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Hyper-Rayleigh scattering from the bulk of nominally pure KTa03
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Second-harmonic light or hyper-Rayleigh scattering from the bulk of nominally pure KTa03 is
studied as a function of scattering configuration and temperature between 10 and 200 K. At the
lower end of the temperature range the selection rules on the polarizations of incident and scattered
light are similar to those of the soft-mode hyper-Raman line, while at the upper end they become
reminiscent of hyper-Raman scattering by longitudinal-optical phonons. For any scattering
configuration the temperature dependence of the intensity is given by (A +800 ')', ~here the soft-
mode frequency 00 is the only parameter varying with temperature. We interpret our results in

terms of symmetry-breaking microregions formed by quasistatic lattice distortions around a defect
core. Hyper-Rayleigh scattering turns out to be unspecific with respect to the core, but to probe the
activation of hyper-Raman tensors by the quasistatic lattice distortions and the associated macro-
scopic electric field. We compare our results with recent observations of noncubic local symmetry
in KTa03.

I. INTRODUCTION

Since the beginning of hyper-Raman spectroscopy, '

it has been pointed out that the elastic or quasielastic line
at twice the laser frequency can be even weaker than the
hyper-Raman lines, disturbing the observation of low-
frequency optical phonons less seriously than the Ray-
leigh line in ordinary Raman scattering. This advantage
is particularly expected for centrosymmetric crystals.
Here, the second-order susceptibility y' ' vanishes within
the dipole approximation and hence does not permit
coherent second-harmonic generation (SHG) followed by
ordinary Rayleigh scattering. Moreover, g' ' cannot be
induced by the elastic strains of acoustic phonons or by
entropy fluctuations and similar quasistatic excitations of
even parity, so that the corresponding scattering process-
es, e.g., hyper-Brillouin scattering, ' are forbidden by sym-
metry.

Nevertheless, a hyper-Rayleigh line seems to be una-
voidable and, to the best of our knowledge, has been
detected in all cases where hyper-Raman scattering has
unambiguously been identified. Unfortunately, a large
variety of mechanisms contributing to hyper-Rayleigh
scattering can be imagined so that it is rather difficult to
single out the correct one. Introductory remarks on the
mechanisms will be postponed to Sec. II for the sake of
clarity.

There are at least two reasons why attention should be
focused on hyper-Rayleigh scattering from cubic oxygen
perovskites.

(a) As a by-product of soft-mode investigations, it has
been found that the hyper-Rayleigh lines of these materi-
als show a temperature dependence somehow resembling
that of the static dielectric constants. A detailed
analysis of this effect, however, has not yet been given, al-
though Levanyuk et al. have proposed a phenomenolog-
ical description extending their theory of light scattering

from imperfect crystals into the nonlinear regime.
(b) There are numerous indications of noncubic local

symmetry even in nominally pure crystals. For example,
Sokoloff et al. "have observed a central peak in the ordi-
nary Raman and Brillouin spectra of cubic BaTi03 which
they interpreted as evidence for dynamic polar clusters of
precursor tetragonal order. Maglione et al. ' have mea-
sured a Debye-type dielectric dispersion of SiTi03 and
KTa03 in the radio-frequency range which they associat-
ed with the crossover from a displacive to an order-
disorder behavior predicted by the well-known model of
interlinked double-minimum potentials. From their
NMR data, Rod et al. ' concluded that the Ta ions in
KTa03 sit in a noncubic environment on a time scale of
10 sec or longer below about 40 K. Uwe et al. ' intro-
duced the concept of symmetry-breaking microregions in
order to explain the first-order features in the Raman
spectrum of KTa03. We expect that hyper-Rayleigh
scattering can be related to the results just quoted be-
cause it also probes deviations from the cubic symmetry,
at least on a time scale determined by the maximum reso-
lution of our spectrometer, i.e., about 10 ' sec. Let us
stress, however, that the overall cubic symmetry is not
questioned at all, but is assumed to hold if an average is
taken over a sufficiently large time interval or crystal
volume.

