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The collective excitation of phonons, including thermal diffusion and second sound �temperature wave�, in
KTaO3 has been studied by low-frequency light-scattering and by time-domain light-scattering techniques. The
observed spectra are analyzed with the new spectral formula, which is applicable consistently from hydrody-
namic to ballistic �collisionless� phonon regimes. Our analysis of the quasielastic scattering and the anomalous
soundlike peak �broad doublet� determines the temperature dependences of the phonon relaxation times for
both the normal and resistive processes of the phonon-phonon scattering. It is shown that the normal process
is anomalously enhanced at low temperatures as theoretically predicted, and the “frequency window” for the
propagating second sound is defined approximately below 30 K.
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I. INTRODUCTION

KTaO3 is a quantum paraelectric �QPE� in which rela-
tively large zero-point motion is thought to disturb the ferro-
electric phase transition.1 In QPEs, the frequency of a long-
wavelength polar optic-phonon mode �soft mode� decreases
on cooling but never freezes even at T=0 K �Ref. 2�. It is
thought that the existence of such a low-frequency optical
phonon substantially enhances the phonon-phonon collisions
against the acoustic-phonon branches, resulting in the
anomalously large population of long-wavelength phonons.3

In SrTiO3, Hehlen et al.4 have found an anomalous light-
scattering component, which behaved just like the Brillouin
scattering from a propagating “sound wave” having a
slightly slower velocity than ordinary elastic waves such as
the longitudinal and transverse acoustic modes. They pro-
posed that the new soundlike mode be arising from the
wavelike propagation of entropy, which is often referred to
as the “second sound,”5,6 according to the prediction made
by Gurevich and Tagantsev.3 However, a number of negative
reports have been published from many authors,7–11 and its
origin has been controversial for a long time. Recently, how-
ever, a new measurement and analyzing method that elimi-
nate the ambiguity in the previous analyses have been
reported,12,13 and the existence of the gigahertz second sound
in SrTiO3 has been found to be very likely. Since similar
spectrum has been reported also in KTaO3,4,14–16 it is of great
interest to investigate such an excitation in this material. The
second sound in QPEs such as SrTiO3 and KTaO3 is of great
importance because these materials are closely related to
other interesting phenomena such as superconductivity, fer-
roelectricity, or quantum fluctuations. If coherent generation
of second sound in 10 GHz range is realized, it will be pos-
sible to drastically modulate other excited states resident in
QPEs.

According to the phonon-transport theory,17 the most im-
portant parameters that characterize the collective excitation
of phonons such as thermal diffusion or second sound in
crystals are the relaxation times for the normal and resistive
scattering processes, denoted as �N and �R, respectively. In
the normal process, the quasimomentum of phonons partici-
pating in the anharmonic collision �such as three-phonon or

four-phonon processes� is conserved, whereas it is not in the
resistive process, which includes the umklapp process, scat-
tering by impurity, etc. While �R can be estimated from the
measurement of thermal conductivity or thermal diffusivity,
�N cannot be known from such measurements.18 However, it
is known that the light-scattering spectra in the Rayleigh-
Brillouin range �1–100 GHz frequency� clearly reflects the
dynamics of the collective excitation of phonons in
crystals,19 and therefore, the low frequency light scattering is
a powerful tool to investigate the temperature dependences
of both �N and �R. For that purpose, we have recently
derived13 the nonequilibrium dynamic form factor, which can
be fitted to the experimental spectra in any phonon regime,
i.e., consistently from the hydrodynamic regime �including
thermal diffusion and second-sound regime� to the ballistic
regimes.

In this paper, we present the temperature dependences
of the phonon scattering rates, �R

−1 and �N
−1, for the resistive

and normal processes in KTaO3, measured from the
low-frequency light-scattering experiments. We first
estimate �R solely from the time-domain light-scattering
measurement,20,21 and then analyze the frequency-domain
light-scattering spectrum to extract the contribution from the
normal processes. The temperature dependences of �R and �N
obtained show that the “frequency window” for the propa-
gating second sound is well defined. Although the present
experimental geometry �backscattering� does not allow for a
well-defined second sound, our results suggest that it would
be possible to observe or generate a better defined second
sound in KTaO3 with the use of much smaller scattering
angles.

