. Each error
covers the values of all six samples under study at the given t
perature, while the full circle represents the mean value. The s
line is a fit of an Arrhenius law to the experimental points w
EB /kB51000 K andf 0(`)/c5120 cm21. The spectral resolution

is indicated by the FWHMDñ of the instrumental profile.

FIG. 7. Temperature dependence of the two relaxation frequ
cies characterizing the orientational fluctuations of the Li dipo
The decadic logarithm off 051/(2pt0), wheret0 is the relaxation
time, is plotted as a function of the reciprocal temperature. T
Arrhenius laws of the form lnf0(T)5A2B/T found by various au-
thors are extrapolated to high temperatures and scatter within
hatched areas.
t

h

.
pt
e

motions of almost isolated Li ions, the absence of corre
tions being indicated by the independence ofG from x. On
the other hand, the purely elastic, i.e., unresolvable contr
tion to the HRL line is most probably due to Li dimes o
more complex agglomerates of impurities becoming noti
able only at higher Li concentrations.

This picture is supported by Fig. 8, which shows the n
malized integral intensitiesI LR and I EL as a function ofx at
room temperature. The normalization procedure applied
be described in the following section. Like the independen
of G from x, the linear increase ofI LR with x gives evidence
that the orientational correlation between the Li ions or th
polarization clusters contributing toI LR is negligible. The
nonlinearity in the relation between HRL intensity andx as
already conspicuous in Fig. 3 is confined toI EL . The qua-
dratic increase ofI EL with x is in line with the assumption
that I EL arises from Li dimers whose density depends onx2.
According to Fig. 8, there may also be a small, but const
background contribution toI EL resulting from defects be
sides the Li impurities.

In Fig. 9 we compare the HRL lines of the sample wi
the lowest Li concentration (x50.008) and a sample o
nominally pure KTaO3 ~sample 5 in Ref. 18! at room tem-
perature. As in Fig. 3, the intensities are scaled to yield eq
integrated soft-mode HRM intensities in both cases. T
HRL line shape of nominally pure KTaO3 coincides with the
instrumental profile. Therefore no doubt is left that the sp
tral broadening is induced entirely by the Li ions and th
spurious amounts of these dopants can be excluded
sources of HRL scattering or SHG in nominally pu
KTaO3.33 We take the opportunity to point out that the pe
intensity of HRL scattering in nominally pure KTaO3 at
room temperature does not exceed the order of magnitud
the background soft-mode HRM intensity aroundV50. This
remark is not in conflict with Ref. 25 where much high
HRL intensities have been reported because no partic
care was taken to block second-harmonic light scattering
the sample surfaces from contributing to the measured
nal.

Finally, we have to note that from the numerical point
view the decomposition of the HRL line into a Lorentzia
and an elastic part is somewhat arbitrary. We may just
well introduce a distribution of relaxation times or freque
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FIG. 8. Normalized intensities of the Lorentzian and the elas
i.e., unresolved contributions to the hyper-Rayleigh line at ro
temperature.
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cies and describe the HRL line shape by an expression o
form

SHRL~V!5
I HRL

p E
0

`

dtg~t!
t

11~Vt!2
. ~13!

Here,I HRL is the integral HRL intensity andg(t) stands for
the relaxation-time probability density normalized to 1 a
characterized by a mean or center valuet0 and a widthDt.
Referring to previous dielectric measurements, we m
choose either a log-normal9,10 or a beta-type distribution.12,13

If we replace the first two terms in Eq.~5! by Eq. ~13!, we
only exchange the three parametersI EL , I LR , andG by three
other ones, i.e.,I HRL , t0 , andDt. The physical interpreta
tion, however, becomes much more difficult because now
have to justify both a non-Debye relaxation~finite Dt) of the
Li dipoles even in the high-temperature limit and a nonline
increase ofI HRL with x. This requires abandoning the mod
of almost uncorrelated individual polarization clusters, ba
for our attempt to estimate their dipole moment and hyp
polarizability. Thus the very reason for preferring Eqs.~5!
and ~6! to Eq. ~13! is, apart from simplicity, the consisten
behavior of the three parameters as functions ofx, i.e., I EL
;x2, I LR;x, andG(x,T)5G(T).