In this paper we concentrate on nominally pure
KTa03. We measure the hyper-Rayleigh intensity as a
function of the scattering geometry and determine its
temperature dependence between 10 and 200 K. Al-
though the hyper-Rayleigh line might result entirely from
lattice imperfections, it turns out to be mainly character-
ized by properties of the KTa03 host lattice. This is not
surprising for a highly polarizable medium in which lat-
tice imperfections are surrounded by lattice distortions
extending over many unit cells. Indeed, formulas derived
by various authors ' ' for elastic scattering from
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"frozen impurities" near structural phase transitions
essentially express the response of the host lattice and
contain only two quite unspecific defect parameters, i.e.,
the defect concentration and the strength of the coupling
between defect core and host lattice at their interface.

We have divided our subject matter into four sections.
In order to facilitate the discussion of our results, we
summarize preliminary ideas about hyper-Rayleigh
scattering mechanisms in Sec. II. In Sec. III we present
our experimental data. There, we include the tempera-
ture dependence of the soft-mode hyper-Raman intensity
which we use as reference, especially when comparing
hyper-Rayleigh intensities from different samples. Final-
ly, in Sec. IV we interpret our findings in terms of quasi-
static optical-phonon-type lattice distortions and the
hyper-Raman tensors activated by them.

Throughout the paper, elastic line, central component,
hyper-Rayleigh, and second-harmonic light scattering are
used as synonyms. HRL and HRM are chosen as abbre-
viations of hyper-Rayleigh and hyper-Raman, respective-
ly.

II. HYPER-RAYLEIGH SCATTERING
MECHANISMS IN CRYSTALS

A. SHG related mechanisms

In general, it is not very useful to study HRL scatter-
ing from crystals lacking a center of inversion because
the dominant effect will be SHG followed by ordinary
Rayleigh scattering of the second-harmonic light. For
similar reasons we should avoid backward or forward
scattering geometries where SHG at the surface of the
sample can interfere with the proper HRL line.

In centrosymmetric crystals we have to take into ac-
count SHG due to nonlinear source terms involving the
spatial gradient of the exciting electric field. These
source terms may be lumped together to an effective non-
linear polarization of the form'

PNL +NL: k E E

where kL and EL represent the wave vector and the elec-
tric field of the incident laser radiation, respectively, and

is an appropriate fourth-rank tensor. In isotropic
media P,N" is always parallel to kL and no second-
harmonic light can be generated propagating parallel to
the fundamental wave. ' In anisotropic media this hap-
pens if kl is restricted to highly symmetric directions,
e.g., (100) and (110) in cubic crystals. Then a purely
longitudinal nonlinear polarization wave is left. In 90
scattering configurations it might contribute to the HRL
line and, indeed, has been referred to for explaining HRL
scattering from rutile. '

B. Intrinsic versus defect-induced mechanisms

Besides the nonlinear polarization waves induced in
any crystal, there are two main categories of HRL mech-
anisms, i.e., intrinsic odd-parity excitations of very low-
frequency and disturbances of the inversion symmetry by
lattice imperfections. Examples of the former are en-

countered in molecular crystals as relaxator-type modes
associated with an order-disorder phase transition or the
melting process. They could clearly be identified as
dynamical origin of central components whenever their
spectral linewidth considerably exceeded the instrumen-
tal resolution of typically a few cm '. ' On the other
hand, the HRL lines observed for crystals of simple
structure, e.g., alkali halides ' ' and CaFz (Ref. 22), seem
to arise unquestionably from defects and static distortions
of the surrounding host lattices, although some hopping
mobility of the defects on time scales inaccessible to
HRM spectroscopy cannot be excluded a priori.

