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Very-low-frequency Raman scattering in vitreous silica~
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The very-low-frequency Raman scattering from vitreous silica was measured for frequency shifts ~ as small as
4 cm . The data were compared with present theories on disorder-induced sacttering; for ~ ( 20
cm ' an excess scattered intensity was found, which is not seen in the corresponding crystalline state. The
magnitude of this excess intensity was determined relative to that of the Brillouin lines; its temperature

dependence was found to be stronger than one-phonon processes, but weaker than two-phonon processes. We

discuss the excess scattering in terms of existing models for the low-temperature specific heat of glasses and

find, at least for temperatures T & 80 K, our data to be consistent with disorder-induced scattering from

damped high-frequency sound waves.

I. INTRODUCTION

Recently, glasses have gained a renewed inter-
est because of their anomalous thermal properties
at very low temperatures (T & 2 K). ~ The excess
specific heat, being dominated by a term varying
linearly with temperature, indicates the presence
of states in addition to the (long-wavelength} Debye
phonons. The physical nature of these additional
states is still unclear and represents a problem
of current interest.

Fulde and Wagner have proposed that a struc-
tural relaxation is mainly responsible for the
anomalous thermal properties of the glasses.
This relaxation leads to an increased damping of
the acoustic phonons and to a low-frequency tail
in the spectral function of these phonons. At very
low temperatures, the large-momentum phonon
states —in general frozen out in the crystalline sol-
id —can still be partially occupied through their
low-frequency tails, thereby giving rise to the ex-
cess specific heat.

Anderson, Halperin, and Varma. ' (AHV) and, in-
dependently, Phillips have advanced a more spe-
cific model for the structural defects of a glass.
They assume that in a glass, atoms or a group of
atoms may have two almost equivalent equilibrium
positions which are described by a double-well po-
tential. For atoms where the potential is not too
asymmetric and the central barrier not too high,
transitions between the upper and lower level,
even at low temperatures, can occur by phonon-as-
sisted tunneling. According to this model, the ex-
cess specific heat is a direct measure of the num-
ber density of these two-level systems.

Using the model of AHV, Ja,ckle' was able to
quantitatively predict the saturation of sound at-
tenuation which had been proposed earlier and

which was subsequently verified in ultrasonic ex-
periments. Although these experiments have
demonstrated the usefulness of the model of AHV,

its generality has been questioned in view of the

fact that a variety of glasses show, in spite of
great differences in their chemical compositions,
thermal anomalies of quite comparable magnitude.

The present investigation is mainly motivated by
the question of whether light-scattering experi-
ments can provide additional information on the
states responsible for the excess specific heat. As
far as we know, previous experiments did not
contain any observation of these states and good
Haman data~ have only been available for fre-
quency shifts larger than 15 cm ~. In principle,
however, light scattering can only be fruitful if
these states couple to the light with sufficient
strength.

In this paper, we report a detailed investigation
of the low-frequency Haman spectrum of vitreous
silica down to frequency shifts cu of 4 cm ~. We
compare our data with current theories of disor-
der-induced scattering, which based on a De-
bye model, predict that the low-frequency scat-
tered intensity should vanish for ~- 0. In contrast
to this theoretical prediction, our data exhibit a
significant finite scattered intensity for co- 0, in-
dicating an "excess" scattering. We have mea-
sured not only the temperature variation of this
"excess" contribution from room temperature down
to 40 K, but also its depolarization ratio and its
magnitude relative to the Brillouin lines. We pre-
sent arguments that the excess contribution cannot
be accounted for by the high-frequency tails of the
Brillouin lines nor by scattering processes of sec-
ond order. The excess scattering is discussed in
terms of the models proposed for the excess spe-
cific heat.