II. EXPERIMENT

To clarify the temperature dependences of both �R and �N,
we first performed the impulsive stimulated thermal scatter-
ing �ISTS� experiment, which enables us to measure the ther-
mal diffusivity in time domain.20 The condition for the
second-sound propagation requires that �R

−1 be slower than
the natural �bare� frequency of the second sound, which is
defined as
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where q and c are the wave-vector transfer and the average
sound velocity, respectively. Since the ISTS employs orders
of magnitude smaller values of q than those employed in
ordinary light-scattering experiments, one can expect that the
second sound is heavily overdamped, i.e., �0��R

−1, to give
almost pure thermal diffusion in the ISTS experiments. The
experimental setup for the ISTS was the same as that used in
our previous work.21 The magnitude of q was varied from
8.27�104 to 6.69�105 m−1.

The backscattering experiments were, then, performed to
obtain the spectrum of the thermal Rayleigh mode,22 broad
quasielastic mode,22 and the anomalous “broad doublet”
mode.15,16,23 The experimental setup is the same as what re-
ported in Ref. 21. The magnitude of q was 5.56�107 m−1,
which was more than two orders of magnitude larger than
those in the ISTS experiments mentioned above.

KTaO3 is a well-known cubic perovskite-type crystal and
does not exhibit any structural phase transition in the tem-
perature range investigated. The sample crystals of KTaO3
were bulk single crystals. Sample 1 had dimensions of

6�7�8 mm3, with polished surfaces �110�, �11̄0�, and
�001�. Sample 2 had dimensions of 7�8�10 mm3, with
polished surfaces same as Sample 1. The crystal of Sample 1
was made by and purchased from Nippon Telegraph and
Telephone Advanced Technology Corporation �NTT-AT� in
Japan. Sample 2 was made by MTI Corporation and pur-
chased from NTT-AT. Sample 1 was almost completely col-
orless and transparent, indicating extremely low density of
oxygen vacancies, whereas Sample 2 was less transparent
and looked milky probably due to the relatively high density
of oxygen vacancies. Each sample was put into a helium-
flow-type optical cryostat and the temperature was varied
from �6 to 297 K. The direction of q was chosen to be
��100� and ��110�.

III. RESULTS

Since the two directions of q ���100� and �110�� gave
qualitatively the same results, we present only the results for
q ��100� below. Figure 1 shows the typical signals obtained
in the ISTS experiment in Sample 1. Note that the vertical
axes are in logarithmic scale. Obviously, we see that there
are at least two relaxation rates. We also plotted the best-
fitted double exponential curves defined as21

S�t� = A exp�− 2�tht� + B exp�− 2�t� , �2�

where A and B are scaling factors. �th is the thermal diffu-
sion rate defined as

�th = Dthq
2,

where Dth is the thermal diffusivity. The other relaxation rate,
�, was introduced to reproduce the temporal behavior of the
ISTS signal, and its origin was already discussed in Ref. 21,
which is out of the main scope of this paper because it is
probably not related to phononic phenomenon.

It is known that the thermal relaxation rate, �th, becomes
faster as the temperature is reduced, and that scales as q2. We
have identified, by changing the magnitude of q, the slower
component at 297 K as the thermal relaxation mode, and
confirmed that �th indeed scales as q2 as shown in Fig. 2. In
contrast, the other relaxation rate, �, becomes slower on
cooling, and was confirmed to be independent of q as shown

0.001

0.01

403020100

297K

150K

0.1

0.1

100K

70K
0.1

Time (µs)

In
te
n
si
ty
(a
rb
.u
n
it
s)

In
te
n
si
ty
(a
rb
.u
n
it
s)

In
te
n
si
ty
(a
rb
.u
n
it
s)

In
te
n
si
ty
(a
rb
.u
n
it
s)

0.1

0.01

0.1

43210

50K

30K

0.01

0.1 16K

0.01

0.1

6K

In
te
n
si
ty
(a
rb
.u
n
it
s)

In
te
n
si
ty
(a
rb
.u
n
it
s)

In
te
n
si
ty
(a
rb
.u
n
it
s)

In
te
n
si
ty
(a
rb
.u
n
it
s)

Time (µs)

403020100

Time (µs)

403020100

Time (µs)

403020100

Time (µs)

43210

Time (µs)

43210

Time (µs)

43210

Time (µs)

FIG. 1. �Color online� Temperature variation in the signals ob-
served in the ISTS experiment in KTaO3. The magnitude of q is
1.06�105 m−1 and the direction of q is in �100�. Note the change
in horizontal �time� scale between the left and right sides. The solid
lines are the fitted curve expressed by Eq. �2�.