For a number of materials undergoing structural phase
transitions, several authors did not dare to decide which
of the two categories just stated applies. The spec-
tral width cannot be resolved by a conventional double
monochromator, whereas the temperature dependence of
the intensity reveals some relation to the order parameter
or its mean square deviation.

C. Mechanisms in KTa03

In the case of KTa03 we can readily imagine two kinds
of low-frequency odd-parity excitations which might be
involved in the central component: (i) Soft-mode contri-
butions to acoustic phonons resulting from quasiharmon-
ic or anharmonic mode coupling, and (ii) hopping
motions of the central Ta ions within a multiwell poten-
tial.

The coupling of acoustic phonons and the soft mode in
KTa03 has been well established. At the center of
the Brillouin zone, however, it is based on the quadratic
relation between the acoustic strain and the soft-mode
polarization provided by the electrostrictive coef-
ficients. The acoustic phonons cannot activate the
HRM tensor of the soft mode by this effect, which mainly
presents a damping mechanism for both phonon types.
In order to obtain a linear mixing of phonon amplitudes
we have to refer to the quasiharmonic coupling describ-
ing the phonon eigenvectors at finite wave vectors of q in
terms of the phonon eigenvectors at q=0. Now the
coupling parameters become quadratic in the com-
ponents of q. In our light scattering experiments q may
be too small for observing a contribution to the soft mode
(q=0) to the acoustic phonons (qAO) and a correspond-
ing hyper-Brillouin scattering, the intensity of which
should depend on the fourth power of the wave vector.
In fact, the quasiharmonic mode coupling does not ac-
count for any of our present experimental results.

Hopping motions between off-center positions of the
Ta ions have not yet been proven to be definitely intrinsic
excitations of pure KTa03 since the indications of noncu-
bic symmetry quoted in Sec. I have been interpreted with
partly conflicting models. Quasistatic lattice distortions
probed by HRL scattering can arise from either lattice
imperfections or intrinsic off-center displacements. As
long as the cubic overall symmetry is not violated, the
two cases cannot be distinguished by our technique.
Nevertheless, we should look for thermal hysteresis
effects and variations of the absolute HRL intensity from
sample to sample. Both kinds of observations may indi-
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cate that lattice imperfections are operative. '

Since the time scale of the quasistatic lattice distor-
tions, either defect-induced or intrinsic, is expected to be
large compared to the periods of the acoustic phonons
with wave vectors given by the scattering configuration, '

hyper-Brillouin scattering can no longer be strictly ex-
cluded by the parity arguments of the Introduction and
may appear like the first-order Raman features. ' As an
effect of higher order, however, it will contribute to the
unresolved central component much less than the proper
HRL scattering.

III. EXPERIMENTAL DETAILS AND RESULTS

A. Experimental setup
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The essential part of our experimental arrangement is
sketched in Fig. 1. As a source of the exciting radiation
we use an acousto-optically Q-switched Nd-YAG laser
(pulse repetition rate 5 kHz, energy per pulse 0.5 mJ).
The laser power can be attenuated without change of
mode structure by a combination of a half-wave plate
(A. /2) and two Gian prisms (GP). The polarization of the
laser light is rotated by a motor-driven half-wave plate
(m —

A, !2),the angular position of which is monitored by
the power traversing the GP behind the sample (S). An

fil objective with a focal length of 7.5 cm collects the
scattered light while a Dove prism (DP) rotates the image
of the laser beam so that it becomes parallel to the en-
trance slit of the spectrometer. We use the first stage of a
double monochromator as a spectrograph and a
position-sensing photomultiplier tube (ITT-F4146 M,
Mepsicron) as an optical multichannel detector. The
analog output of the position computer specifying the
spectral elements of the impinging photons is fed to a
pulse height analyzer (PHA). We gate the multichannel
detection system by operating the PHA in the sampling
mode. Since the position computer yields pulses of 8-
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@sec duration, additional care has to be taken to prevent
photon pulses generated within 8 psec before a laser pulse
from contributing to the dark current. This is achieved
by a coincidence circuit ensuring that the PHA only ac-
cepts photon pulses released from the photocathode dur-
ing the 150-nsec width of a laser shot.

