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Quasielastic light scattering from rutile
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Quasielastic light scattering consisting of two components has been observed in single crystals of rutile
(TiOy). The broad component with a linewidth of 330 GHz at 297 K becomes narrower with decreasing
temperature. In contrast, the narrow component, which has a linewidth of 1.1 GHz at 297 K, broadens as the
temperature decreases. We present a unified explanation for both components, which is based on two-phonon
difference Raman scattering. For the narrow component, it will be shown that two-phonon difference processes
from asingleacoustic phonon branch explain the temperature dependence of the intensity and the wave vector
dependence of the linewidth at low temperatures. The conventional explanation in terms of entropy-fluctuation
scattering is also attempted for temperatures above 200 K where phonon collisions occur more frequently than
at lower temperatures and the phonon system may be considered hydrodynamically. For the broad component,
two-phonon difference scattering frodifferentphonon branches will be shown to provide a good explanation
for the temperature dependent intensity. Furthermore, temperature dependence of the linewidth and its insen-
sitivity to changes in scattering wave vector are also explained with this mM&#163-18209)02642-9

[. INTRODUCTION frequency shift larger than the Brillouin component and
hence cannot account for the broad component.

Low frequency light scattering has been a very useful This type of light scattering has also been reported for
method for studying the fundamental elastic and thermodydiamond; where a temperature induced line narrowing and
namic properties of crystals. Brillouin scattering, which hasQ-dependent linewidth were observed for the narrower
been most widely employed in this field, is the inelastic scatfuasielastic component. Entropy fluctuations are able to ac-
tering of light by thermally excited acoustic phonons or othercount for the linewidth of the narrow component at high
elementary excitations. In most Brillouin scattering experi-temperatures, but do not reproduce the observed results at
ments, the main interest has been the frequency shift, th®W temperatures. Two-phonon difference processes in the
intensity, and the linewidth of the Brillouin lines. Thus, less collision-free regime were then adopted to explain the char-
attention has been given to the lower frequency region or t@cteristics of the narrow component at low temperatures. The
the central component. This is primarily due to the difficulty broad component, whose linewidth did not dependpwas
in rejecting the usually intense, parasitically scattered, un@lso ascribed to two-phonon difference processes.
shifted light. Although two-phonon difference processes have long

Quasielastic light scattering consisting of two componentd€en proposed to explain the quasielastic light scattering in
was observed for the first time by Lyons and Fleury for thecrystalline solids;*~°no explicit comparison between theory
crystals of KTaQ and SrTiQ.* They reported that the nar- and experiment seems to have been made so far. A lack o_f
rower component had a linewidth which was consistent with®xperimental data is one of the reasons that such a compari-
entropy-fluctuation scattering, which gives rise to a Lorentz-S0n has not been made. In this paper, we report quasielastic
ian line profile with a half width ofD,Q%/27, whereD,, light scattering from rutile (Ti@) single crystals. The spec-
andQ are the thermal diffusion constant and the wave vectof@ have been found to consist of two components, which
transfer in the scattering experiment, respectively. In addilave characteristic temperature and wave vector depen-
tion, the intensity of this component could not be explaineddences. We also present a unified physical interpretation for
by the usual Landau-Placzek theory, but was consistent witROth components which is based on the two-phonon differ-
that predicted by Wehner and Kleinwho modified the —€nce Raman processes. It will be shown that our explanation
theory of entropy-fluctuation scattering in crystalline solids.accounts for all the observed behavior at least qualitatively
In Ref. 1, they also reported that the linewidth of the narrow@nd in some case even quantitatively. A conventional analy-
component depends @@, which was consistent with their SiS based on thermodynamic thebiy also presented for the
assignment. However, the experimental results do not seefAIFOW component.
to be accurate enough to determine the exact poweD.of
The proader component in their experi'ment was tentatively Il EXPERIMENT
explained as arising from two-phonon difference Raman pro-
cesses on the same acoustic phonon branch. In this paper weRutile has a tetragonal structure whose space grobDpys
will show that the two-phonon difference process from aor P4/mmm The refractive indices for ordinary and extraor-
single acoustic phonon branch cannot scatter light with alinary rays at 514.5 nm are 2.69 and 3.01, respectiV&lye

