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Low-frequency Raman- and neutron-scattering spectra are compared for the three glass formers polybuta-
diene, polystyrene, and Si02 at different temperatures. One finds similar neutron and Raman spectra in the
frequency range where the quasielastic (relaxational) contribution dominates, but a marked quasilinear increase
of the light-scattering sensitivity above the vibrational boson peak. Analysis of the data shows that there is
some intrinsic relation between the quasielastic contribution and the boson peak vibrations. These results are
compared with predictions of different models.

Low-frequency (v-1 —100 cm ') Raman spectra of dis-
ordered materials have been intensively investigated during
the last two decades. The spectra have two main
contributions: quasielastic scattering, which is usually as-
cribed to some kind of relaxational motion, and the so-called
boson peak, a vibrational contribution. The mechanism of
light scattering at these frequencies is still controversial.

The general approach for the description of the spectra is
disorder-induced scattering, assuming that excitations in dis-
ordered systems have no well-defined wave vector q. For
this reason they may all contribute to the light-scattering
spectra. The Raman intensity is supposed to be proportional
to the density of states of these excitations g(v): '

I(v) =C( v) g( v) {n(v) + 1)/ v,

where n( v) + 1 = (1—exp( —h vtkT)) is the temperature
Bose factor and C(v) is the light-to-excitation coupling co-
efficient. The coupling coefficient depends on the motional
eigenvector of the excitation. In particular, it was shown that
for slightly damped acoustic vibrations C(v) ~ v . ' Accord-
ing to a second approach, the soft-potential model, the main
contribution to the Raman spectra comes from localized ex-
citations in soft potentials. The latter have been postulated
to have C(v) =const. A third approach, dipole-induced-
dipole (DID) scattering, suggests that the main contribution
to the light-scattering spectra appears due to a second-order
process and the intensity may be expressed as a convolution
of the dynamic structure factor S(q, v) with itself: I(q, v)
~fd Q dAS(Q, Q)S(q —Q, v —Q) . Taking into account that

S(q, v) is essentially a 6' function in v (as long as the broad-
ening of the elastic line does not reach the spectral window),
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one arrives at the conclusion that I(v) ~S(qo, v), where qo is
the main peak in S(q)." Thus light- and neutron-scattering
spectra should have similar frequency dependence. In terms
of Eq. (1), this means that C(v) should be essentially fre-
quency independent.

Thus the present theoretical background gives different
predictions for the frequency dependence of C(v). Experi-
mental results presented so far are contradictory. There are
several papers claiming experimental observations of C(v)
~ v at lower frequencies (see, for example, Refs. 1 and 5).
Another group of papers reports that C(v) around the boson
peak frequency can be well approximated by a linear
function. However, as was shown in ' C(v) =const may
be a good approximation at low frequencies. There, the light-
scattering spectra look similar to the neutron ones.

In this paper we compare neutron- and Raman-scattering
data for three different glass formers at different tempera-
tures. The comparison shows some general features of
C(v) in different systems. In particular, C(v) of the quasi-
elastic contribution seems to be related to C(v) of the boson
peak. These results are compared to predictions of different
models.

Right-angle Raman spectra were measured using a double
monochromator (U-1000, FU-Berlin) and normalized in in-

tensity at high frequencies. Neutron-scattering spectra were
measured using the cold neutron time-of-Bight spectrometer
IN6 at the Institut Laue-Langevin, Grenoble. Two of the
samples (the two polymers polystyrene and polybutadiene)
were predominant incoherent scatterers. These were treated
in the usual way, subtracting the empty container, normaliz-
ing to vanadium, correcting for absorption and for multiple
scattering, and finally determining an effective vibrational
density of states from the Q dependence at low Q and
finite-energy transfer. The third sample, vitreous silica, a co-
herent scatterer, was evaluated in terms of a model for the
eigenvectors as described in an earlier publication. The ef-
fective vibrational density of states obtained in that way still
contains both vibrational and relaxational contributions.