FIG. 2. �Color online� Temperature dependence of 2�th and 2�
in KTaO3 �Sample 1�. The magnitude of q is varied. The closed and
open circles correspond to 2�th and 2�, respectively. The values of
q for each symbols are shown in the figure.
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also in Fig. 2. At relatively low temperatures, � is sufficiently
slow that we could easily separate the two contributions as
can be seen in Fig. 1. Although �th and � were difficult to be
distinguished between 150 and 200 K, the use of a larger q,
viz., q=6.69�105 m−1 enabled us to separate them in this
temperature range, and we could determine �, which is q
independent, at all the temperatures investigated. This, in
turn, enabled us to determine �th at all the temperatures in-
vestigated. Since the effective time resolution of our system
was approximately 20 ns �50 MHz�,21 the saturation of �th in
the low-temperature region of the points for q=6.69
�105 m−1, which is the largest q value we employed in this
work, is due to the time-resolution limit.

Dividing �th by q2, we obtain the thermal diffusivity Dth;
its temperature dependence is shown in Fig. 3. For compari-
son, we have also plotted the literature values of the thermal
diffusivity derived from the reported values of the thermal
conductivity24 and specific heat25 in KTaO3, using the fol-
lowing relation:

Dth =
�

	Cp
,

where �, 	, and Cp are the thermal conductivity, mass den-
sity, and specific heat, respectively. As seen in Fig. 3, the
values of Dth obtained in this work are in good agreement
with those from the literature values at all the temperatures,
except for the lowest temperature region approximately be-
low 10 K. The deviation in the low-temperature region is
probably due to the strong sample dependence of the thermal
conductivity as reported in this material.26 Indeed, Sample 2,
which probably contains more oxygen vacancies, exhibited
smaller thermal diffusivity than that of Sample 1 as seen in
Fig. 3. The resistive relaxation time, �R, can be estimated
from the kinetic expression for Dth, viz.,5

Dth =
1

3
c2�R. �3�

In order to estimate the values of �R from the measured ther-
mal diffusivity by using Eq. �3�, it is necessary to determine
the average phonon velocity, c. One of the choices of c may
be the Debye’s average sound velocity, which is calculated to
be �4300 m /s from acoustic sound velocities estimated
from the observed Brillouin shifts. In KTaO3, however, the
existence of the low-energy optical phonon2 must also be
considered. Numerical calculation of the second-sound ve-
locity vss, which is approximately 1 /�3 of c, has been carried
out by Farhi et al.,15,16 considering both the acoustic and
optical modes, and they report that vss=1100
200 m /s. By
multiplying �3, c can be estimated to be 1900
350 m /s,
which is less than half of the Debye’s average sound veloc-
ity. Since it turned out that the Debye’s velocity yields far
worse results in our analysis, we adopted the smaller c value,
viz., c=1900 m /s, in estimating �R from the relation Eq. �3�.

In Fig. 4, we show the frequency-domain light-scattering
spectra observed at various temperatures. At high tempera-
tures, there are two quasielastic components:22 the narrower

FIG. 3. �Color online� Temperature dependence of the thermal
diffusivity of KTaO3 obtained in this work �symbols� and from
literature values �Refs. 24 and 25� �solid line�. The values of q for
each symbols are shown in the figure.
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FIG. 4. �Color online� Tem-
perature variation in the back-
scattering spectrum observed in
KTaO3 �log-linear plot�. The mag-
nitude and direction of q were
5.56�107 m−1 and �001�, respec-
tively. The solid curves are the fits
of Eq. �4�. The LA and TA denote
longitudinal- and transverse-
acoustic modes, respectively. The
inset shows the low-temperature
spectra observed in Sample 2,
which does not exhibit a “dou-
blet” structure.

