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Effect of temperature on the vibrational density of states in vitreous SiO,: A Raman study
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Raman scattering measurements of vitreous SiO, were performed over a wide range of temperatures in order
to study the behavior of the boson peak and the quasielastic scattering. The analysis of quasielastic contribution
in the framework of the Jickle model demonstrates that the quasielastic excess and the acoustic attenuation
have the same physical origin. Moreover and even more importantly we found that the boson peak decrease,
which is observed at increasing temperature, is fully explained by the modification of the elastic constants.
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The vibrational dynamics of amorphous solids and glasses
have been extensively studied in the last three decades.! In-
elastic light and neutron scattering represent the principal
techniques used to probe the vibrational properties in these
systems. Although the main features of the spectra are now
understood, some aspects are not fully explained, and these
include the quasielastic scattering (QES), present in the Ra-
man and neutron experiments of glasses,” and the tempera-
ture behavior of the boson peak (BP) intensity below the
glass transition temperature.'®!> We have focused our study
on these features performing Raman scattering measure-
ments on vitreous silica (v-SiO,, T,=1500 K) in a wide
range of temperatures (10—1200 K) extending the tempera-
ture range hereafter reported in the literature. The low-
frequency Raman scattering (w<100 cm™') presents two
main features: the BP and a broad quasielastic line, which
extends beyond the Brillouin lines.*’ The term QES is nor-
mally associated with a broadening of the elastic line (Ray-
leigh wing) rather than to discrete inelastic events. It domi-
nates the spectra of glasses at frequencies below 20 cm™! and
exhibits a characteristic temperature dependence. In fact the
intensity of QES from 5 K up to room temperature increases
more rapidly than the BP, which follows the Bose-Einstein
statistics. The different temperature dependence can be used
to separate the QES from the low-frequency tail of the BP.
This approach has the obvious advantage to be independent,
for instance, from the extrapolation of the BP to low fre-
quency. This extrapolation, based on the w? dependence of
the Debye density of states, is affected by an arbitrary pro-
portionality constant in the Raman spectrum. On the contrary
the depolarization ratio p(w), i.e., the ratio of depolarized
(Iyy) to polarized (I,) Raman spectra, changes little from
QES and BP and it cannot be used to separate the two con-
tributions.

As suggested in the literature”!* the QES could be the
result of incoherent scattering by defects that relax via ther-
mal activation. These defects should be the same invoked to
explain the ultrasonic attenuation at 7> 30 K. The two level
states can couple to light by a direct or indirect coupling
mechanism.>”'%13 Jickle!> demonstrated explicitly the rela-
tionship between the QES intensity and the sound attenua-
tion discussing the effects of the two different coupling
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mechanisms. The model predicts the QES intensity vs tem-
perature to have the same shape of the acoustic attenuation,
i.e., the shape of the B relaxation: a rapid increase of the
intensity up to some temperature 7, and a decrease for higher
temperatures.

Even the BP, above 300 K, has a peculiar temperature
dependence. Its maximum shifts to higher frequencies and its
intensity decreases with increasing temperature.'? This be-
havior is observed in both Raman and neutron scattering
experiments.'® While the BP shift has been tentatively as-
cribed to the presence of fourth-order anharmonicity in the
next-nearest-neighbor interaction potential,'®!! there is no
quantitative explanation of the decreasing of the BP intensity,
especially above 500 K.

In this work we test the prediction of the model of QES
intensity and we assess the origin of the BP intensity de-
crease, reporting detailed Raman scattering measurements,
new and reanalyzed old ones. We find that the QES arises
from the same mechanisms that cause the acoustic attenua-
tion, in good agreement with the predictions of the models,
and that the BP decrease is only apparent and due to the
changes of the elastic constants. Raman scattering experi-
ments were done using a standard experimental setup Jobin
Yvon U000 in a wide frequency range (from 3 to
3000 cm™!), in order to correctly subtract the underlying
weak background of luminescence.!® The light polarizations
were perpendicular (VV) and orthogonal (HV) to the scatter-
ing plane. The v-SiO, sample was a commercial spectrosil,
purchased from SILO (Florence, Italy).

Figure 1 shows the depolarized reduced intensity

P, 1= — (1)
e = w[n(w,T)+1]

measured on v-SiO,, where n(w,T)+1 is the Bose-Einstein
population factor. The spectra are normalized at the high-
frequency peaks, as shown in the inset of the upper panel of
Fig. 1. The spectra show the BP, peaked at ~50 cm™!, and
the QES. The lower panel shows that, increasing temperature
up to room temperature, there is no intensity variation in the
BP frequency range. On the contrary, a strong increase of the
scattering is observed at the lower frequency. Above room
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FIG. 1. Reduced Raman spectra at different temperatures: lower
panel up to 300 K, upper panel up to 1200 K as shown in the figure
legends. Some spectra were previously presented in Ref. 6. In the
inset of the upper panel, as normalization example, we report the
spectra at 7=300, 600, 995 K. In the inset of the lower panel the
low-frequency part of C(w,T)yy (Ref. 10) at some temperatures is
shown. The lines are guides for the eyes, that show the temperature
and frequency behavior of C}y,, and Clet, introduced in Eq. (4).

temperature (upper panel) the scenario is completely differ-
ent. Here, increasing temperature, the QES decreases and the
BP shows both a shift to higher frequency and an intensity
decrease.