The details of the experimental and data treatment proce-
dures will be described in a more extended paper. The mea-
surements have been done at different temperatures. Since
the quasielastic scattering is much more strongly temperature
dependent than the vibrational scattering, one thus has dif-
ferent relative contributions of the boson peak and the quasi-
elastic scattering to the spectra.

Figure 1 shows the comparison of g(v)/v as obtained
from the neutron spectra with depolarized Raman spectra. As
usual, both spectra show the boson peak at v „—12—50
cm and quasielastic scattering at lower frequencies. The
latter strongly increases with T. Both the Raman and neutron
spectra have the same frequency dependence at low I, but
differ at v) v,„(Fig. 1). For PS and SiOz the Raman spec-
tra at T~10 K are also shown, though there are no neutron
data at these low temperatures. These spectra illustrate the
strong quasielastic contribution even at fairly low tempera-
tures, T= 35 K for PS and T= 50 K for Si02.

It is evident that different kinds of excitations (sound
waves, localized vibrations, relaxation, etc.) may have differ-
ent C(v). An effective C,rt(v) can be directly estimated if
one divides the Raman spectra by the neutron ones:
C,rr(v) =I(v) v/g(v)1n(v)+1). The results (Fig. 2) show
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FIG. 1. Comparison of g(v)/v from neutron data (symbols)
and normalized Raman intensity (solid lines) at different tempera-
tures for PB, PS, and Si02. Dashed lines show the Debye level at
lowest T (135 K for PB and 50 K for SiOz).

the same general behavior for all three substances: (i) at low
frequencies C,ri(v) =const with a weak temperature depen-
dence at lower T; (ii) at higher v C,rr(v) has a nearly linear
frequency dependence; (iii) the crossover between these two
regions happens just around v,„; (iv) at still higher v

C,ri(v) reaches a maximum just at the frequency of the first
maximum in the vibrational g(v). A softening of that maxi-
mum with increasing temperature is observed for PB and PS.
However, in order to separate different contributions to the
spectra one should use some additional model assumptions.

For the analysis of C,rt(v) let us assume that both neutron
and Raman spectra can be written as a sum of the relax-
ational and the vibrational contributions, i.e., g( v)
=g„(v) +g„(v) and I(v) ~ C„(v) g„(v) + C„(v) g„(v). Then,
using Eq. (1), one can write

C,rt(v) = C„(v)+[C,(v) —C„(v)]g,(v)/[g, (v)+g„(v)].
(2)

The frequency dependencies of both C„(v) and C„(v) are
not known. However, in the frequency range where the
quasielastic contribution dominates (low frequencies and
high temperatures) the second term in Eq. (2) is negligible
and C,n(v) =C„(v). Thus C„(v)=const (Fig. 2). At
v~ v,„ the vibrational contribution dominates and
C,rt(v)=C, (v). Figure 2 shows that in that interpretation
C,(v) has a strong frequency dependence, at least at fre-
quencies above the boson peak maximum.

How can one describe the temperature variation of
C,rr(v)'? Let us assume that the main temperature variation
in the spectra is an increase of the quasielastic intensity and
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FIG. 2. C,a(v) at different temperatures (symbols) for PB, PS,
and Si02. Arrows show the position of v,„.Thick solid lines
show the linear frequency dependence. Thin solid lines show esti-
mated C,n(v) using Eq. (3) with C„=22 for PB, C„=1800for PS,
and C„=10 for Si02. Dashed lines show C,a(v) for PB calculated
after subtraction of the Debye contribution from the neutron spectra
for two temperatures.

that the vibrational contribution has a nearly harmonic be-
havior, i.e., C„(v) and g, (v) are essentially temperature in-

dependent. In this case one can rewrite Eq. (2):