COLLECTIVE PHONON EXCITATION IN KTaO3 PHYSICAL REVIEW B 82, 125103 �2010�

125103-3



component due to the thermal diffusion �entropy
fluctuations�22 and the broader one due to the nonequilibrium
viscosity in the crystal.13 The latter component may also be
interpreted as arising due to second-order Raman scattering
�two-phonon difference scattering� on the same phonon
branch.13,22 On cooling, the narrower quasielastic component
broadens while the broader one narrows:13 at around 100 K,
the two components are supposed to have almost the same
widths. Below 30 K, the narrower quasielastic component in
Sample 1 begins to develop into a pair of broad inelastic
peaks, which has been reported as the broad doublet by sev-
eral authors.15,16,23 The frequency shift of the broad doublet
is approximately 10 GHz, which is about one third of the
transverse acoustic frequency �33 GHz�. The broad doublet
in KTaO3 does not develop into a well-defined shape as that
observed in SrTiO3.4,12,21,23 At the lowest temperature inves-
tigated, namely, at 8.4 K, the tail of the spectrum is very
steep, despite the fact that the linewidth is broad, which is
quite different from what is expected for a usual damped-
oscillator spectrum. Actually, such a steep spectral tail is a
characteristic of the spectrum in highly nonequilibrium re-
gime as we have demonstrated recently.13 In Sample 2, how-
ever, the narrow quasielastic component did not develop into
a doublet even at the lowest temperature investigated, and
the spectral shape remained as a fat unshifted peak.

For the analysis of the spectra, we used the spectral
formula recently derived13 in terms of extended
thermodynamics27,28 �ET�, which enables us to deal with any
phonon regimes covering from hydrodynamic to highly non-
equilibrium �collisionless� regimes, owing to the effective
inclusion of infinite hierarchy of the moment equations. We
have also shown, in Fig. 4, the ET-fitted curves as the solid
lines. The formula we fitted is as the following:13

Stotal�q,�� = P1S1�q,�� + P2S2�q,�� + C , �4�

where P1 and P2 are weighting coefficients, and C is a base-
line offset. The component spectra, S1�q ,�� and S2�q ,��, are
defined, respectively, as

S1�q,�� =

�0
2� 1

�R
+ �3�	

��0
2 − �2 − ��3��

2 + �2� 1

�R
+ �3�	2 , �5�

S2�q,�� =
1

2cq
�tan−1�� + cq�� − tan−1�� − cq��� , �6�

where

1

�
=

1

�R
+

1

�N
.

�3��q ,�� and �3��q ,�� are, respectively, the real and imagi-
nary parts of the complex memory function, �3�q ,��, which
is actually an infinitely continued fraction and contains the
information on the nonequilibrium dynamics.27 In the present
analysis, we approximated the continued fraction by termi-
nating it with the asymptotic form, ���q ,��, as29

�3�q,�� =

4

15
c2q2

i� +
1

�
+ ���q,��

,

which offers an effective inclusion of the whole hierarchy of
the moment equation in ET.13,27 The real and imaginary parts
of �3�q ,�� so obtained are written, respectively, as

�3��q,�� =
4

15
c2q2 �

35

17

1/� +
18

17
z�

�� +
18

17
z�	2

+ �1/� +
18

17
z�	2 ,

�7�

�3��q,�� = −
4

15
c2q2 �

35

17

� +
18

17
z�

�� +
18

17
z�	2

+ �1/� +
18

17
z�	2 ,

�8�

with z� and z� defined, respectively, as

z� = Re��c2q2 + �i� + 1/��2�

=
1
�2
���c2q2 − �2 +

1

�2	2

+
4�2

�2 + �c2q2 − �2 +
1

�2	 ,

z� = Im��c2q2 + �i� + 1/��2�

=sign���

�
1
�2
���c2q2 − �2 +

1

�2	2

+
4�2

�2 − �c2q2 − �2 +
1

�2	 .