Measurements are performed on four single crystals of
KTa03 grown from a K20-rich solution by two different
techniques at two different laboratories. Samples are
sawed and ground to cubes with I100I and {110) sur-
faces and 3-5-mm edge lengths. They are mounted in a
continuous-flow cryostat and cooled by helium exchange
gas. The temperature is deduced from the anti-Stokes to
Stokes intensity ratio of the soft-mode HRM scattering
intensity. This method is particularly favored by the
strong decrease of the soft-mode frequency with tempera-
ture and ceases to be applicable below 8 K and above 200
K.

Typical results of our measurements are presented in
Fig. 2. The left side shows the temperature dependence
of the triplet consisting of the anti-Stokes and Stokes
HRM lines of the soft mode and the central component.
On the right side the integral HRL intensity is plotted as
a function of the laser polarization defined by the angle P
between the electric field of the laser and the [010] or y
axis of the sample. We find a drastic change of both the
intensity and the selection rules of HRL scattering with
temperature.

In order to exclude that the observed HRL scattering

FIG. 1. Experimental setup. F, Schott filter RG850; GP,
Gian prism; A. /2, half-wave plate; m-A, /2, motor-driven half-
wave plate; S, sample; D„power meter; D„photodiode; DP,
Dove prism; PA, preamplifier; PS, pulse shaper; G+ D, gate and
delay generator; PHA, pulse height analyzer.

FIG. 2. Essential features of hyper-Rayleigh scattering from
KTa03. Left side, temperature dependence of the triplet result-
ing from hyper-Rayleigh and soft-mode hyper-Raman scatter-
ing; right side, integral hyper-Rayleigh intensity as a function of
the laser polarization defined by the angle between the electric
field of the laser light and the [010]direction of the sample.
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is influenced by SHG at surfaces or arises from gross im-

perfections, e.g. , inclusions of air or particles, we exploit
the two-dimensional capabilities of our multichannel
detector and measure the distribution of the HRL and
soft-mode HRM intensity along the entrance slit of the
spectrometer or the path of the laser beam through the
sample, respectively. The result is shown in Fig. 3,
demonstrating an almost constant HRL to HRM intensi-

ty ratio within the indicated region selected for our
analysis. The maxima on the right are due to an imper-
fect polishing of the rear surface conspicuous to the
naked eye.

B. Soft-mode results

Since the multichannel detection reduces the time re-
quired for taking a HRM spectrum between —100 and
+ 100 cm ' to less than 10 sec, we are now able to deter-
mine the HRM intensity as a function of temperature in
detail, keeping the laser intensity constant during a whole
cycle of measurements. Our experimental data are plot-
ted in the lower part of Fig. 4. In the upper part we add
the temperature dependence of the soft-mode frequency
Ao( T) which we shall often refer to. Our present Qo( T) is
in agreement with previous reports and can be well de-
scribed by Barrett's formula as indicated by the solid
line.

According to the general expression for HRM
efficiencies, the soft-mode HRM intensity IHRM de-
pends on four parameters which may vary with tempera-
ture. Besides Qo, we have to take into account the Bose-
Einstein population factor n, the refractive index g, and
the HRM tensor element a operative in the scattering
configuration x (yy)z, where x, y, and z denote the cubic
axes of KTa03. Regarding the temperature dependence
of g as negligible ' or incorporating it into that of an
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FIG. 4. Frequency Qo and hyper-Raman intensities of the
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effective value of a, we may write

a (n+l)
for the Stokes line,

0
IHRM(T) 2a n

for the anti-Stokes line .
0

(2)

Figure 5 shows ~a (T)~ as derived from the experimental
results of Fig. 4 by means of Eq. (2). There is a slight de-
crease of