0163-1829/99/6(1.8)/1273Q7)/$15.00 PRB 60 12730 ©1999 The American Physical Society



PRB 60 QUASIELASTIC LIGHT SCATTERING FROM RUTILE 12731

Mirror, +
o i ] "y
Glan-Thggpson 514.5nm Single Mode

" )
Mirror, ez Half-Wave Plate

{ Half Mirror
I

Photomultipier Tube,
4 Tandem
Pris; Fabry-Pérot
Sample T Interferometer
in Cryostat Polarizer

e
-—

Intensity (arb. units)

0.01

FIG. 1. Experimental setup for backscattering and right-angle
scattering. The light source employed was af Aaser operated at 1 10 100 1000
a single longitudinal mode of 514.5 nm and the incident power was Frequency Shift (GHz)
about 120 mWw.

FIG. 2. Log-log plot of the observed spectrum of rutile at 297 K
i(|j1 the frequency range from 0.3 to 1000 GHz. The dotted line is the
experimental data, which shows the well-resolved narrow and broad
quasielastic scattering components and the longitudinal) and

sample used for most of the experiments was an oriente
single crystal with dimensions of¥65x 5 mnt, whose sur-

faces normal to tha andc axes were pol_lshed. We also_ used transversdTA) acoustic phonons, respectively. The directiorQof
another sample in a shape of half cylinder _Whose dla_lmet as approximately parallel to the crystallifi200] direction and
and height were 10 mm and 5 mm, respectively. THXiS  )o1h the incident and the scattered light polarizations were parallel
of this sample was along the cylinder axis. The experimentay, the crystallinec axis. The solid line represents the numerical
setup is depicted in Fig. 1. The light source employed was afiting of a function consisting of two unshifted Lorentzians. Note
Ar" laser operated at a single longitudinal mode of 514.5 NMhat the spectrum is normalized at the peak height of the LA-
and the incident power was about 120 mW. The spectra wergrillouin line. These data are a composite of several spectra which
obtained with a Sandercock-type tandem FabrsoPmter-  were obtained with different free-spectral ranges of the interferom-
ferometer. The data acquisition time for each spectrum waster.

about 30 and 60 min for backscattering and 90° scattering,

respectively, at the scanning speed of 0.7 msec/channel for

512 channels.

Ill. EXPERIMENTAL RESULTS 50K

We have observed quasielastic light scattering consisting
of two components in both our rutile samples. Figure 2 is a
log-log plot of the observed spectrum at 297 K. The direction
of Q was approximately parallel to the crystallifit00] di-
rection and both the incident and the scattered light polariza-
tions were parallel to the crystallineaxis. Other directions
of Q gave similar results with slightly different linewidth in
each case. The solid line represents the numerical fitting of a
function consisting of two unshifted Lorentzians. The two
guasielastic components exhibit different temperature depen-
dences; at relatively high temperatures, the broad component
is dominant, while at low temperatures only the narrow one
is seen. This result is in contrast to the previous report on
diamond® where it was the narrow component that was S L : ;
dominant at high temperatures. In the following subsections 77K | -10 0 100

. : Stift (GHz)
we present the experimental results of each component in
detail.

40K

30K

il

Intensity (arb.units)
Intensity (arb.units)

100

i e

A. The narrow quasielastic component OSh-ﬂ ?GHz)mo

The temperature dependence of the narrow quasielastic

component is shown in F'g_' 3, which clearly exhibits the Ilnecomponent in the temperature range from 20 to 297 K. The dotted
harrowing as temperature INcreases. The dots are the €XP€fKes are the measured spectra and the solid lines are numerically
mental _Spectra and the solid lines are numerlcally fltteq‘itted Lorentzian curves. The two pairs of shifted narrow lines la-
Lorentzian curves. The spectra were obtained in the backsejeq | A and TA are the Brillouin lines of longitudinal and trans-
scattering geometry, where both incident and scattered lighjerse acoustic phonons. The peak intensities of these lines are much
polarizations were parallel to the crystallie axis. The  higher than those of the central quasielastic component at all tem-
wavevector transfeQ was along the crystallingl10] direc-  peratures. The spectra were obtained W@ 110] and Q=7.34

tion andQ=7.34x 10° cm™ 1. In all the spectra in Fig. 3, the x10° cm L. Note that the peak heights of these spectra have been
two pairs of shifted narrow lines labeled LA and TA are the normalized at each temperature.