II. EXPERIMENT AND RESULTS

The Raman spectra were recorded by using both
an argon-ion laser (514 nm) and a krypton laser
(64V nm} as exciting light sources, and a Ja,rrell-
Ash double-grating spectrometer followed by stan-
dard photon counting equipment. A 90, scattering
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curves represent the polar-
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tering, respectively.
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geometry was employed with f/2 collection optics,
and care was taken that no parasitic stray light,
mostly originating from the sample surfaces, could
enter the spectrometer. The change of the spec-
tral sensitivity of our detection system —depending
on photomultiplier sensitivity and grating efficien-
cy —was measured at 514 nm by recording the first-
order Raman scattering of crystalline quartz. The
response was found to increase by about 18% when

going from 128 cm on the Stokes side to 128 cm
on the anti-Stokes side. The polarization depen-
dence of the spectrometer transmission was com-
pensated by inserting a polarization scrambler in
front of the entrance slit.

Figure 1 shows the polarized and depolarized
Raman spectra of the vitreous silica Suprasil W1,
(Ref. 17) for T= 295 K. These spectra are in-
cluded here as a reminder of the general features
at higher frequencies already discussed in the lit-
erature. . The strongly polarized character of
the spectrum for +&200 cm ~ is typical; at smaller
frequency shifts the depolarization ratio is increas-
ing, and for co & 120 cm polarized and depolarized
spectra exhibit practically the same spectral shape.
For ~ & 50 cm ' the scattered intensity decreases
with decreasing ~. Our very-low-frequency data
of the depolarized scattering, as displayed in Fig.
2 for Suprasil 1 (Ref. 17) indicate a minimum of the

SUPRASII 1
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FIG. 2. Depolarized
scattering from vitreous
silica (Suprasil 1}excited
with 514 nm. The curve
at T=152 K was normalized
relative to that at T =295 K
at +=-420 cm"i, assuming
one-phonon processes.

I

+40
I

+30
)i I I

+10 0 -10 -20

FREQUENCY SHlFT (cm')

I

-30
I

-40



G. WIN TE R LING

scattered intensity around &-—10 cm-~ and an in-
crease for ~ & 10 cm ~. This increase was found in
both types of Suprasil investigated; however, it is
more pronounced in the sample of Suprasil I,
which in contrast to Suprasil 5'I, has a rather high
concentration of QH on the order of 1000 ppm.

The finite scattered intensity for +-0 required
a careful investigation of the instrumental profile.
Under our experimental conditions, the contrast
I,~,/I„~ was found to be, for example, 2. '7x10
at ~ = —5 cm when using the 514-nm line and even
one order of magnitude better (for example, 4. 1
&&10 at &u = —4 cm ') when mea, suring with the 64V-
nm line. The depolarized Raman scattering at 5

cm ' on the other hand, is at room temperature
about 2. 6 ~IO ' times the scattered intensity at
&@= 0 (for 514 nm), thereby being still two orders
of magnitude stronger than the instrumental tail of
the elastic Bayleigh scattering. In the red, the
experimental situation is even better, and Raman
data can be taken as close as 4 cm ~ to the exciting
line. It should be noted that the experimental con-
ditions here are much more favorable than with

opaque amorphous semiconductors where, in gen-
eral, the large stray light contribution from the
sample surface masks the intrinsic spectrum very
close to the exciting line.

We were also able to spectrally resolve the cen-
tral line of the scattering spectrum (see Fig. 2) by
drastically reducing the width and height of the
spectrometer slits. In this case, with a reduced
instrumental width of 0.4 cm ~, the ratio of the po-
larized intensities of one Brillouin line (scattering
from longitudinal phonons) to the Rayleigh line was
measured at 7 = 295 K to be = 0. 021 (at 514 nm),
which agrees well with the value obtained earlier
with a Fabry-Perot interferometer. ~ We further
determined, to our knowledge for the first time in
an amorphous solid, the magnitude of the (disor-
der-allowed) Raman background relative to the (0-
allowed) Brillouin scattering. The polarized Ra-
man intensity at ur = —6 cm (within one instrumental
width of 1.9 cm ') was found to be (1.3+ 0. 3) &10 3

times the integrated intensity of one polarized Bril-
louin line at T = 295 K, using 514-nm light.