IV. RATIO OF INTEGRATED HYPER-RAYLEIGH
AND SOFT-MODE HYPER-RAMAN INTENSITIES

Supposing HRL as well as soft-mode HRM scattering
be described by Eq.~4! with identical coefficients
]x i jk

(2)/]Pl
SM, we may complement Eq.~9! by a similar ex-

pression for the soft mode, i.e.,

FIG. 9. The weakest hyper-Rayleigh line of this stu
(K0.992Li 0.008TaO3 , room temperature! compared with the hyper
Rayleigh line of a sample of nominally pure KTaO3 . The two spec-
tra are scaled, so that the integrated soft-mode hyper-Raman i
sities are the same and also agree with those of Fig. 3. The
lines are fits of Eqs.~5!–~8! to the experimental data. Note th
absence of the Lorentzian broadening (I LR50) in the case of nomi-
nally pure KTaO3 .
he

y

e

r

c
r-

SSM~V!;@n~V,T!11#«SM9 ~V!, ~14!

where the factor of proportionality is the same as in Eq.~9!
and «SM9 (V) stands for the imaginary part of the dielectr
function of a damped harmonic oscillator. Comparing E
~9! and ~14! with Eqs.~5!–~8!, we find

I LR

I DHO
5

kBT

\V0@ ñ~V0 ,g,T!1 1
2 #

D«D~0!

D«SM~0!
. ~15!

Here, D«D(0)5D«D(0,x,T) and D«SM(0)5D«SM(0,x,T)
are the contributions of the Debye relaxator and the s
mode to the static dielectric permittivity«(0,x,T), respec-
tively. For D«SM(0) we may write~cgs units!

D«SM~0!54p
N

VS ZSM
T

V0
D 2

. ~16!

Following Ref. 27, we have incorporated the square root
the appropriate mass factor into the transverse effec
chargeZSM

T of the soft mode.N is the number of unit cells
contained in the volumeV. Combining Eqs.~15! and ~16!,
we can estimateD«D(0) from the intensity ratioI LR /I DHO.
At room temperature, for example, we obtain values rang
from 5 at x50.008 to 47 atx50.087, while «(0,0,T)
'240.34

Within the framework of our model,D«D(0) is given
by35

D«D~0!54pS Nx

V D ~pPC* !2

3kBT
~17!

wherepPC* is the external or effective dipole moment of th
Li-induced polarization clusters. According to Vugmeist
and Glinchuk,14 pPC* is defined by the volume integral

pW * PC5E PW PC~rW !drW, ~18!

wherePW PC(rW) is the polarization within the polarization clus
ter around an individual Li dipole. The intrinsic or true d
pole momentpPC differs from pPC* by a local-field enhance
ment factorL, i.e.,

pPC* 5pPCL. ~19!

The discussion ofL will be postponed to Sec. V. As follows
from a virial expansion ofD«D(0),36 Eq. ~17! is valid as
long asD«D(0) remains small compared to«(0,0,T). This
criterion is satisfied above 230 K.

From Eqs.~15!–~17! we deduce

Ĩ LR5
I LR

I DHO

2ñ~V0 ,g,T!11

V0
5

2

3\S pPC*

ZSM
T D 2

x. ~20!

In Fig. 8 the quantityĨ LR is referred to as normalized inten
sity of the Lorentzian contribution to the HRL line and plo
ted as a function ofx. Values of the effective dipole momen
pPC* obtained by means of Eq.~20! are listed in Table I and
will be commented on in the following section.

The local hyperpolarizabilityb i jk of the Li-induced polar-
ization clusters can be evaluated more directly from the ra

n-
lid



30
the
xt.

PRB 58 9923PERMANENT DIPOLE MOMENT AND FIRST-ORDER . . .
TABLE I. First-order hyperpolarizabilityb222, effective dipole momentpPC* , and intrinsic or core dipole
momentpPC of Li-induced polarization clusters in K12xLi xTaO3 as functions of temperature between 2
and 300 K. The three digits inb222 andpPC* reflect the accuracy of relative values permitting one to detect
temperature dependence of these quantities. Concerning the accuracy of the absolute values see te

T
~K!

b222 pPC*

pPC

~D!