~
a

~
with increasing temperature. Approximat-

ing ~a ( T)
~

and Qo( T) by a straight line and Barrett's for-
mula, respectively, we obtain IHRM( T) from Eq. (2) as de-
picted by the solid curves in the lower part of Fig. 4. We
have also determined the ratio a /b of the two soft-mode
HRM tensor elements ' as function of temperature by
comparing the HRM intensities measured for the scatter-
ing configurations x(yy)z and x(zy)z. We observe a
slight decrease of a /b from 2.9 at 10 K to 2.4 at 300 K.

Since the temperature dependence of the HRM tensor
elements is not very pronounced. Figures 4 and 5 do not
seriously affect the general statement that IHRM(T) is
given by n (T) and Qo(T), becoming proportional to Qo
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ature dependence remains the same. The factor is be-
tween 1 and 1.7 if we compare four samples in equivalent
scattering configurations. This observation seems to indi-
cate that lattice imperfections of varying concentrations
have to be considered as the origin of HRL scattering.
On the other hand, thermal hysteresis effects as encoun-
tered in the paraelectric phases of BaTi03 and KNb03
(Refs. 4, 6, and 33}are absent between 10 and 300 K [see
the solid and open circles in the x (yy)z curve for sample
2 referring to cooling and heating, respectively].

Finally, Fig. 8 shows the HRL intensity as a function
of the laser polarization at the lower and upper end of the
temperature interval under study. The [101] and [101]
directions are denoted by x' and z', respectively. Again,
the low-temperature results are reminiscent of the soft
mode, the differences between HRL and HRM scatter-
ing being slight, but characteristic, as will be explained in
the following section. The high-temperature curves are
similar to those obtained for HRM scattering by
longitudinal-optic (LO) phonons.

IV. INTERPRETATION

A. Expressions for the hyper-Rayleigh scattering efficiency

The strength of HRL scattering is characterized by the
ratio of the scattering efficiency SH„L (differential scatter-
ing cross section per unit volume) and the exciting laser
intensity IL. In analogy to the expression for HRM
scattering, we find

4S 2N
V~e ' '( )~e ~e

g X

G;kl „(q)= fdr f dr'y', .k(r)g '„(r')e' '
p2

(6)

where g' ' is assumed to have no imaginary part.
It is straightforward to write down the angular func-

tions describing SHRL as a function of e& and eL . For the
four scattering configurations considered in Fig. 8 we al-
ways obtain

~es g' ':eLeL
~

=Cp+Cpsin p+C4sin icos lI),

where the direction of eL is specified by P= g(eL, [010])
and the coefficients Co, C2, and C4 are lengthy combina-
tions of G, kl „(q).

Since KTa03 is only an incipient ferroelectric, the re-
gion of "critical opalescence" is not reached and the
correlation length of the spatial fluctuations of y'2' may
be always small compared to Ilq. In the simplest ap-
proximation we have

and q the wave vector defined by the scattering
configuration, i.e., q=2kL —k&, where kL and k& are the
wave vectors of the incident and scattered radiation, re-
spectively. The unit vectors ez and eL indicate the
electric-field directions chosen by the polarizers and
half-wave plates in the path of the laser beam and in front
of the entrance slit of the spectrometer. The Fourier
transfortn g' '(q} of the spatially fluctuating second-order
susceptibility y' '(r) is given by

y' '(q)= —f dry' '(r)e1

V

Hence the HRL efficiency can be expressed in terms of

Gljklmn ( 1) Gijklmn ( } ijklmn (8)

Here, coL is the laser frequency, V the scattering volume,
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FIG. 8. Variations of hyper-Rayleigh intensity with laser po-
larization observed for four scattering configurations at the
lower and upper end of the temperature range under investiga-
tion. The angle P is defined as in Fig. 2. x ' =" [101],z' =" [101].

so that HRL scattering becomes characterized by a
sixth-rank tensor satisfying the cubic symmetry.