First, we would like to discuss the results related to
the BP. As reported in the literature the shift can be
tentatively ascribed to a next-nearest-neighbor fourth-order
anharmonicity.'” These anharmonic effects produce a defor-
mation of the acoustic branches and hence a shift of the BP
at higher frequency. The reduced intensity is given by!'?

Ired(w, T) — W’ (2)

where C(w,T) is the light vibration coupling function; when
the plateau in the density of states, g(w) (corresponding to
the BP in the spectra), shifts to higher frequency, the division
by w? in Eq. (2) causes an artificial decrease of the peak
intensity. As a numerical example, at 300 K the intensity of
the maximum is divided by (40 cm™!)? while at 1200 K the
intensity is divided by (50 cm™")2. To take into account this
effect we have rescaled the frequency of the spectra
(squeezing frequency) taken at different temperatures as
v=w/ wgp(T).

From Eq. (2), g(w)=I"%w,T)w?/C(w) where C(w) in the
BP region is temperature independent and proportional to w,
C(w) ~ . Imposing the conservation of the total number of
vibrational states, g(v)dv=g(w)dw, the intensity is then
rescaled as
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FIG. 2. Squeezed intensity obtained as described in the text as a
function of the rescaled frequency v=w/wgp(T). In the inset the
QES intensity at 9.5 cm™!, obtained both on the squeezed and non-
squeezed spectra, is shown. Note that the small differences are
within experimental errors.

wz
I(v) = I'Yw, T)? =I"Yw,T) wigp(T). (3)

The obtained data are reported in Fig. 2. Scaling the abscis-
sae, the spectra rescale one on the other without any adjust-
ing parameter. A master curve, whose existence is also ex-
pected by theoretical predictions,'® is obtained.

These findings demonstrate that the decreasing of the in-
tensity is only due to the changes in the elastic constants,
which generate a BP shift. Our results are also consistent
with the ideas suggested by nuclear inelastic scattering data
on densified glasses'® where the decreasing of the BP inten-
sity was fully described by the pressure dependence of the
elastic constants.

In our case, one could compare the BP shift with the
sound velocity v(T), but it is well known (see Ref. 11) that it
exists in v-Si0,, a different temperature dependence between
the frequency position of the low ¢ (Debye) and high ¢
excitations.?>>? This indicates that the temperature depen-
dence of the acoustic modes dispersion relation is deformed,
in a wide ¢ range, from a simple linear law.

In the following, we describe the QES by the coupling of
light to structural defects characterized by two configura-
tional states. This coupling can be direct or indirect;>' re-
cently Sokolov et al.’ have reported convincing results on
v-Si0, and polystyrene in favor of the indirect mechanism.
Substantially, according to this hypothesis, the contribution
to the light scattering comes from the mechanical coupling of
defects to the sound waves.

The ultrasonic data, in particular the bump occurring be-
tween 30 and 300 K, have been successfully interpreted in
terms of relaxations of such defects. So it becomes natural to
connect QES and acoustic attenuation measurements as al-
ready reported in the literature.”'*!> The reduced intensity
described by Eq. (2) takes into account only the vibrational
density of states. To describe the full spectrum, Eq. (2) must
to be modified as superposition of two contributions,

% + (0, DL(w,T).  (4)

Yo, T) « Chp(w,T)
Here v indicates the vibrational part, and rel the relaxation
part. In Eq. (4), the QES contribution is described by the
function L(w,T), which is given by
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L(w,T) f dVP(V)l V) (5)

+ 0’ 7(V)?’

where 7 is the relaxation time for potential barriers of height
V, and P(V) is the distribution of barrier heights. The second
part of Eq. (4) shows the relationship between the QES in-
tensity and the sound attenuation. L(w) is proportional to
I}(@)/ ®* where [}(w) is the inverse mean free path. Hence
the temperature dependence of the QES has the form of the
ultrasonic attenuation. The spectral shape and the tempera-
ture variation of the coupling function is required in order to
test the model predictions [see Eq. (4)]. Depending on the
used model, it has been assumed C(w,T)yy < w* (Ref. 23) or
C(w,T)yy~ constant.?* In this work, we do not assume any
temperature or frequency dependence, but we use C(w,T)yy
experimentally determined. On the experimental side one
can extract the coupling function by measurements of spe-
cific heat® or by the comparison between Raman and neu-
tron scattering measurements.'? Using this last procedure we
have Igvl Iy=Cyy(w,T) (Refs. 10 and 26) where the indexes
N and R stand for neutron and Raman, respectively. This
ratio is shown in the inset of Fig. 1 at some significant tem-
peratures. The coupling functions Ch(w,T) and Ci(w,T),
introduced in Eq. (4), are generally unknown; however at
high temperature and low frequency, where the QES domi-
nates, Zb(w,T) is the dominant contribution of C(w,T)yy:
it is almost constant in frequency and its amplitude is tem-
perature dependent. On the contrary, C(w,T)yy, at higher
frequencies (grater than 20 cm™), is dominated by C};y/(w, T)
that is temperature independent. Similar results were also
found in other glassy systems as reported in Ref. 17.