C,rr( v, T) = C„+[C,n( v, T, ) —C„]g ( v, T, )/g ( v, T), (3)

where C,rt(v, T,) and g(v, T,) are the coupling coefficient
and the effective density of states at some temperature T&.
We calculated C,rt(v) for all temperatures using Eq. (3) and
the data at the lowest temperature (T= 130 K for PB, 35 K
for PS, and 50 K for Si02). At these temperatures, one has
the smallest quasielastic contributions (Fig. 1).A reasonable
agreement with the experimental data was obtained using
C„=const, independent of temperature and frequency. Obvi-
ously, the temperature variation of C,rt( v) at low frequencies
can be ascribed to the variation of the quasielastic contribu-
tion relative to the vibrational one. Some deviations of the
calculated C,n(v) from the experimental data appear at
v) v,„ for PB and PS. We ascribe this deviation to a soft-
ening of the vibrational spectra with T, contrary to the as-
sumption of Eq (3).

The value of C„was found approximately equal to the
value of C,n( v= v,„)=C,(v= v ) for all three sub-
stances under investigation (Fig. 2). This is an important re-
sult; it supports the idea of some intrinsic relation between
the quasielastic scattering and the boson peak. This idea is
independently supported by earlier findings on the depolar-
ization ratio p(v) =Id,JIv„. This is an important parameter

for the light-scattering spectrum and was analyzed for many
glass-forming systems. It was found that in the low-
frequency range p varies from —0.24 for ZBLAN20
(ZrF4'. 53%, NaF:20%, BaF2'.20%, LaF2.4%, A1F3'.3%) (Ref.
12), -0.3 for Si02 up to a maximum value -0.75 for most
of the organic systems (including PB and PS).'" However,
in all cases investigated so far it was found that p( v) has the
same value for the boson peak and for the quasielastic con-
tribution. Thus the depolarization ratio and the analysis of
C,ti(v) (Fig. 2) both show that the boson peak and the
quasielastic-scattering contribution could have some intrinsic
relation.

Now let us compare our results with the predictions of
different model aPProaches. We do not find the C,rt(v) oc v

behavior predicted for the slightly damped plane waves. Our
results do not support previous publications where authors
claimed a v behavior for the frequency range v( v,„(see,
for example, Refs. 1 and 5). It is known that the vibrational

g(v) around v „is significantly higher than the one ex-
pected for sound waves and increases faster than v (as it
should for sound waves) at v( v,„.The presented neutron-
scattering spectra at low temperatures, where the vibrational
contribution dominates, also show that the vibrational g(v)
at v(v increases faster than v (Fig. 1): there is a slight
increase of g(v)/v for PB and PS, which is additionally
masked by the quasielastic contribution at lower frequencies,
and a strong increase can be seen for Si02. Thus the theo-
retical basis of an analysis in terms of sound waves is already
questionable. The expected v behavior should appear (if it
exists at all) at low frequencies, where vibrations are cer-
tainly plane waves with small damping. However, we cannot
reach this region because at lower v (-4 cm ' for PB and
PS and -6 cm for Si02) at all analyzed temperatures the
spectra are dominated by the quasielastic contribution (Fig.
1). Thus the question remains open.

The soft-potential model, in contrast, assumes that the
contribution of sound waves is negligible and that the main
contribution to the low-frequency Raman spectra comes
from localized excitations in soft potentials. The latter may
be relaxationlike, which gives quasielastic scattering, or
quasiharmonic vibrations, which show up as the boson
peak. Thus a relation between the quasielastic scattering and
the boson peak is expected in the framework of the soft
potential model. The simplest assumption is to take
C(v) =const for both kinds of excitations and independent
of temperature. In this s'cheme, the depolarization ratio
should be the same for quasielastic scattering and for the
boson peak. The latter is in agreement with experimental
observations. However, our results show that C,rt(v) is fre-
quency dependent and has a weak temperature dependence
(Fig. 2). Of course, for a correct comparison with the predic-
tions of the soft potential model one should subtract the
Debye-like contribution (sound waves, shown by the dashed
line in Fig. 1) from the neutron spectra. The results of the
comparison of the Raman spectra with g(v) —gD(v) for PB
are shown in Fig. 2. The weak temperature and frequency
dependencies observed at v~v, „ for C,rt(v) are not re-
moved, but rather enhanced. Thus the subtraction does not
improve the situation and we cannot make conclusions about
the sound wave contribution from the presented data. In any
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case, the observed strong frequency dependence of C,n(v) at
v~ t,„(Fig. 2) is in contradiction with the prediction.