The depolarization ratio I„„/I» of the Raman scat-
tering at room temperature was found to be fre-
quency independent in the investigated frequency
interval 6 & ~ &40 cm ~ and to have a value of 0. 30
+0.03, which is about three times larger than the
calculated depolarization ratio of 0. 094 for the
Brillouin scattering (see Appendix A and Ref. 20).
Combining these two numbers, the intensity ratio
of the depolarized Raman scattering at 6 cm ' to
one depolarized Brillouin line is computed to be
(4. 3+ 1)x10 '.

Finally, we measured the temperature depen-
dence of the Raman scattering in Suprasil WI from

295 to 40 K. The corresponding data are shown in

Fig. 4.

III. DISCUSSION OF THE DISORDER-INDUCED

SCATTERING

It has been realized for some time that the Ra-
man scattering from quartz in the frequency region
around 50 cm is much larger in the glassy state
than in the crystalline state. Whereas earlier
interpretations ' considered this finding as an in-
dication for low-lying optical modes, it is now be-
lieved that the low-frequency Raman spectrum
(~ & 50 cm ') is dominantly due to a disorder-in-
duced scattering from high-frequency sound waves.
Whalley and Bertie~ have discussed the conse-
quences of orientational or electrical disorder
which manifests itself as a spatially fluctuating po-
larizability. A sound wave with large momentum
can, although weakly, take part in light scattering
through combination with a particular (large-mo-
mentum) Fourier component of the photoelastic
constant so that there arises a contribution to the
dielectric tensor varying spatially with the (small)
scattering wave vector.

Shuker and Gammon ' have pointed out the con-
sequences of the mechanical disorder which leads
to a localization of the higher-frequency vibrations
and, correspondingly, to finite Fourier components
of the displacement at small wave vectors. Recent-
ly, Martin and Brenig~ have developed a continuum
model for the disorder-induced scattering from
high-frequency sound waves. They consider both
the electrical and mechanical disorder by introduc-
ing fluctuating contributions to the photoelastic and .

elastic constants. Their theory yields an approxi-
mate expression for the depolarization ratio I„„/I„„,
depending on the sound velocities and the photoelas-
tic constants. For vitreous silica, I,„/I» is cal-
culated for lower frequencies (ur & 30 cm ~) (see Ap-
pendix A) to be = 0. 28, which is close to the value
observed in our experiment and which is also com-
patible with the Raman spectra of Ref. 12.

In general, the Raman intensity of the disorder-
induced scattering can be written '

Z„((u, T) ~ Q c,((u) pg((o)
n(~, T)+(o)

b (d

Here, cb is the frequency-dependent coupling con-
stant for the branch b, p, (~) is the density of states
in branch b, and n is the thermal occupation num-
ber of a harmonic oscillator. The I and 0 in the
parentheses refer to the Stokes and anti-Stokes
spectrum, respectively. One basic assumption un-
derlying Eq. (1) is that the vibrational states taking
part in the scattering are narrow in the frequency
domalll,

According to Eq. (1), the temperature depen-
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I'IG. 3. Schematic of the (depolarized or polarized)

spectrum of the light scattered at very-low-frequency
shifts. The inner three lines represent the Rayleigh line
and the Brillouin doublet, the full curve represents the
weak Haman background expected from the theories of Hefs.
14 and 16, the shaded area represents the excess scattering.

uP (see Fig. 3). Even if the coupling constant c,
varies more weakly than e, the scattering should
vanish for ~-0 because of the frequency depen-
dence of the Debye density of states.

In contrast to that expectation, the measured Ra-
man intensities —both for the polarized and depo-
larized scattering —do not vanish for e 0, as can
be seen in Figs. 2 and 3. Therefore, we must con-
clude from our analysis based on Eqs. (1) and (2)
that there is an excess scattered intensity (marked
in Fig. 3 as the shaded area) in the Raman spec-
trum of vitreous silica. This excess intensity has
the following properties: (a,) It is characteristic of
the glassy state of Si02, since the scattering from
crystalline quartz in the same frequency region
(4 & e & 20 cm ) is about one order of magnitude
smaller. (b) It peaks for &o-0 within the resolution
of our instrument. (c) Its magnitude at 5 cm with-
in one instrumental width of 1.S cm ~ is about 1000
times weaker at T = 295 K than one polarized Bril-
louin line. (d) Its temperature dependence is
stronger than that of harmonic oscillators, as can
be seen from Fig. 4.