FIG. 3. Temperature dependence of the narrow quasielastic
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FIG. 5. Temperature dependence of the narrow component in-
tegrated intensity normalized at 77 K for later discussion. The inte-
FIG. 4. Temperature dependence of the half width at half maxi-grated intensity increases with temperature a¥tdelow 50 K, it
mum of the narrow quasielastic component. The filled circles andather slowly increases above 50 K.
the triangles are the measured linewidths for 180° and 90° scatter-
ing, respectively. The solid and broken lines represent the theore
ical linewidth D,Q?/27 for backscattering and 90° scattering ge-
ometries, respectively.

Temperature (K)

for diamond. Since they found that the intensity ratio of the
narrow central component to the Brillouin component was
also in good agreement with the modified Landau-Placzek
ratio of Wehner and Kleif they concluded that the narrower
longitudinal and transverse acoustic Brillouin lines, respeceomponent at high temperature was due to entropy fluctua-
tively. Note that, as for Fig. 2, the spectra in Fig. 3 aretions. It must be noted that the phonon mean-free path must
constructed by linking several spectra obtained with differenbe sufficiently short compared © ! in order for hydrody-
free-spectral ranges. For clarity, the spectra are displayedamic picture to be valid. In the opposite limit, i.e., very long
with their peak heights normalized. The temperature deperphonon mean-free paths, one must consider that the light is
dence of the integrated intensity, which decreases with descattered by individual phonons rather than by collective ex-
creasing temperature, will be discussed later. citations such as diffusing hett.Reviewing Fig. 4, it is

The half width at half maximum of the narrow compo- obvious that we should not apply thermal diffusion theory to
nent, determined by the Lorentzian fitting, depends on temthe low temperature data. In fact, the phonon mean-free path
perature as shown in Fig. 4. The filled circles and the tri-of rutile is estimated to be of the same order of or longer than
angles are the experimentally measured linewidths obtaine@ * at temperatures lower than 150 K, which indicates a
in backscattering and 90° scattering, respectively. The direaonhydrodynamic regime.
tion of Q was along 110] in both scattering geometries and  The integrated intensity of the narrow component depends
the magnitudes ofQ were 7.3410°cm ! and 5.19 on temperature as shown in Fig. 5. It increases rapidly with
x10° cm™ ! for backscattering and 90° scattering, respectemperature below 50 K, is roughly linear between 50 and
tively. It can be seen that the linewidth depends rathed00 K, and then seems to reach a plateau above 100 K.
strongly on temperature at low temperatures, while at highAccording to the above arguments regarding the hydrody-
temperatures its dependence on temperature becomeamic and nonhydrodynamic regimes, the different tempera-
weaker. The solid and broken lines represent the linewidthture regions seem to correspond to the two scattering re-
which are calculated from thermodynamic theory, which pre-gimes: the narrow component in the lower temperature
dicts an unshifted Lorentzian line shape with linewidth of region corresponds to two-phonon difference scattering and
D Q?/27, whereDy, is thermal diffusion constant. We es- that in the higher temperature region can be considered to be
timated Dy, from the well-known relationD = «/pC,, due to entropy fluctuations. However, since the observed
wherek, p, andC, are thermal conductivifyand density and linewidth was narrower thal Q%2 even at 300 K, it
specific heat under constant pressurespectively. At low implies that 300 K is still too low for the present system to
temperatures, the calculated linewidths are much broaddre considered fully hydrodynamically. Therefore, it might be
than those observed for both values@fFurthermore, even more appropriate that we consider the temperature region
at the highest temperature of 300 K, the calculated values aound 300 K in our experiment as an intermediate regime
about twice as broad as those observed. We also see in Figbétween hydrodynamic and nonhydrodynamic. The low tem-
that the linewidth of the narrow component depends on theerature data of the integrated intensity will be discussed in
magnitude of the wave vector transfer. The signal intensitythe following section from the viewpoint of two-phonon dif-
in the 90° scattering experiment, however, was not stronderence scattering.
enough to allow an accurate wave vector dependence of the
narrow component linewidth.