Since the memory function given by Eqs. �7� and �8� effec-
tively contains the infinite hierarchy of the moment equation
defined in ET, our spectral formula, Eqs. �5� and �6� armed
with Eqs. �7� and �8�, can be used regardless of phonon re-
gime, i.e., consistently from hydrodynamic to collisionless
regimes.13

S1�q ,�� corresponds to the thermal light-scattering spec-
trum if the phonon collisions occur sufficiently frequently
�hydrodynamic regime�, e.g., at relatively high
temperatures.13 S1�q ,�� is reduced to the thermal Rayleigh
spectrum �diffusive central peak with a half width of Dthq

2�
if cq�R�1 or to the second-sound doublet if

�R
−1  �0  �N

−1, �9�

which is the well-known “window condition.”5,30 On the
other hand, S2�q ,�� corresponds to the broader central peak
due to nonequilibrium viscosity in the phonon gas, and its
linewidth is equal to the rate of phonon collisions, viz., �2
=1 /�, in the hydrodynamic regime. However, if �R and �N
become longer such that cq�R, cq�N�1, the linewidths �i.e.,
line shapes� of both S1 and S2 approach each other. All of the
above behaviors of the two spectra have been confirmed to
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be in good agreement with the observations in many
crystals.21,31–34

In fitting Eq. �4�, we adjusted P1, P2, C, �N, and c as the
free parameters. For �R, we basically assumed the values
estimated from the ISTS measurement of Dth but slight ad-
justment was necessary to achieve better result in the practi-
cal fit to the observed spectra. As can be seen in Fig. 4, the fit
was reasonably successful for all the temperatures investi-
gated.

From the fit of Eq. �4� to the observed spectra, we have
obtained the temperature dependences of �N

−1, �R
−1, and �0.

The results are shown in Fig. 5. Although �R has been
slightly adjusted from the values estimated from Dth, the de-
viation of the two results for �R

−1 shown in Fig. 5 is almost
within the experimental error in the ISTS measurement. �0 is
estimated from Eq. �1�, substituting the values of c �obtained
in the spectral fit� and q. The values of c obtained in the ET
fit actually ranged from 1100 to 1800 m/s; this is in reason-
able agreement with the average sound velocity we adopted
in estimating �R from Dth, viz., c=1900 m /s. Since the fit
was not sensitive to �N above �30 K, we could obtain the
temperature dependence of �N only below 30 K. This indi-
cates that the spectral shape is dominated solely by the resis-
tive phonon collisions at higher temperatures. In contrast,
this also indicates that �N can be determined from the analy-
sis of the low-frequency light-scattering spectra in the low-
temperature region while �N cannot be measured in other
experiments such as in heat-conductivity measurements.35

IV. DISCUSSIONS

Gurevich and Tagantsev3 pointed out that the ferroelectric
soft optic-phonon mode, which softens at the Brillouin-zone
center, should effectively interacts with the long-wavelength
acoustic-phonon modes at low temperature. The phonon col-
lisions between such long-wavelength �i.e., zone-center�
phonons allows for the “normal process” in which both en-
ergy and quasimomentum of the phonons are conserved. If
the “resistive process” in which phonon quasimomentum is
not conserved, is less dominant than the normal process, viz.,
Eq. �9� is satisfied, then propagation of heat, rather than dif-

fusion of heat, is expected. Such a “wave of temperature” is
known as the second sound, which offers only a few
observations18,36 until we reported the likely existence of the
second sound in SrTiO3 recently.12,13

The magnitude of �N has been theoretically estimated by
Gurevich and Tagantsev3 as

�U

�N

 �� , �10�

where �U and � are the umklapp relaxation time and dielec-
tric constant, respectively. The value of � at low temperature
was reported26 to be 4200, which gives ���65. In general,
at sufficiently low temperatures, the umklapp collision oc-
curs less frequent than the scattering by impurities or defects,
which should effectively dominate the resistive process.
Therefore, �U

−1 should be slower than �R
−1, and we can esti-

mate that �U /�N�101.8��R /�N, or �N
−1�1011 rad /s; this up-

per limit of �N
−1 does not contradict our values of �N

−1 shown
in Fig. 5. Besides, the numerical calculation by Farhi et al.37

has indicated that the width of the acoustic and softened
transverse optic-phonon modes at the center of the Brillouin
zone are in the range of 1010 rad /s, which is also in good
agreement with our result.