IV. DISCUSSION OF THE EXCESS SCATTERING

First, we would like to briefly discuss the excess
scattering with respect to second-order processes

dence of the disorder-induced scattering is that of
harmonic oscillators, which is in agreement with
both our data for ~ (d ~

& 20 cm ~ and with the earlier
Raman data of Refs. 12 and 13 obtained for ) col &25
cm ~. The factor (n+0)v in Eq. (1) is proportion-
al to the mean square displacement of a vibrational
mode with eigenfrequency ~. At low frequencies
(cu & 50 cm ),

' the dominant contributions are ex-
pected to arise from modes having sound-wave
character. The modulation of the dielectric tensor
by a sound wave is, for a given displacement am-
plitude, larger, the larger the wavevector q. In
the continuum limit —2v/q much greater than the
short-range correlation length $ ($ = 6. 4 A for vit-
reous silica )—the coupling constant c, of Eq. (1)
can be shown to be proportional to q, and assum-
ing a linear dispersion (de- q, c~ is expected ' to
vary as

(2)

o9.~ 12

~ 10
6

8
+

Recent experiments on amorphous silicon are in
agreement with this prediction. Thus, the scat-
tered intensity at room temperature and very Low

frequencies (~/2v &
+~0 v/g = 20 cm ' for vitreous

silica, ) should be roughly proportional to the den-
sity of states p„since n(~, T)= kT/h&u»1 under.
these conditions.

Describing the very-low-frequency excitations
with a Debye model, the disorder-induced scatter-
ing is expected to vanish for co- 0 roughly"'" as

0 -5 -10 -15

FREQUENCY SHIFT
FIG. 4. Experimental Haman data dependent on tem-

perature; the data were normalized at co = —420 cm ~

according to one-phonon processes. The theoretical ex-
pectation according to a Debye model is included for
comparison.
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and the high-frequency tails of the Brillouin lines,
i. e. , mechanisms which could also be present in
the crystalline state. Second, we shall consider
the excess scattering with respect to scattering
from structural defects and damped high-frequency
sound waves, i. e. , mechanisms which are more
characteristic of the glassy state.

A, Brillouin line shapes

In fused quartz, the damping of sound waves with
frequencies v j2v-10'o Hz is determined at higher
temperatures mainly by relaxation processes.
Describing this damping with one average relaxa-
tion time 7.—a generalization to a distribution of
relaxation times will not change our main argu-
ments —the spectral function S(q, e) of the Bril-
louin lines can be expressed in terms of the elastic
response function D(q, &u)

' by

S(q, m)~c (q)N'u&[n(m, T)+(0)jv ImD(q, ur), (3)

D(q, (u) = f(u' —(uo(q) [1 —igav(I —i(u7) jf ', (4)

and the coupling constant c(q)cc q, with v being the
sound velocity, and ~o(q) = vq. The constant g de-
scribes the strength of the relaxation and is related
to the high- and low-frequency limit of the sound
velocity by

weaker than the observed scattered intensity at
5 cm ~ by about three orders of magnitude. Also,
since the depolarization ratio of the excess scat-
tering is much different from that of the Brillouin
scattering, the excess scattering observed (see
Fig. 3) cannot arise fromthe high-frequency tails
of the Brillouin scattering. An analysis of the ex-
perimental Brillouin lines shape by Sandercock 6

strongly supports this conclusion.

