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We describe the excess Raman intensity recently observed by Winterling in vitreous silica for frequency shifts
® <20 cm™! in terms of structural relaxation of defects, which can have two distinct states of polarizability
differing by an amount Aa = 0.6 A’. All other properties of the defects (distribution of potential barriers) are
taken from ultrasonic data. The correct temperature dependence is obtained. The experimentally observed
value for the depolarization ratio in vitreous silica (0.30 = 0.03) can be explained if the simplest possible form
of the polarizability difference between the two states is assumed. We briefly discuss Raman scattering by
quantum-mechanical tunneling states, which should be observable at very low temperatures.

L. INTRODUCTION

The low-temperature properties of glasses have
been widely investigated in recent years. Mea-
surements of the specific heat! suggest the exis-
tence of excitations other than phonons. Accord-
ing to Anderson, Halperin, and Varma? and Phil-
lips® these defects (represented by a double-well
potential) may be approximated by two-level sys-
tems, Studies of the ultrasonic attenuation as a
function of temperature (at frequencies around 100
MHz) suggest a two-peak structure. The low-
temperature peak (~4 K) can be traced back® to
two-level systems relaxing via quantum-mechani-
cal phonon-assisted tunneling.® The high-tempera-
ture (~ 50 K) peak® can also be interpreted in terms
of structural relaxation of defects of a more gen-
eral nature; in this case relaxation occurs via ther-
mal activation.*”

Light-scattering experiments provide us with in-
formation about both static and dynamic properties
of glasses. Thus, the breakdown of translational
invariance gives rise to “disorder-induced scat-
tering,”®"1% i, e., scattering from all normal modes
of a given frequency—essentially an effect of static
disorder. Furthermore, low-frequency (w <20
cm™) Raman scattering!! has revealed an intensity
which is in excess of that expected from disorder-
indvced scattering by Debye phonons. In what fol-
lows, we show that this can be the result of inco-
herent scattering by defects relaxing via thermal
activation., These are the same defects which
cause the high-temperature peak in the ultrasonic
attenuation. This typical “Rayleigh-wing” struc-
ture is formally identical to the one obtained from
fluctuations in the orientation of anisotropically po-
larizable molecules in a liquid.*® The physical dif-
ference is that here we do not deal with reorienta-
tion, but rather with “hopping” between two dis-
tinct states of an otherwise rigid defect whose po-
larizabilities differ by an amount Aa.

The paper is divided into three parts. Section
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II gives a brief account of scattering due to the
(static) disorder. Section II deals with the main
topic—scattering by structurally relaxing defects.
Finally, in Sec. IV we discuss scattering by quan-
tum-mechanical tunneling states.

I1. STATIC DISORDER

The most obvious difference regarding light
scattering from amorphous solids as compared to
crystals comes from the breakdown of translation-
al invariance. Martin and Brenig!® distinguish two
types of disorder: (i) electrical disorder,® as ex-
pressed by short-range fluctuations of elasto-op-
tical constants, and (ii) a particular form of me-
chanical disorder, which involves the “distortion”
of plane waves but not their damping. We can see
that (iii) damping mechanisms can also lead to a
violation of the momentum selection rule (and hence
may become important for Raman scattering) if we
consider a phonon with wave vector ¢; and mean
free path A;, for which ¢;A;S1. Thermal conduc-
tivity data,! however, indicate that this overdamp-
ing condition is not fulfilled for phonons in the low-
frequency region w<35 cm™. Shuker and Gammon®
have also expressed the idea that the momentum
selection rule may be violated as a result of strong
spatial decay of the phonon modes. However, their
criterion differs from ours (iii) since it involves
the optical rather than the phonon wavelength,

Now it turns out that (i) and (ii) contribute simi-
lar terms, in additive fashion, to the expressions
for the scattered intensities,® whereas damping me-
chanisms (iii) are as we mentioned above unim-
portant in the low-frequency region. Therefore,
we may formally combine (i) and (ii) and formulate
the theory in terms of electrical disorder alone.
Light scattering is then caused by time-dependent
fluctuations of the electrical susceptibility 6y;,
which, in turn, originate in the local strains e;:

GX:‘(;’ 1)=—(€*/4m) [pij + 61’{1(;)] ej(;, 1. (1)
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The Voigt notation has been used in (1), € is the
dielectric constant, p;; represent macroscopic
averages of elasto-optical (Pockels) constants, and
8p;,(7) represent their local (static) fluctuations.