(10230 g21/2 cm7/2 s (D510218 g1/2 cm5/2 s21

5̂4.195310240 m4 V21) 5̂(1/3)310229 C m50.208e Å)

229 1.25 23.4 2.3
239 1.21 22.5 2.3
249 1.16 21.7 2.3
259 1.13 21.1 2.3
267 1.10 20.5 2.3
278 1.05 19.6 2.3
300 0.98 18.4 2.3
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of HRL and soft-mode HRM intensities. Referring to th
scattering geometryX(YY)Z, we find

Ĩ LR5
2

\

^b̃222
2 &Lopt

2

~]x222
~2! /]P2

SM!2~ZSM
T !2

x, ~21!

where b̃222 is the hyperpolarizability referring to the fixe
crystallographic axes andLopt the optical local-field en-
hancement factor. WhereasL in Eq. ~19! is difficult to de-
termine because it is large and temperature dependen
optical counterpartLopt only represents a correction well ap
proximated by7

Lopt5S n2~vL!12

3 D 2S n2~2vL!12

3 D . ~22!

The refractive indicesn(vL) andn(2vL) are to be taken a
the laser and second-harmonic frequency, respectively. S
the off-center displacements of the Li ions are restricted
the cubic axes, the transformation of the hyperpolarizabi
from the laboratory to the molecular coordinate system
comes trivial. In the temperature region under study we m
assume

^b̃222
2 &5 1

3 b222
2 , ~23!

where the tensor elementb222 refers to a Li ion displaced
along the@010# direction. Taking]x222

(2)/]P2
SM from Ref. 23,

we obtain values ofb222 also listed in Table I.

V. ABSOLUTE VALUES OF HYPERPOLARIZABILITY
AND PERMANENT DIPOLE MOMENT

According to the results of Ref. 29, we expect the hig
temperature limit ofĨ LR to follow the proportionality

Ĩ LR~x,T!;x rc
4~T!. ~24!

Here,r c(T) stands for the correlation radius of the soft-mo
polarization. With increasing temperaturer c(T) decreases
like the inverse soft-mode frequency of the host crystal,
that Ĩ LR behaves asV0

24(0,T). This V0
24 law has been pre

dicted and verified for HRL scattering from centrosymmet
its

ce
o
y
-
y

-

o

perovskites by various authors.17,37–39The basic underlying
assumption may be summarized in the form

b;E PPC~rW !drW;r c
2 , ~25!

where the volume integral may be replaced by the effec
dipole moment of the symmetry-breaking defect according
Eq. ~18!. Note that in the preceding section we have spe
fied the first proportionality in Eq.~25! by postulating

b222Lopt5
]x222

~2!

]P2
SM

pPC* ~26!

as follows from a comparison of Eqs.~20! and ~21!. The
V0

24 law ceases to hold as soon as 2r c approaches the mea
distance between neighboring Li ions and neighboring po
ization clusters start to touch each other. The ‘‘clust
coalescence temperature’’29 estimated from this condition is
about 150 K atx50.043 and 270 K atx50.087. Experimen-
tally, however, Eq.~24! is confirmed down to below 230 K
for all six samples under study. In Table I the temperatu
are restricted to a range where the Lorentzian contributio
the HRL line can clearly be separated from the unresol
elastic one andĨ LR satisfies Eq.~24!.

The absolute value ofb222 reaches the order of magnitud
of the first-order hyperpolarizability of medium-sized o
ganic molecules like aniline or nitrobenzene, i.
10230 g21/2cm7/2s corresponding to 3.7310251 C V22 m3

in SI units or to 4.2310240 m4 V21 if the permittivity of
free space is included in the right-hand side of Eq.~1!.1–6

The uncertainty of theabsolutevalues ofb222 is mainly de-
termined by that of the EFISHG coefficient used for calib
tion according to Eq.~21! and hence becomes as large
630%.21 This inaccuracy, however, does not obscure
temperature dependence ofb222 clearly revealed in Table I
because therelative values ofb222 only require the knowl-
edge of the intensity ratioĨ LR as a function ofx and have
experimental errors of less than610%. Similar remarks ap-
ply to the effective dipole momentpPC* . Again, the variation
with temperature shown in Table I does not become obso
due to the uncertainty of theabsolutevalues ofpPC* which,
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however, is considerably smaller than that of the abso
values ofb222 since the transverse effective charge used
calibration according to Eq.~20! is known within experimen-
tal errors of about65%.27,34

Table I confirms the proportionalities

b222~T!;pPC* ~T!;V0
22~0,T!;«~0,0,T! ~27!

expected from Eqs.~25! and~26!. This result suggests to us
the expression

L5
h

3F«~0,0,T!1
3

h
21G' h

3
«~0,0,T! ~28!