B. Second-order scattering

From crystals it is known that second-order
scattering, particularly difference processes, may
contribute to the scattering at small frequency
shifts. These processes, however, have a tem-
perature dependence proportional to n~(Q„T)
x [I + n2(Q~T) j with v =

I Q2 —Q& I, which is much

stronger than that of first-order scattering. For
example, for & = 5-cm second-order scattering
at T = 80 K would be weaker by at least a factor of
0. 08 than its value at T = 295 K; the experimental
values for the scattering, in contrast, have the
larger ratio of 0. 22 (see also Fig. 4), so that sec-
ond-order processes cannot account for the ob-
served temperature dependence of the excess scat-

v'„= v~0(I +a) . (5) (do C« 1

The above hydrodynamic description is similar to
liquids where the relaxation between the transla-
tional and internal degrees of freedom is commonly
described in terms of a frequency-dependent bulk
viscosity. It is instructive to consider the line
shapes for the high-frequency ((UpT» 1) and the low-
frequency (&vow«1) limits. For the second case,
we obtain from Eqs. (3) and (4), assuming g«1 and
hu&/kT «1,

3.
U

g,. C, .. ......

E

'3

3
I

bio g »1

FWHH= +02g

4)0(q. )

QJ 2 Q) 2()~g )

(6)

where I" —= ~0(q)gv is the full width at half-height

(FWHH) of a Brillouin line. For frequency shifts

(d»~z, the spectral function S rolls off like -I'(d ',
whereas at the low-frequency side, S(q, &u) exhibits

a long tail, as is schematically sketched in Fig.
5(a). In the other limit ~ox» 1, this tail separates
off the main line and appears as a central mode

[see Fig. 5(b) j, the strength and width of which are
determined by the relaxation strength g and the re-
laxation rate 7, respectively. The main line is
approximately Lorentzian for frequencies e = co .

In our experiment using 514-nm light, the Bril-
louin lines of the transverse and longitudinal sound

waves are at frequency shifts of 0.49 and 0. 77
cm ~, respectively. The high-frequency tail of the

stronger 0. 77-cm ~ line at 5 cm ' is estimated
from Eq. (6) and the damping data of Ref. 23 to be

Area ~ t1-g,. )

Area g,.

FM/HH "-

I

+

3

13

3

(c)

FIG. 5. Expected line shapes for the scattering from
state q; are sketched in (a) and (b) for the low-frequency
and high-frequency limits, respectively. FWHH denotes
the full width at half-height. The disorder-induced
spectrum obtained by summation over all states q; is
sketched in (c).
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tering. In addition, second-order scattering of
comparable strength is not known in crystalline
quartz for (d & 100 cm ~,

C. Damped high-frequency sound waves

The thermal conductivity data ' tell us that the
acoustic phonons in fused quartz are much more
strongly damped than in crystalline quartz. Con-
sequently, the description of the disorder-induced
scattering in terms of vibrations narrow in fre-
quency domain, as discussed in Sec. III, ~' ~6 is
only a rough approximation; in particular, phonons
with high momentum q may possess a low-frequen-
cy tail in their spectral function. These tails, al-
though weak in comparison to the main spectral
density near ~- e(q)q, can give a remarkable con-
tribution to the scattering for co-0, due to their
large density of states. In this respect, strong
damping of acoustic phonons may account for the
observed excess scattering, its temperature de-
pendence, and also for an excess specific heat.
This interpretation is further supported by the fact
that the excess scattering shows the same depolar-
ization ratio as the Baman scattering at higher-
frequency shifts (15 «u & 40 cm ~).

In order to obtain an approximate description of
the high-momentum excitations —no theoretical
model specific for the glassy state is known to us
at present —we extend the hydrodynamic descrip-
tion of Eq. (4) to large values of q. Each state,
characterized with its q value can contribute to the
disorder-induced scattering depending on the value
of the coupling constant e,(i ji ). The spectrum of
the scattered light is obtained by summing up the
contributions of aQ states q, ,

1(~)"Qc(libel }[s(~, &)+(0)]1~(l~il ~)

D(q„&u), as defined in Eg. (4), may be generalized
to include several relaxation processes by replac-
ing in the denominator g+v(1 —i+7) with g g +r„
&&(1 —i~a ) ~. For g =0, Eg. (V) reduces to Eq.
(1).