The spectral intensity of the scattered light is
given in terms of the quantities

4 el
I;(q, w)=I0(%9> fdrdte“‘""w'
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where wq, and I are, respectively, the frequency
and intensity of the incident light, and a, w repre-
sent the wave vector and frequency difference be-
tween incident and scattered light., In a 90°-ge-
ometry scattering experiment the polarized and
depolarized components of the spectrum are given,
respectively, by I, =1}, and I,,=1I;,. The indices
L, L (or L, 1) denote the polarization of incident
and scattered light relative to the scattering plane.
If we restrict ourselves to electrical disorder and
assume an isotropic Debye spectrum for undis-
torted plane-wave phonons, we obtain for the low-
frequency polarized Stokes component a spectral
intensity

If%w) (€w )4 A0)C2uw?
w[n(w)+1] =1y —;9- 64r’p0s
asles) + 56 ()]
X[1+ 45<cz) *15 AR (2)
Here, v, and v, are the longitudinal and trans-

verse sound velocities, 3C;=py1+2p13, C;=p11 = P12y
p is the density of the medium, and #(w)=1/(e?*-1)
is the phonon occupation number. The factor o?
reflects the acoustic phonon density of states, which
includes both longitudinal and transverse phonons.
Finally, X(0) is the long-wavelength limit of the
correlation function Mk)= [ @% e T (5, (T)5p(0))/
Di;bry Of the static fluctuations of the elasto-optical
constants. In terms of A(0), the mean square fluc-
tuations of p;;, averaged over a macroscopic vol-
ume €, are given by {(8p;;/p;;)?)a=20)/R. The
condition A(w/v,)= A(0), which means that the acous-
tic phonon wavelength must be larger than the cor-
relation length of electrical disorder, limits the
validity of Eq. (2) to low frequencies. If we as-
sume that essentially all the Raman intensity at
w=20 cm™ is electrical disorder induced, we ob-
tain from the data of Winterling!! and Eq. (2) a val-
ue of A(0)=1400 A® for vitreous silica. On the ba-
sis of “frozen-in” density fluctuations®® &p(T), we
would obtain 6p,,(¥)=(v/p)p;;6p(¥), and thus

NOY=(r/pf [ dr(5p(F)op(0)

S YakBTlKT(T‘)= 0. 4 AS 9

which is several orders of magnitude smaller than
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the value derived from experiment. Here

v=9 1np,.,/a Inpis aGruneisen parameter for the
elasto-optical constants which is of order unity'* and
k7(T,)=2.1x107% dyn™ cm? is the isothermal com-
pressibility at the glass transition temperature

T,. 5 This discrepancy suggests either that “fro-
zen-in” anisotropy flucutations—similar to those
occurring in liquids—might be of much greater im-
portance in determining electrical disorder than the
density fluctuations, or that in fact mechanical dis-
order (ii) rather than electrical disorder is the
main cause of disorder-induced scattering.

An expression similar to (2) can be obtained for
the depolarized intensity I,,. Substituting the elas-
tic and elasto-optical constants of fused quartz,
one obtains a depolarization ratio I,,/I. = 0. 28.

III. STRUCTURAL RELAXATION OF DEFECTS

In what follows, we explain the excess scatter-
ing intensity found by Winterling at low-frequency
shifts (w<20 cm™) by the coupling of light to local-
ized structural defects with two configuration
states. The ultrasonic and microwave absorption
peaks occurring between 50 and 300 K have been
successfully interpreted in terms of the relaxa-
tion of such defects.” The main point of the pres-
ent paper is to relate the recent Raman data to
these older ultrasonic and microwave data. We
describe the state of each defect by a pseudospin
variable S which can have the value +30r —3.
Our basic assumption is that the two-defect states
are states of different electric polarizability. The
time-dependent part of the electric polarizability
tensor of the jth defect is determined by the instan-
taneous value of the pseudospin variable and by the
polarizability difference between the two possible
defect states. Brought into diagonal form, it can

be written
a0 0
0 Aa® 0 . (3)
0 0 Aaf®

Every tensor component is time dependent ac-
cording to

Aaj(t) =AM SX1) ,

where S5(#) can take the discrete values +3 of -3,
corresponding to the defect’s instantaneous state.
In the simplest case only one component of the
tensor (3) is nonzero: Aa{’=4a'® =0, Aal®
=Aqa;#0. Our subsequent calculation is made for
this case. Compared with the case of anisotropic
molecules in a liquid, which give rise to a Rayleigh
wing through their rotational motion, the situation
here is different, since the motion of a two-state
defect in a glass is limited to the hopping between



the two configurational states with spatially fixed
polarizabilities. The spatial orientation of differ-
ent defects in the glass, however, is random as
for molecules in a liquid.