Figure 5 indicates that the resistive collision becomes less
frequent than the second-sound frequency, i.e., �0�R�1, ap-
proximately below 60 K. Below 30 K, normal collision is
more frequent than the resistive one and the frequency win-
dow seems to be open at lower temperatures, i.e., �R

−1�N
−1.

If the second-sound frequency, �0, enters into this frequency
range, i.e., Eq. �9� is satisfied, then the propagation of second
sound is expected as a “hydrodynamic” collective excitation
of phonons.5,30 However, it can be seen in Fig. 5 that �N

−1 is
always slower than �0, i.e., �0�N�1, at all the temperatures
for which �N was obtained. That is, the second-sound fre-
quency is “out of the window,” even though the window is
open. This is due to the relatively large value of q used in the
backscattering experiment; if a q of an order of magnitude
smaller is used in the light-scattering experiment, then the
doublet spectrum would be sharper and the propagation of
the second sound would be expected as in the case of SrTiO3
�Ref. 12� in which the fulfillment of window condition for
the second-sound propagation has been verified. Such a
small q value can be realized by setting the scattering angle
to be �10° although such small-angle light-scattering ex-
periment is not easy to perform in practice.

To illustrate the phonon regimes in KTaO3 �Sample 1� for
the q value employed in the backscattering experiment, it is
convenient to plot the points defined by the “phonon Knud-
sen numbers” for the resistive and normal processes �KnR
and KnN�, which are defined, respectively, as13

KnR � qc�R and KnN � qc�N.

We show, in Fig. 6, the temperature variation in the points
�KnR,KnN� in KTaO3 determined in this work, and those in
SrTiO3 determined in our previous work.13 In Fig. 6, the
upper right area, where both KnR and KnN are greater than 1,
corresponds to the ballistic phonon regime. Since all the
points for KTaO3 plotted in Fig. 6 are in the “ballistic area,”

FIG. 5. �Color online� Temperature dependence of �R
−1 �� and

solid line�, �N
−1 ���, and �0 ���. The dashed straight lines between

the points are guides to the eyes.
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the origin of the broad doublet spectrum observed in KTaO3

is not the well-defined second sound, which postulates many
normal phonon collisions and rare resistive collisions, viz.,
KnN�1�KnR.38 In contrast, the points for SrTiO3 plotted in
Fig. 5 are all in the “second-sound area” except for the 6.4 K
point.

A qualitative remark can be made concerning why the
normal process in SrTiO3 is more dominant than in KTaO3.
It is well known39–41 that SrTiO3 undergoes a cubic-to-
tetragonal �antiferrodistortive� structural phase transition at
around 105 K. Since this phase transition is driven by the
freezing of the zone boundary optical-phonon mode �R point,
�25�, the lattice unit cell is doubled and the Brillouin zone is
halved, i.e., the zone boundary in the high-T �cubic� phase
becomes the zone center in the low-T �tetragonal� phase. The
new zone-center optical phonons40 in the low-T phase should
make an additional contribution to the normal scattering
against the acoustic and/or soft optic �ferroelectric, �15�
modes, in addition to the normal scattering between the
acoustic mode and �15 optic mode; in KTaO3, only the latter
mechanism contributes to the enhancement of the normal
scattering.

For the ballistic phonon regime, a hydrodynamic excita-
tion such as the wave of temperature cannot be defined
within the length scale of q−1 because the phonon gas is
considered to be too rarefied for that length scale. In the
extreme limit of ballistic regime, the quasielastic light scat-
tering or broad doublet may be viewed as arising due to the
second-order Raman processes involving pairs of phonons
�two-phonon difference scattering�22,42,43 instead of due to
well-defined excitation of a collection of phonons. Farhi et
al.15,16,37,44 investigated the broad doublet spectrum in
KTaO3, and they reported that the directional dependence of
the emergence of the doublet spectrum implied the two-
phonon difference scattering, rather than the second sound,
as the origin of the broad doublet. In their analysis, the main