In order to allow comparison with the experi-
mental data of Fig, 4, we rewrite Eq. (7),

f((o)
[ ( ) ]

CC Qc,(q, )(o Ima(q„(o) . (8)

The spectral shape of one term in the sum has al-
ready been discussed above for one relaxation pro-
cess and is displayed in Figs, 5(a) and 5(b). Al-
though neither the dispersion &u~ = &uo(q, }nor the
coupling constant c~(q;) are known for large values
of q, information on the parameters of the relaxa-
tion process can be obtained from our data in the
following way: The sum over the main spectral
weights located near ~= &uo(q, ) of all terms is pro-

portional to the density of states in the long-wave-
length limit, i.e. , u& & 20 cm . For frequency
shifts 20 & ~ & 120 cm ~, this sum is expected to be
proportional to the measured spectrum divided by
v[n(v, T)+ (o)]; hence, this sum can be represented
in Fig. 5(c) by the curve enclosing the dashed area.
The low-frequency tails of Figs. 5(a) and 5(b), al-
ways weighted with the corresponding coupling fac-
tor c(q, ), should add up to the dotted area in Fig.
5(c). From Figs. 5(a) and 5(b), it is evident for
frequencies ~ & uro(q) that with decreasing relaxa-
tion rate 7", the tail contributions increase for
&& g"~ but, decrease for co&z"~.

We may now compare our experimental data of
Fig. 4, in particular, the decrease of the "excess"
scattering with decreasing temperature, with the
theoretical expectation of Fig. 5. The decrease of
the tail contribution for 5 & + &20 cm ~ suggests
that the average relaxation rate vz~ of the dominant
relaxation process is smaller than ~= 5 cm ~

(=10~ sec ~) at T= 150 K and is further decreasing
with decreasing temperature; at T =40 K, this re-
laxation process is practicaQy no longer seen in
our data, which indicates that it has become very
narrow in frequency. The remaining "excess"
scattering at 40 K may be explained in this context
by assuming another relaxation process, ~'~8'3 which
is considerably faster than the first process. The
relaxation strength g is obtained for urov» 1 as the
ratio of the dotted to the dashed area [see Fig.
5(b)]. Comparing Fig. 5(c) with the experimental
data 0 (see Figs. 1 and 4) which are extrapolated to
~ = 0 following the given curvature, the strength
g~ of the first process at T = 150 K is estimated to
be g~= 0.026. This value and also the relaxation
rate v~ are compatible with the corresponding val-
ues derived from ultrasonic experiments, which
are g = 0. 03 (Ref. 4} and (~ '),„=2 x 10"sec ' at
7= 130 K (Ref. 23), respectively.

D. Structural defects

In the following, we would like to discuss our
data in view of the model of AHV. ' This model
can also provide physical pictures for the relaxa-
tion processes discussed above very generally.
AHV assume that atoms or groups of atoms can
have two equilibrium positions in a more or less
asymmetric double-well potential (see Fig. 6).
For defects where the asymmetry is quite large
and the central barrier quite high, transitions be-
tween the upper and lower level can occur mainly
through thermally activated jumping across the top
of the barrier; at low temperatures, these defects
are expected to be frozen. For defects where the
asymmetry is small, transitions between the upper
and lower level occur through phonon-assisted tun-
neling at low temperatures, and these two level
states are believed to be responsible for the excess



2438 G. WIN TE R I INQ 12

V (x)

polarisability

FIG. 6. Sketch of the double-well potential character-
izing a structural defect; x is a generalized coordinate;
when the atom undergoes a transition from one minimum
to the other, the polarizability tensor may change its
spatial orientation.

specific heat. ' The first case has already been
considered by Anderson and Bommel as a struc-
tural relaxation, in order to explain the ultrasonic
absorption at temperatures T & 30 K; the second
case has been considered by Jackie' to account
for the ultrasonic attenuation at temperatures
T & 20 K. These relaxation processes can be seen
in light scattering via their mechanical coupling to
sound waves; however, there can also be a direct
coupling of the structural defects to the light if the
polarizability of a defect is anisotropic and does
change its orientation or magnitude during a tran-
sition between the two levels.