The dynamics of the two-state defects which en-
ters the scattering cross section is expressed in
terms of the time-dependent polarizability auto-
correlations:

r dtet“t(Aa,()Aa,(0))

=(aa))? f” dt e***(s5(t) $5(0))

- (aaye 2ad) @)
The third line in Eq. (4) is derived using the fluc-
tuation-dissipation theorem. xj/,(w) is the imag-
inary part of the longitudinal pseudospin suscep-
tibility x;, ,(w) discussed in the context of sound at-
tenuation®; for defects which can relax via thermal
activation

1
Xy, @)= 4 -ITzw—T; ) (5)
where 73'= 75! ¢®"/ is the rate of thermally acti-

vated transmons for a potential barrier of height
V,. We employ the broad Gaussian distribution of
barrier heights P(V)=Pexp[-(V — V,)?/VE], where
V,=550K, Vy=410K, P=5.6x10" K cm™ and
To=2X 105 sec. These constants are all derived
from ultrasonic data in Ref. 7. In the simplest
case, where only one component of the polarizabil-
ity tensor Eq. (3) is nonzero (Aa®’=Aa#0, Aa'V
=Aa® =0), we obtain for the polarized Raman in-
tensity

Iml(w) €+2 3
‘Wn(w)+1] (70> ( ) 15 15 (2
18 (V)
E‘Z[ aVP(V) oty (©)

where (Aa)? is some average over all (Aq,)?, and
the factor -;% comes from the angular averaging over
the random defect orientations. We have also taken
account of the fact that the effective electric field
at each defect is in fact 5(€+ 2) times the applied
field. The result Eq. (6) demonstrates explicitly
the relationship between the Raman scattering in-
tensity and the ultrasonic attenuation. The right-
hand side of Eq. (6) is proportional to 75 (w)/w?,
where I;},(w) is the inverse mean free path of pho-
nons of frequency w/27 which arises from the de-
fect relaxation.

The depolarized intensity I,, can be obtained in an
identical fashion, the only difference being that the
angular average now yields a factor Tlg Thus, a
depolarization ratio I,,/I,, =5 is obtained. In the
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general case, when more than one components of
the polarizability tensor (3) are nonzero, the de-
polarization ratio is given by’

I.Lu :l 7"1
I, 2 1+%'y ’
where

y;sj};ma‘“)ﬂg Aa<*>)2

Since ¥ ranges from 1 to «, the range of the de-
polarization factor is between zero and 3. Since
defects with the same structure should have the
same form of polarizability difference Eq. (3), the
depolarization ratio may be considered as a struc-
tural characteristic of the defects. The experimen-
tal value for fused silica'! is 0. 30+ 0. 03, which is,
within the experimental uncertainty, equal to the
value obtained for only one polarizability compo-
nent (3). Winterling has very recently extended his
Raman measurements to other glasses'® and found
for B,0; glass a depolarization factor of 0. 47.

This result indicates that the structure of the defect
states is different in B,0O; glass and in vitreous sil-
ica, which is not too surprising, considering the
different basic structural units of the two glasses,
planar BO, triangles vs SiO,4 tetrahedra.

Our predicted temperature dependence of the
Raman intensity is shown in Fig. 1 for a frequen-
cy shift of 5 cm™. The calculated solid curve has
the form of the ultrasonic attenuation curves at high

Iyro'[n(wT)«]”!
(arb. units)

1 2 3 10 20 40 100 200 500
TEMPERATURE [K1

FIG. 1. Reduced Raman intensity Igw™i[n(w) + 1] vs
temperature T for a given frequency shift (w=5cm™),
The solid curve includes contributions from disorder-
induced scattering [Eq. (2)] and from structural relaxa-
tion of anisotropically polarizable defects [Eq. (6)]. The
contribution of the disorder-induced scattering has a
constant value which in these units is equal to 1.06, less
than 10% of the total intensity observed at room temper-
ature. The dotted curve represents scattering by direct
Raman processes [Eq. (7)].
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frequencies19 since ultrasonic data have been used
to determine the distribution P(V) of barrier
heights. In the measured temperature range, sat-
isfactory agreement for the temperature depen-
dence is obtained. For higher temperatures our
calculation predicts a decrease of the reduced in-
tensity?® Jw Y (n+ 1),

To obtain agreement with the experiment, a val-
ue of Aw=0.6 A® is required, i.e., Aa;(/)=+0,3 A®
according to whether S=+3. This is a reasonable
value compared with the empirically fitted, effec-
tively isotropic polarizability of O™ in SiO, (1.7
Aii). 21