The behavior described above is similar to that found in
diamond? where the temperatures were much higher and the The temperature dependence of the broad quasielastic
observed linewidths were larger than those in rutile. At thecomponent is shown in Fig. 6, where the spectra are numeri-
highest temperature of about 1200 K the widths for 90° scateally fitted by Lorentzian functions and displayed with their
tering and 34° scattering were about 12 and 2 GHz, respegeak height normalized again. The Brillouin components due
tively, which were quantitatively consistent wibQ?27  to the longitudinal acoustic phonons appear as sharp peaks

B. The broad quasielastic component
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FIG. 6. Temperature dependence of the broad quasielastic com- FIG. 8. Temperature dependence of the half width at half maxi-

ponent. The dashed lines are the numerically fitted Lorentzians. The um of the broad quasielastic component. The widths were deter-

sharp peaks appearing near the center of the spectra are the Bri T
P P pp 9 . ne sp mined from Lorentzian fitting to the measured spectra. The narrow-
louin components due to longitudinal acoustic phonons.

est width is about ten times as broad as the width of the narrow

Component at the same temperature.
near the center of the spectra. The narrow component, de-

scribed in the previous subsection, is not resolved and it
appears as the elastic peak. Although the broad quasielasf§sumes an isotropic phonon dispersion and also that the
Component is Strong in the Spectra at h|gh temperaturesy iBaman matriX elements are independent Of the |n|t|a| and
integrated intensity and linewidtthalf width at half maxi- final states. In spite of these simplifications, we will show
mum) decrease with decreasing temperature as indicated fhat the model provides an excellent explanation of our ob-
Figs. 7 and 8; it becomes undiscernible below 65 K. Thesé&ervations.
temperature dependences will be discussed and explained in Consider an isotropic phonon branelfk), wherek is the
the following section. magnitude of the wave vectdr. In a first order Raman pro-
This broad component has little wave vector dependenc€ess, we create an excitation with wave ved@r If we
as shown in Fig. 9. The linewidths in Figs@®and g9b) are ~ assume an acoustic branch and tékéo be small, the fre-
303 and 313 GHz, respectively. Note that the frequencyuency shift corresponding to the Brillouin component is
shifts of the Brillouin lines differ in the two spectra accord- @g= Q[ dw(k)/dk]|—o=Qv, wherev is the sound velocity.
ing to their linearQ dependence. In a two-phonon difference Raman process, an excitation
with wave vectork is annihilated and another with wave
vectork+Q is created. In the approximation of an isotropic
solid, the change in frequency associated with this process
In this section we present an explanation for our observadepends only on the projected component@fonto K,
tion, which is based on two-phonon difference Raman pro-
cesses. We argue that two-phonon difference processes from
a single phonon branch account for the narrow quasielastic
component, while two-phonon difference processes from dif-
ferent phonon branches explain the broad quasielastic com-
ponent.

IV. DISCUSSION

TiO

(a)ﬂ=1000 298

Intensity (arb.units)

A. The narrow quasielastic component

The model used here to describe second order difference
Raman scattering involves two important approximations: it
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FIG. 9. The wave vectaiQ) dependence of the broad quasielas-