Anderson and Bommel ' have suggested that the
structural defects may involve the motion of oxygen
atoms. It is known that the polarizability of oxygen
in a compound is larger the larger the available
volume for the oxygen. ' Therefore, it seems to
be possible that the polarizability of the oxygen in
a double-well potential may be quite anisotropic;
furthermore, the spatial orientation of the polariz-
ability ellipsoid may depend on the location in the
double well, as is sketched in Fig. 6.

The picture we try to develop here is similar
to the situation found in liquids. If the polarizabil-
ity of a molecule is isotropic, then we only see the
polarized scattering from the density fluctuations,
i. e. , a Brillouin doublet and a central line; if,
however, the polarizability is anisotropic, there
is in the spectrum an additional contribution which
is depolarized and whose spectral width may be
much larger than the Brillouin frequency. This
contribution is called the reorientational scattering
or Hayleigh wing~o and allows, if the molecules re-
orient independently from each other, the motion
of an individual molecule to be seen. It corre-
sponds to the incoherent neutron scattering, which
also allows the study of the motion of an individual

atom,
In order to see whether the defects can directly

couple to the light with sufficient strength, we consider
a very simple model. We approximate the struc-
tural defects by a gas of anisotropic molecules
having rotational symmetry and being characterized
by a certain anisotropy ~n of their polarizability.
The integrated intensity of their reorientational
scattering has been calculated in Appendix B and
depends on ha and on the number density of defects

From the experimental data at 295 K, we nave
determined the ratio of the integrated "excess"
scattering to the (polarized) Brillouin scattering to
be 8. 7&&10 . Using N& =10 cm, which should
be an order-of-magnitude approximation for the
number of thermally excited defects ' at T=100 K,
we compute the anisotropic part of the polarizabili-
ty tobe ~n=10 ' cm3. This number has tobe
compared with the polarizabilities of a SiO~ unit
and an 0 in SiO~, which are 3xl0 cm or 1.7
~10 cm', respectively. " Thus, it seems possi-
ble that the defects could directly couple to the
light through an anisotropy of the polarizability;
however, it appears less probable that a single ox-
ygen can produce an anisotropy of the required
magnitude; of course, this consideration is only
qualitative, due to the uncertainty of N~.

In principle, it appears possible that the light can
directly induce transitions between the upper and
lower level of a defect state. The frequency shift
of the scattered light would correspond, in this
case, to the energy difference ~E of the two levels.
Assuming a certain probability for such a transi-
tion, the scattering rates for energy loss and gain
depend on the thermal population of the two levels.
Considering levels with ~E&14 cm, i. e. , ~E
& 20 K, the scattering rates would hardly vary with
temperature for T&2aE, i. e. , T&40 K. Our Ra-
man spectra (see Fig. 4) however, do not indicate
any contribution remaining fairly constant with
temperature.

E. Conclusion

We have discussed the excess scattering in view
of the structural defects being present in the glass.
We have seen that the coupling of the defects to the
light can occur in two ways: firstly, indirectly via
the mechanical coupling of the defects to the sound
waves, and secondly, via a direct coupling. The
indirect coupling is already implied in the model
used by Fulde and Wagner for the discussion of
the thermal anomalies; the direct coupling can
arise through a mechanism suggested in this paper
on the basis of the models of Anderson, Halperin,
and Varma' and of Anderson and Bommel. At
present, it cannot be decided what type of coupling
gives the dominant contribution to the scattering.
Further experiments, extending to still lower tem-
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peratures and including the Brillouin frequency re-
gion, should help to clarify this point; in particu-
lar, they could provide more precise information
on the magnitude of the relaxation rates.