In his paper, Winterling!! discusses as a second
possibility the explanation of his data in terms of
low-frequency “tails” of damped high-frequency
phonons (120> w,>20 cm™). In this case the light
couples to the elastic strain field [see Eq. (1)]
which is described by the phonon propagator D(q, w)
as used in Ref., 22. If the assumption is made that
the low-frequency tails of the phonons are due to the
relaxation of structural two-state defects,? this
contribution can be ascribed to an “indirect cou-
pling” of light to such defects via the elastic strain
field. However, the result for the light scattering
due to this “indirect coupling” is formally identical
to the result of the “direct coupling” discussed be-
fore, since the low-frequency portion of the short-
wavelength phonon propagator D(q, w) is (for w<< w,)
just proportional to x,(w), the longitudinal pseudo-
spin susceptibility [Eq. (5)]. The obvious inter-
pretation of this result is that the low-frequency
tails of the phonon propagator describe the fluctu-
ations of the elastic strain field in the vicinity of
every defect, which follow the hopping of the de-
fect between its two states. The strain field around
a defect can be considered as an “elastic polariza-
tion.” According to this interpretation, the con-
tribution to the light scattering of the “indirect
coupling” comes from the fluctuating “elastic po-
larization” around the defects. Since it may be dif-
ficult to distinguish between “defect center” and
“polarization cloud, ” and also since only one cou-
pling constant can be determined from a fit of the
experimental data, it is reasonable to consider the
contributions of the “elastic polarization” and the
“defect center” as combined into an effective elec-
tric polarizability Aa; of the total defect. With
such a value of Aa our results Eq. (6) include the
effect of both “direct” and “indirect” coupling.

IV. QUANTUM-MECHANICAL TUNNELING STATES

In order to ascertain the role of two-state defects
in light scattering one should look for the analog
of the resonant processes which were detected in
ultrasonic experiments at very low temperatures.
This consists of the absorption and reemission of

a light quantum by a defect, whereby the defect
jumps from one quantum-mechanical state to the
other. In order to describe such a process, the
polarizability anisotropy Aa,(t) must be considered
as an operator; within the pseudospin formalism
this corresponds to an ansatz of the type

3
Aay(t)= D AakSH(1) .
B=1

If Ao} is roughly independent of i (as is the case
with the analogous deformation Hamiltonian*) we
obtain

IH(w) wo\* /e + 2\2
e~ () (57)
x £ (Aa)¥(1/4w)N(w)tanh(3Bw) , (7

where N(w) is the density of states of the two-
state defects.

Using the constant density of states N=17.2x10%
erg™'cm™ derived from specific-heat data' and the
same Aa=0.6 A® as in Eq. (6), we obtain the dotted
curve in Fig. 1 for the Raman intensity as a func-
tion of temperature at a frequency shift w=5 cm™.
Note that: (i) For TS3 K, I} is of the same order
of magnitude as IT?! (T= 40 K). Thus, coupling to
the quantum-mechanical defects should be detect-
able. (ii) Relaxational contributions due to pho-
non-assisted tunneling are not considered; these
only become important for 7> 10 K, at which tem-
peratures quantum-mechanical two-level systems
cease to give a good description of the defects.*
(iii) This Raman scattering by directly induced
transitions is less likely to be saturated than the
resonant ultrasonic attenuation, since the scatter-
ing rate is proportional to [1- f(w)], in contrast
to the ultrasonic absorption rate which is propor-
tional to [z = f(w)], where f(w) is the occupation
number of the excited defect state.

V. CONCLUSIONS

We have shown that the excess Raman intensity
observed in silica for intermediate temperatures
(40< T<300 K) can be interpreted in terms of scat-
tering from structurally relaxing two-state de-
fects—the same defects which are responsible for
ultrasonic attenuation in the 1-GHz range. Two
additional features of our results can be subjected
to experimental test: the decrease in reduced in-
tensity predicted for higher temperatures (600
> T>300 K) and the increase that should occur for
very low temperatures (753 K) due to scattering
from quantum-mechanical two-level systems.

The proportionality of Raman scattering intensity
and sound attenuation, which is the main point of
this paper, would be most clearly demonstrated if
Raman experiments were performed in the ultra-
sonic frequency range. This would require using
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very high resolution spectroscopy in the range 0.1~
0.001 cm™. If our theoretical predictions are ver-
ified, we would have a unified description of ultra-
sonic, microwave, and Raman data on glasses in
terms of the same structural two-state defects.
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ing us about recent measurements and for helpful
discussions. Comments from Dr. A. Martin, Dr.
S. Hunklinger, and Professor R. Klein are also
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