FIG. 7. Temperature dependence of the integrated intensity dfic component. The measured linewidths were, respectively, 303
the broad quasielastic component. The values are normalized at 2@Hz in (a) with the scattering angle of 100°, and 313 GHz(lm
K for later convenience. with the scattering angle of 180°.
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which can be written afcosé, where 6 is the angle be- 1.0 '
tween Q and k. The two-phonon difference process gives >
rise to a frequency shiff) as iz
[]
Q=w(k+Q cosb) — w(k) < 05 /R .
K J 4
dw (k) ) L E
_TQ cosé. (1) S
= ’
. . . | | 1 =
The entire two-phonon difference Raman spectrum is the (_)1_0 05 0 05 1.0
sum of contributions from all the allowed valuesloand 6 Normalized Shift (o units)
which satisfy Eq(1). For fixed values ok and 6, the inten-
sity at frequency shiff) can be written as FIG. 10. Temperature dependence of the calculated line shape

of the narrow quasielastic component. The broadest line is at 30 K,
QO intermediate curves at 40, 50, 77, and 100 K, and the narrowest at
6—arcco [aw(k)/ak]) dkde, 150 K. The isotropic dispersion curve which was used for the cal-
culation wasX,(1) in Ref. 11. Note that the horizontal axis is
normalized by the Brillouin frequencyg .
where the delta function is introduced to include the restric-
tion for k and 6 due to Eq(1). On integrating Eq(2) over6,  still assumed spherical symmetry for the dispersion curve.
we obtain We choseX,(1) dispersion curve because it corresponds to
o) 5 our Q direction, viz.,[110]. Other dispersion curves, such as
2 B the LA branch and a simple (k)= wgsinka/2) with wq
(@ dke2mk \/1 (Q[aw(k)/ak]) dk © equal to the zone boundary frequency, were also tested but
produced slightly worse agreement. We did find that the cal-
Now we incorporate the thermal population factor of theculated line shapes are critically affected by the shape of the
relevant phonons. For the two-phonon difference procesgispersion curves indicating that the real anisotropic disper-
with which we are concerned, it is given by sion curves and the inclusion of all three acoustic branches
would provide more exact predictions.
n(k)[n(k+Q)+1]=n(k)[n(k)+1], The calculated linewidth depends on temperature as

1(Q,k)dkdox27k? sin 65

={exdioK)/kT]—1} % plotted in wg units. The observed linewidths which are nor-
Noting that the integration must be performed over themalized by wg are also plotted in Fig. 11. The Brillouin
values ofk which satisfy frequency which was used for normalization of the line-
widths is 66 GHz, observed transverse acoustic phonon fre-
Q 2 quency. It can be seen from Fig. 11 that thg(1)-like dis-
1- W =0 (4) persion curve yields consistent linewidths at low

temperatures, but its predictions are too broad at higher tem-
in order to avoid imaginary results, we obtain the total inten-peratures. As mentioned above, since the linewidth is greatly
Sity as influenced by the shape of the dispersion curve, more exact
/a q 5 pLedictiogs may be obtained by taking the real anisotropic
T 2 _ phonon dispersions into account.
l(Q)ocfo dkn(k)Ln(lo) + 1]k \/1 (Q[aw(k)/ak]) ' The temperature dependence of the integrated intensity
(5)  which was calculated from Ed6) with a dispersion curve

wherea is the lattice constant. Normalizing and () as «
=ka andAQ=0/wg leads to the following expression for
the total intensity:

Q

n

o
H

e
—_
)]
T
1

B
Py
o
T
1

i AQ 2
I(Q)“fo dK”<K)[n<K)+1]K2\/1_ gm) '

(6)

Equation(6) predicts the line shape and intensity at any tem-
peratureT.

Figure 10 shows the temperature dependence of the cal-
culated line shape of the narrow component. The peak inten-
sities are normalized at each temperature. The line shape is Fjg. 11, Temperature dependence of the narrow component
in good agreement with the observation. Furthermore, th@nhewidth calculated using Eq6) (solid line). The dots are the
temperature induced spectral narrowing is also fairly wellppserved widths which are normalized by the Brillouin frequency
reproduced. The phonon dispersie(k) used for the calcu- of 66 GHz, the observed transverse acoustic phonon frequency of

lation was taken as the lower TA branch, namély(1) in  rutile. At low temperatures, the calculated linewidth reproduces the
the neutron scattering data of rutifeNote, however, that we observations better thaD,,Q%/2.