Expressions for Co, C2, and C4 following from assump-
tion (8) are listed in Table I. The triplets of indices ijk
and linn are contracted according to 1="xxx, 2="xyy, and
3="xyz. Moreover, y'; „'(r) is regarded to be fully sym-
metric in its three indices at any point r (Kleinman s sym-
metry relations}. From Table I and Eq. (7) we expect two
easily verifiable properties of the angular functions
IH„L(P) describing the variations of the HRL intensity
with the laser polarization.

(a) IHttL(P) should be constant for x (P,x)z and should
be identical for x (P,y)z and'x'(P, y)z', provided I'33=0.

(b) The same HRL intensities should be observed for
x(z,y)z, x'(z', y)z', x(y, x)z, and x'(y, x')z' [i.e., x(P,y)z
and x'(P,y)z' at /=90, x(P,x)z and x'(P, x')z' at
4 =0].

We note that similar conditions hold for the HRM in-
tensities of the F&„phonons. While condition (a) is
strictly fulfilled, condition (b) has to be slightly modified
because the HRM intensities at x (z,y)z and x'(z', y)z'
must be twice as strong as the HRM intensities at
x (y, x)z and x'(y, x')z'.

As illustrated by Fig. 8, conditions (a} and (b) are both
satisfied at low temperatures. At higher temperatures,
however, condition (b) becomes violated. Thus HRL
scattering at low temperatures appears to be independent
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of q, resulting from scattering centers uncorrelated on
the scale of the wavelength of light. At higher tempera-
tures a wave-vector-dependent contribution is superim-
posed indicating the presence of long-range forces in the
form of a macroscopic spatially fluctuating electric
field.

B. Low-temperature results

we obtain

~(o)
~ijklmn s rjklm xx X gijksglmns

S

Besides charge factors, the fourth-rank tensor g,~k, is an
appropriate average over HRM tensors. The second-
rank tensor P; =P„„5,j is given by

P,, = fdr f dr'P, (r)P, (r') .
1

&J y2

The tensor I' ' comprises residuary contributions to I,
in particular those which might arise from defect cores
and cannot be described in terms of variables of the pure
crystal.

From the experimental results of Fig. 7 we learn how I
becomes dominated by the soft mode for T~O K. On
the one hand, g approaches the soft-mode HRM tensor,
1.e.,

V
gijks 'sjk gZ

(12)

where X is the number of unit cells within the volume V,
Z the transverse effective charge, and R,,jk =«)y';jk'/«)Q,
the HRM tensor of the soft mode. On the other hand,
we observe

no 4 (13)

This power law can readily be explained by the model of
randomly distributed microregions of "frozen" soft-mode
polarization decaying with increasing distance r from the
core according to the well-known Ornstein-Zernike func-
tion:

—r/r
g, (r) =Pa e

Here, r, -Oo ' is the correlation length of the soft-mode
polarization while g stands for the radius of the core of
the microregion. ' Introducing the average number of
microregions per unit volume as concentration cM, we

obtain

P
7 2M 7T

Part of the sixth-rank tensor I can be rewritten as a
contraction of two fourth-rank tensors if y' '(r) is ex-
panded in terms of the quasistatic polarization P(r) asso-
ciated with quasistatic lattice distortions. Defining the
polarization-induced contribution to g' '(r) by

~PX 'k(r) 'y g jk P ('r).



41 HYPER-RAYLEIGH SCAl lERING FROM THE BULK OF. . . 1191

If we want to calculate the HRM intensity of the soft
mode in the high-temperature limit, we should write

P„„= f drg, (r)= Po(r, -QO
Po 4m.

(16}

because in this case the medium has to be taken as homo-
geneous and Pog, (r) has to be interpreted as the pair
correlation function of the soft-mode polarization. Com-
paring Eqs. (15) and (16), we clearly recognize the
amplification of the HRL intensity by the coherent addi-
tion of scattering amplitudes within a microregion.