contribution to the line shape was the anisotropy of the pho-
non dispersions �i.e., anisotropy of the group velocity of
phonons�, in particular, they found that the strong anisotropy
of a TA mode was responsible for the doubletlike line shape.
While their numerical calculation of the light-scattering
spectrum qualitatively accounted for the observed directional
variation in the broad doublet, the calculated line shape was
far from quantitative agreement with the observed spectra.
The quantitative disagreement may be attributed to their
complete neglect of the resistive process and/or to the over-
simplification of adopting “pure” two-phonon difference
light-scattering process. Strictly speaking, the two-phonon
difference light scattering is allowed only in the extreme
limit of ballistic regime, and therefore, it can be too crude an
approximation for the intermediate regime between the hy-
drodynamic and ballistic regimes. In contrast, our analysis
can be carried out in any phonon regime, even if the pure
two-phonon difference scattering cannot be considered. In-
deed, our spectral formula was successfully fitted to the ob-
served spectra with the finite value of �R and the nearly equal
value of �N to that assumed in the calculation by Farhi et
al.,15 i.e., the experimental spectra can be quantitatively re-
produced within our model. Our analysis basing on the “iso-
tropic” phonon-gas model13 is, of course, not capable of re-
producing the directional variation in the spectra without
assuming directional dependences of relaxation times and/or
average phonon velocities; for more rigorous treatment, a
three-dimensional analysis must be carried out. We have
shown that our ET analysis becomes equivalent to the two-
phonon difference model in the extreme limit of ballistic
regime.13 Therefore, it is probable that the anisotropy of the
broad doublet originates from the anisotropy of the phonon
group velocity and/or from the anisotropy of the phonon
linewidth as implied by the two-phonon difference analysis
by Farhi et al. However, as we have shown by the ET analy-
sis, the population of phonons at low temperatures is not
small enough for the pure two-phonon difference scattering
to be considered, i.e., the phonon regime, in which the broad
doublet appears, should be considered to be midway between
the ballistic and hydrodynamic regimes.

Considering the above mentioned, we can conclude that
the broad doublet, which has been observed in KTaO3 by
large angle light scattering with visible light sources, arises
from the not well-defined second sound. It should be pos-
sible to observe a better defined second sound if a scattering
angle as small as 10° is used.

V. SUMMARY

To summarize, we observed the light-scattering spectra in
KTaO3 in the low-frequency region, ��100 GHz. For the
entire temperature region investigated, the spectral formula
derived from extended thermodynamics was applied for the
analysis in any phonon regime, i.e., consistently from the
hydrodynamic regime to the ballistic regime. The obtained
temperature dependences of �N

−1 and �R
−1 showed that, as was

predicted theoretically,3 the rate of the normal scattering of
phonons was faster than that of the resistive scattering, and
the frequency window for the underdamped second sound
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was actually defined below 30 K. However, we found that
both the normal and resistive collision frequencies were
slightly lower than the second-sound frequency at tempera-
tures approximately below 60 K. This means that the phonon
gas in KTaO3 was too rarefied for the employed light-
scattering geometry, viz., q=5.56�107 m−1, to define a well
equilibrated collective phonon excitation, such as the second
sound or diffusion of heat, within the observation length
scale. While the broad-doublet spectrum did appear approxi-
mately below 20 K, we concluded that its origin was not the
well-defined second sound as in the case of SrTiO3, where
the window condition for the second-sound propagation was
fulfilled around �30 K.12,13 Since the temperature region
below 60 K corresponds to the midway between ballistic and
hydrodynamic regimes, the spectrum observed in this tem-
perature range should be considered as arising due to the

nonequilibrium light-scattering process. However, the two-
phonon difference Raman scattering in its purest form was
found to be not suitable in this case because the phonon
regime was not purely ballistic. Since our results showed that
the frequency window was open, i.e., �R

−1�N
−1, it should be

possible to observe a better defined second sound if an order
of magnitude smaller q is employed in a light-scattering ex-
periment. Also, generation of such a temperature wave
should be possible by the forced light scattering
technique,20,45 which is now in progress.
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