Normalized Linewidth ( @ units)

0 100 200 300
Temperature (K)
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and the dots are the observed intensities. The values are normalized Temperature (K)
tolat77 K FIG. 13. Calculated temperature dependence of the integrated

intensity of the broad componefiine). The dots are the observed

similar to 2,(1) is displayed as a solid line in Fig. 12 to- integrated intensity of the broad component. The values are normal-
gether with the experimental integrated intensitiésts. In  ized at 200 K for ease of comparison.
Fig. 12 both the observed and the calculated values are nor-
malized at 77 K. A quantitative agreement is seen up to 10@6omponent. First, because the line shape depends on the na-
K, above which the calculated values are too large. The calture of the critical point at the zone boundary and analytical
culated integrated intensity, which can be approximated agxpressions for these singularities contain divergences; it is,
proportional toT? at high temperatures, deviates from the therefore, not possible to extract linewidths without incorpo-
experimental results above 100 K. rating techniques to circumvent the singularities. Second,

Since the calculated linewidth scalesags, it is expected even at the lowest temperatures, there are at least three dif-
to be proportional t&). This prediction is different from that ferent critical points that contributé. Qualitatively, how-
of entropy fluctuations which predict@? dependence of the €ver, the linewidth of the broad component will be related to
linewidth. In Ref. 3, the temperature and wave vector depenhow steeply the branches diverge away from each other; a
dence of the narrow component linewidth of diamond areslow divergence producing a narrower line. The line shape
investigated and the authors concluded that, while entropglue to each critical point is not expected to change with
fluctuations account for the narrow component at high temiemperature. The experimentally observed temperature in-
peratures, deviations appeared at low temperatures. The ragiced broadening, however, is consistent with the contribu-
of the linewidths in Fig. 4 fall in the range 1+70.3. This tions from the higher frequency critical points at which the
must be compared width 1.4 and 2.0 predicted by our modephonon branches diverge from each other more rapidly.
and the entropy-fluctuation model, respectively; clearly ourThese contributions, which only become activated at higher
accuracy is not sufficient to distinguish between the twotemperatures, produce a broader line.
models on this point. It is very interesting to note that the

measured_widths in dia_lmond in Ref. 3 seem to scal@aﬁ; _ V. SUMMARY
700 K, which was relatively low temperature in their experi-
ment, while it scales a®? at the highest temperature. Quasielastic light scattering consisting of two components

was observed in single crystals of rutile. We experimentally
clarified the temperature dependences of the linewidth and
the intensity of both the narrow and the broad components.

The broad quasielastic component can be explained bWwe also formulated an explanation based on two-phonon
two-phonon difference processes from different phonordifference Raman processes for both components. The nar-
branches near the zone boundary. Consider two phonons @ow component is well explained by two-phonon difference
a pair of merging branches at a zone boundary point. Werocesses from a single acoustic phonon branch. With this
annihilate one phonon on one branch and create the othemnodel, the temperature dependence of the integrated inten-
phonon on the other branch. The frequency shifts which areity was consistent with our observations and the tempera-
caused by this kind of phonon pairs give rise to central peakure induced line narrowing was reproduced qualitatively. At
whose intensity is predicted by a factowzg)[N(wzg) high temperatures, however, the narrow component may be
+1], where wg is the zone boundary frequency. For the better explained by entropy fluctuations since the observed
lowest zone boundary points of rutile, g is approximately  linewidth approaches the values expected from thermal dif-
3.1 THz!! Figure 13 is the plot of the calculated integrated fusion theory. Further experiments are necessary to distin-
intensity of the broad component withyg~3 THz. guish the difference of the wave vector dependence between

Since Q is very small compared withk,g, the two- these two explanations, i.e., the difference betw@eand
phonon difference processes from different phonon branche®?. The experimental results of the broad component were
are expected to cause little difference in the line shape of thevell explained by two-phonon difference processes from dif-
broad component with respect to the chang®irThis is in  ferent phonon branches near the zone boundary. The tem-
good agreement with the experimental results shown in Figperature dependence of the integrated intensity of the broad
9. Within the framework developed here it is not possible tocomponent was found to follow(n+ 1), which is expected
obtain reliable values of the width of this broad quasielastidrom the two-phonon difference Raman processes.

B. The broad quasielastic component
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