The order of magnitude of r, can be estimated from the
slope of the soft-mode branch Q(q) at the center of the
Brillouin zone. As far as Q(q) can be approximated by
Q (q) =Qo+D q, the correlation length is given by

r, =D/Qo . (17)

HRL

~HRM

P„
& p„')

c~ V (pl„)
N (p2)

(18)

In the numerator we average the square of the quasistatic
dipole moments pM of the microregions, while in the
denominator we take the thermal average over the dipole
moment p of the unit cel1s due to the soft-mode vibration.

At about, 10 K we find IHz~/IH~M=1. By means of
Eq. (18) this experimental result can be explained in two
entirely different ways.

We can deduce this equation within the framework of lat-
tice dynamics, if we assume the Green's function of the
phonons to be dominated by the soft-mode contribution
and the quasistatic lattice distortions to result from
short-range forces localized at a single unit cell. Thus
Eq. (17) may certainly be applied to the soft-mode polar-
ization frozen around a symmetry-breaking point defect.

Using the neutron scattering data of Ref. 27, we find r,
to increase from about 5 A to about 18 A when the tem-
perature is lowered from 200 to 10 K. These values are
in reasonable agreement with the average radius of the
microregions determined from the first-order features in
the ordinary Raman spectrum. ' Indeed, first-order Ra-
man and HRL scattering should be explained in terms of
the same model because both effects probe the same
violations of inversion symmetry. We should admit,
however, the limited accuracy of our estimate or r, due
to the anisotropy of the coefficient D. We have taken the
value of D for q~~[100], although D depends on the direc-
tion of q, i.e., D =D(q/q), and an appropriate average
has to be inserted into Eq. (17).' ' In any case, we have
r, «1/q. Continuous-medium models, based on the
condition that r, is large compared to the lattice con-
stant, are not strictly justified although they may be use-
ful approximations for the interpretation of low-
temperature data. We further note that for r, =18 A the
microregions can be regarded as isolated only if
(cM V/N) «3 X 10

We can obtain additional information about the mi-
croregions from the ratio of HRL and HRM intensities.
Neglecting I', , ', we may write for the scattering
configuration x (yy }z

(i) Using Eq. (14}and expressing pl in terms of the di-

pole moment pa=2m( Po [integral of g, (r) over a sphere
of radius (« r, ] of the core, we obtain

c V ( )pox 1

N (p2) 4 r,
(19)

where g has been identified with the lattice constant.
Thus a defect concentration (cM V/N) of less than 1/1000
and a quasistatic core dipole moment of the order of
magnitude of ((p„))' =5X10 ' esucm are sufficient
to account for the observed HRL intensity. In view of
the various kinds of defects established in nominally pure
samples of KTa03 (Refs. 41 and 42), a defect model for
explaining HRL scattering seems to be rather suitable.

(ii) Following Ref. 13, we may imagine spontaneously
formed symmetry-breaking microregions independent
of any defect. Then it is natural to assume
1/c~~v, =(4n. /3)ri for T~O K and to introduce the
average dipole moment of a unit ce11 within a microre-
gion by p„=[(p~„) )

' /[(N /V) /v, ]. We obtain
' 1/2

&Mv
(&p„'))' '=5XIO '((p„'&)' '.E (20)

The off-center displacement corresponding to p turns
out to have the same order of magnitude as that derived
in Ref. 13 (5=0.04 A), so that our experimental results
can also be interpreted in terms of a glass-type behavior,
randomly oriented microregions of radius r, filling the
whole crystal volume for T~0 K.

The possibility of explaining our data by different mod-
els clearly demonstrates that HRL scattering at low tem-
peratures only proves the existence of quasistatic soft-
mode-type lattice distortions, but tells almost nothing
about their origin, their core, or the preferential direc-
tions of their polarization.