Stolen has already pointed out that the far in-
frared absorption n of fused quartz appears to
arise from the same normal vibrations as the low-
frequency Raman scattering' '1 and that o./~ has
a similar spectral shape as the Raman scattering
for & & 120 cm». The absorption was found to be
independent of temperatures» '»3'3 for (d & 20 cm»,
which is consistent with modes behaving like har-
monic oscillators. However, the absorption was
measured to decrease with decreasing tempera-
ture» ' for frequencies (d & 20 cm», just where,
in our experiment, the excess Raman scattering is
observed and also found to decrease with tempera-
ture, These facts suggest that the absox'ptlon fox'

co & 20 cm» involves the same physical mechanisms
responsible for the excess Raman scattering as
discussed in this paper.
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APPENDIX A

In this section, we would like to derive from the
theory of Ref. 16 a value for the depolarization ra-
tio of the amorphous Raman background. Using the
notation of Ref. 16 and setting the terms with
D44,& = 0, we obtain from Eq. (24) of Ref. 16 the de-
polarization ratio

E„„„(t)+ (V, /4t, )' E„~(t)

2
(I) C2

Ey soy (I) I6 Ca

~C 5C2,
"' (')=

10 C't

2 5C2) 4C2q 6C~

E„„,(t)= ~, o, ( g'+x) .

Here (I) and (t) refer to the scattering contributions
of longitudinal and transverse sound waves, re-
spectively. (5C/C) and X are a measure of the
relative mean-square (spatial) fluctuation of the
photoelastic constants and the elastic constants, re-

I + -,'(v, /v, )'
I+ [45+ 15(~l/+4) ](Co/Cl)

{A3)

Inserting the numerical values for fused quartz, we
obtain f„,~/I, », = 0. 28. Note that this value is con-
siderably larger than the depolarization ratio of the
Brillouin scattering from transverse and longitudi-
nal sound waves, which is given o by

fo/Ii = 2 (P44/P12)'(&1/4'4)'= o o94 ~

APPENDIX 8

In the following, we shall consider the reorienta-
tional scattering from a gas composed of molecules
being characterized by the following tensor polari-
zability:

(o o o)
&o 0

0 0 no+6

0 0

The scalar part of n, &
is resyonsible for the scat-

tering from the density fluctuations, whereas the
tensor part 4a gives rise to the reorientational
scattering. Assuming uncorrelated reorientation,
the scattering contributions due to 4n add up in-
coherently and have a depolarization ratio of —', ,

The average power radiated within the solid an-
gle dA by one dipole p is given by

dP, „(t)=(1/4wc') ipI sin'ydQ, (A4)

spectively.
The ratio of the longitudinal to the transverse

sound velocity v, /v, in fused quartz is given by
4,/e, = l. 5V, and the ratio C,/C, is related to the
photoelastic (Pockels) constants P4& (Ref. 33) of
fused quartz by

Cl Pll+ 2P12 P12 /3(P44)
, C, 3(P„-P„) 2P„

From Eq. (Al) and the above numbers, it can be
seen that the depolarized scattering I„~ is dom-
inated by the contribution of the transverse sound
waves, which is stronger than the contribution of
the longitudinal waves by a factor of (u, /v, )'-,
= 15.64. In the polarized scattering I»», the con-
tributions of longitudinal and transverse sound
waves are of the same order of magnitude when we
assume, according to Ref. 16,

5C,/Ci = 5C,/C, .
Combining the above assumption with Eq. (Al), we
obtain for the depolarization ratio in the long-wave-
length limit, i. e. , e/ur much greater than the cor-
relation length $
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where c is the velocity of light, and Q is the angle
between p and the propagation direction of the ra-
diated light. The average mean-square dipole mo-
ment P„ induced by an oscillating local field Eo, ,«
and due to 4Q, ls given by

(P,'(t)) = &~n'E'...„(t) (a5)

Inserting the above relation into Eg. (A4) and using
E„,« =-', Es(&+ 2), we obtain for the power of the
poJl.arized reorientational scattering integrated over
a11 frequency shifts

dP„«t = Po ——(&o!) 3
sin PNn I.dQ,

(dg 3 p 6+2 . 2

(A6)

where Po is the incident power, &oo/2s is the fre-
quency of the incident light, e is the dielectric con-
stant at ~o, N~ is the number density of molecules,
and I. is the scattering length.

The spectral width of the reorientational scatter-
ing is determined by the average reorientation rate
and may be quite large in comparison to the char-
actel istic Brillouin f1equency. The 1atlo of this
scattered power relative to the light power de&ggy
(Ref. 34) scattered by longitudinal sound waves
within the same solid angle dQ is
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