According to another approach, DID," the Raman spectra
I/v(n+1) should be similar to S(q, v)-g(v)/t . This pre-
diction is in good agreement with the obtained results at
v& v „,~here the quasielastic contribution dominates, but
it is not correct in the frequency region where the vibrational
contribution dominates (Fig. 1). The DID mechanism also
predicts that the depolarization ratio p=0.75. This is cer-
tainly not the case for SiOz, where p=0.3.' Thus the DID
explains the frequency dependence of the quasielastic scat-
tering, but fails to describe the depolarization ratio.

The intrinsic relation between the two contributions is
also explained in the framework of another phenomenologi-
cal model. ' The model assumes that the low-frequency
vibrations are damped due to some relaxation channel. As a
result every vibration (with some frequency II) gives two
contributions to the spectrum: an inelastic one at v= 0, and
a quasielastic one. The depolarization ratio is the same for
both contributions and is defined by the depolarization ratio
of the vibrational contribution. The contribution of every vi-
bration to the Raman spectra differs due to C(A). However,
this does not change the spectral shape of the quasielastic
part and only changes its amplitude according to C(A). As a
result the vibrational (inelastic) contribution will have some
frequency-dependent C,(v), while the quasielastic one will
have C„(v)=const. The model assumes that all vibrations
around the boson peak contribute to the quasielastic spec-
trum. In this case C„ is some averaged value of C,(v) and,
consequently, C„=C„(t= v ). Thus the observed relation
between the quasielastic and the boson peak contributions
are explained. However, the model does not explain the fre-
quency dependence of C„(v). Our results show (Fig. 2) that

C,(t) has a nearly linear frequency dependence at least for
v) v (it deviates significantly from this behavior only in
PS). The same quasilinear behavior has been found for Se,
As2S3, B203, Si02, PB, and Sm203-P205 glasses. ' ' Thus
this frequency dependence seems to be universal. It is not
explained by either one of the theoretical approaches dis-
cussed above. Some explanation for this behavior in terms of
fractonlike models has been suggested, ' assuming linearlike

eigenvectors. However, in the present paper we are not able
to discuss these models because of the limited space.

The existence of the quasilinear frequency dependence is
even more striking in view of the experimental evidence'
for a frequency-independent eigenvector of the vibrations in
vitreous silica between 10 and 100 cm, interpretable in
terms of coupled librations of corner-connected Si04 tetra-
hedra. From that evidence, it seems that the quasilinear in-

crease of C,tt(v) can hardly be related to a change of the
eigenvector.

As a conclusion, the above analysis shows that there is a
general behavior for C,n(v) in different kinds of glass form-

ing systems: C,rt( v) =const at low ( v ~ v,„) frequencies
and a nearly linear frequency dependence at higher v. The
crossover between these two regions appears just around

v,„.At low frequencies and temperatures C,ft(v) has a
weak temperature dependence, mainly due to the increase of
the relaxational scattering with increasing temperature. In all
cases it was found that C„=C„(t= v „).These results to-
gether with the depolarization ratio p show that there is some
intrinsic relation between the boson peak and the quasielastic
contribution. This holds for organic and covalent systems,
for systems which have p=0.75 and p=0.3. The intrinsic
relation is expected in the soft potential model and in the
model found in Refs. 13 and 14, but not in the DID
mechanism. However, the frequency dependence of
C,ft(v) deviates strongly from the prediction in Ref. 13 and
is not discussed at all in Refs. 13 and 14. It shows a quasi-
linear increase, setting in at the boson peak, which seems to
be a universal feature of all glass formers.
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