C. High-temperature results

In the preceding section we neglected the macroscopic
electric field associated with any quasistatic polarization.
Instead of Eq. (14), we should have written '

r/r

P(r)=Po~e '+r, g(Po V)V (21)

for describing the decrease of the frozen soft-mode polar-
ization with increasing distance from the core of the mi-
croregion. The lattice-dynamics analogue to Eq. (21) can
be derived under the same assumptions [short-range
forces restricted to a single unit cell, dominance of the
soft-mode contributions to the Green's function,
Q (q)=QO+D q ] as Eqs. (14} and (17), provided that
the TO-LO splitting is properly taken into account and
soft-made contributions to the Green's function are ex-
cluded for phonon eigenvectors parallel to q. Since the
Fourier transform of the additional second term in Eq.
(21) depends on the direction of q, even for q~O, a
wave-vector-dependent HRL scattering is predicted
which should vary with temperature as r, . Such a
scattering, however, is not observed, so that we must as-



1192 H. VOGT 41

sume the feedback on the quasistatic lattice distortions
via their own macroscopic electric field to be wiped out
either by superposition of the random electric fields of the
neighboring microregions or by interference with the an-
isotropy of D in q space.

Besides short-range forces, defects exert long-range
forces on the host lattice due to the electric field of their
charge distributions, especially their dipole moments.
Assuming the latter to be rigid and taking into account
the equations of electrostatics, we may express the
Fourier transform of the resulting macroscopic field by

, [P~(q).q)q .4m

E q
(22)

E$

where Pd, is defined in the same way as P
The expressions for Co, C2, and C4 following from Eq.

(23) are listed in Table I. Although the agreement is still
far from perfect, the high-temperature results of Fig. 8
seem to approach these predictions. Especially, we no-

Here, e, is the static dielectric constant and Pd the defect
polarization, i.e., the sum of the rigid dipole moments of
the defects per unit volume. Note that Pd has to be dis-
tinguished from Po characterizing the soft-node polariza-
tion of the core of a microregion or, to state it more pre-
cisely, the coupling between the core and the quasistatic
soft-mode polarization of the surrounding host lattice.

We expect E(q) to give rise to electric-field-induced
SHG (ESHG). While in common ESHG experiments the
voltage across the crystal is kept constant and the intensi-
ty varies with e, —Qo, the present situation corresponds
to an ESHG experiment where the charges on the plates
of the capacitor filled with the crystal are fixed and the
temperature dependence of ESHG is suppressed by the
screening factor 1/e, Indeed, .the electro-optic contribu-
tion to 6;j« „(q) due to E(q) may be written as

2
e, —1 q, q,

~eoGijlkmn( I) ~dxx P gijksglmns'
$, $ q

tice the dominance of the C4 term in the scattering
configurations x(g,y)z and x'(P,y)z'. In an improved
analysis we have to take into account the superposition
and interference of the two HRL scattering mechanisms
specified by Eqs. (10) and (22).

V. CONCLUSIONS

%e have singled out two contributions to HRL scatter-
ing from the bulk of nominally pure KTa03.

(a) There is a wave-vector-independent, but strongly
temperature-dependent contribution which arises from
microregions of quasistatic soft-mode polarization ex-
panding with decreasing temperature proportionally to
the inverse of the soft-mode frequency.

(b) There is a wave-vector-dependent, but
temperature-independent contribution resulting from the
macroscopic electric field associated with the dipole mo-
ments of defects.

Further clarification requires at least two natural ex-
tensions of our work.

(i) HRL scattering should be studied from samples con-
taining defined defects of controlled concentration.

(ii) Since elaborate shell models of KTa03 are avail-
able, it should be possible to describe the quasistatic
distortions probed by HRL scattering in terms of con-
crete models of lattice dynamics or statics.

Attempts in these directions are in progress.
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