for the local-field enhancement factor in Eq.~19! as has been
done by Vugmeisteret al.14,40 Here,h indicates the reduced
coupling between the Li dipole and the soft-mode polari
tion as evidenced by the well-known fact that the K subl
tice does not participate appreciably in the soft-mode vib
tion. Some information abouth can be gained by calculatin
the prefactor in the Lorentz field at the K site in pure KTa3
and writing it in the form (4p/3)h. Various estimates hav
yieldedh,0 anduhu'0.1.14 Inserting Eq.~28! in Eq. ~19!,
we obtain the temperature-independent valuesuhupPC
50.23 D or pPC'2.3 D. Our estimates are smaller by
factor of 1.7 than those derived from thex dependence of the
phase transition temperature below 100 K predicted by
model of soft-mode mediated dipole-dipole interaction.14,40

However, in view of the various assumptions necessary
arrive at absolute values ofuhupPC or pPC both by HRM
spectroscopy and by model calculation, we cannot exp
more than an order of magnitude agreement. We also ref
from arguing that our value ofpPC supports recent compute
simulations22,41 yielding a Li off-center displacementdLi
'0.6 Å that is much smaller than the valuesdLi51.26 Å or
even dLi51.45 Å deduced from NMR and x-ray dat
respectively.42,43 In using Eq.~28! we obtain the certainly
correct result that the dipole momentpPC at the core of the
polarization cluster is independent of temperature. Howe
no information is gained about the size of the core, so tha
is not well justified to identifypPC with the dipole moment of
the bare off-center Li ion. In order to calculatedLi from the
effective dipole momentpPC* accessible to HRM spectros
copy, we need a more detailed analysis of the polariza
cluster combining an atomistic treatment of the core w
refined descriptions of the polarizationPW PC(rW) in the outer
region.

VI. SUMMARY

In the temperature interval between 200 and 300 K
thermally activated hopping motions of the Li ions
in
te
r

-
-
-

e

to

ct
in

r,
it

n

e

K12xLi xTaO3 lead to a spectral broadening of the HRL lin
resolvable even with a spectral slit width of 2.7 cm21. Thus
the relaxation frequencies of the Li subsystem have n
been shown to sweep through the whole range between 123

and 1011 Hz on heating from the glass or ferroelectric-typ
phase transition point to room temperature. Attention is
cused on the Lorentzian component of the HRL line char
terized by a linewidthG independent ofx and an intensity
I LR proportional tox. The behavior ofG and I LR is inter-
preted as evidence that the high-temperature limit has b
reached where the orientational correlations between th
dipoles may be ignored. In modifying the internal referen
method for determining first-order hyperpolarizabilities
molecules in solution, we use the soft-mode HRM line as
intensity standard for calibratingI LR . Absolute values of the
local hyperpolarizabilityb and the effective dipole momen
pPC* of the Li ions including their surrounding polarizatio
clusters are estimated from ratios of HRL and HRM inten
ties. The temperature dependence of both quantities is sh
to indicate the growth of the polarization clusters with d
creasing temperature. The problem remains to relate the
fective dipole momentpPC* to the intrinsic onepPC, which
has to be attributed to the core of the polarization clus
Taking the common local-field enhancement factor modifi
by Vugmeister et al.,14 we obtain the temperature
independent valuepPC52.3 D.

There are several directions in which the present work
to be continued:

~a! An improved spectral resolution should permit one
study the HRL broadening down to temperatures where
linewidth G starts to vary withx, indicating the onset of
cooperative behavior.

~b! The hypothesis that the soft-mode HRM tensor a
controls HRL scattering can be tested by comparing the
ues ofD«D(0) determined by means of Eq.~15! with those
supplied by direct dielectric measurements at high temp
tures.

~c! The yet unresolved component of the HRL line d
serves further investigation in order to confirm that it aris
from closely spaced Li pairs and correlates with the seco
higher-barrier relaxation process.

Attempts in these directions are in progress.
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63, 323~1987!; Zh. Éksp. Teor. Fiz.97, 1867~1990! @Sov. Phys.
JETP70, 1053~1990!#.

41M. Exner, C.R.A. Catlow, H. Donnerberg, and O.F. Schirmer
Phys.: Condens. Matter6, 3379~1994!.

42J.J. van der Klink and F. Borsa, Phys. Rev. B30, 52 ~1984!.
43E.A. Zhurova, V.E. Zavodnik, and V.G. Tsirelson, Krista

lografiya40, 816 ~1995! @Crystallogr. Rep.40, 753 ~1995!#.