From the Raman spectra we have obtained the scattered
intensity as a function of temperature at 9.5 cm™' and
13 cm™! integrating the signal in a frequency window of
1 cm™!. The temperature dependence is shown in the inset of
Fig. 2 (full squares): we note a rapid increase up to
T~170 K, then a slow decrease at higher temperatures. The
data have the form of the ultrasonic attenuation curves as
predicted in Refs. 14 and 15. One could expect that the BP
temperature behavior (shifting and intensity decreasing) in-
fluences the intensity at 9.5 cm~! and 13 cm™!, but its con-
tribution is weak as shown in the inset of Fig. 2. Here the
comparison between the QES intensity obtained, in the same
spectral window, by nonsqueezed and squeezed spectra is
reported. The differences are within the experimental error
and in the following we report the nonsqueezed data. We
conclude that the differences in the inelastic signal are essen-
tially due to changes in the QES. Once one has recognized
this effect, it is even more striking to take into account the
modification induced by the temperature behavior of the cou-
pling function. So the reduced intensity has been divided by
C(w,T)yy. According to Eq. (4) this quantity corresponds
directly to L(w). In order to compare our data with those
obtained by the acoustic attenuation, we consider the internal
friction, Q'. It is related to the inverse mean free path by
O 'l (w)/w, so that Q7' L(w)w. Figure 3 thus presents
the quasielatic intensity as the quantity IgEszwL(w)
=1/[n(w)+1], usually known as the imaginary part of the
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FIG. 3. (Color online) Temperature dependence of the acoustic
attenuation data from ultrasonic and Brillouin measurements (full
and open circles respectively). Ultrasonic measurements are ac-
quired at 11.4 KHz (Ref. 27), 180 KHz (Ref. 28), 21 MHz (Ref.
29), 207 MHz (Ref. 30), 748 MHz (Ref. 31) (from bottom to top);
the open symbols are obtained by Brillouin measurements at
33 GHz (Ref. 32). The full squares show the IZES at 0 =9.5 cm™!
(285 GHz) and w =13 cm™! (390 GHz) from bottom to top, re-
spectively. The IEES data are obtained as IZES(T)zaIQES(T)w*
where a is the unique constant used to rescale the QES data. The
continuous lines are the best-fitting functions to ultrasonic data sets
with the TARP model. The dashed lines are the extrapolation to the
frequencies of the IZES points.

susceptibility function x”(w), together with the acoustic at-
tenuation data. The continuous lines are computed using a
distribution of barrier heights in the thermally activated re-
laxation process (TARP) of Eq. (5):

) ,
P(V)= (1) Tevn, (6)

gy

This distribution, first introduced by Keil et al.,”® allows a
better fit of the ultrasonic internal friction at high tempera-
tures compared to a simple Gaussian distribution.?® The lines
in Fig. 3 are obtained with the following parameters of the
model: 7,=1.3X10"'*s, 0,=770 K, x=0.39. These param-
eters have been obtained from a multiple fit of the ultrasonic
attenuation data at five different frequencies.’* For compari-
son, in Fig. 3, the temperature dependence of Q~' measured
by Brillouin light spectroscopy??-3? together with the extrapo-
lation of the TARP at that frequency are reported. Although
the general dependence of the Brillouin and the ultrasonic
attenuation are similar, there exists disagreement with re-
spect to the position and the amplitude of the maximum. The
reason for this discrepancy is debated,’3* but is outside the
scopes of the present work.

The QES intensity at 9.5 and 13 cm™! are normalized, by
the same scaling factor, on the calculated Q~'. As evident
from the data, there is a good qualitative agreement between
the temperature behavior of IEES and extrapolation of the
TARP from ultrasonic data to hundreds of GHz. Moreover
the IEES at high temperature decreases while from the data at
33 GHz, one could expect a slight increase: this seems to
indicate that QES is not sensible to such anharmonic effects.
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It is worth to notice that, outside the experimental errors, the
resulting extrapolation to 390 GHz remains constantly below
the QES intensity. It could be thought that it is due to the
complicated procedure in obtaining IEES. A better explana-
tion is that the difference could be associated to a static con-
tribution to the acoustic attenuation. There are recent experi-
mental results on v-SiO, (Refs. 33, 35, and 36) and
v-Ge0,,”, and theoretical ones*® demonstrating the onset of
a significant static contribution to the sound attenuation at
frequency of 100—200 GHz. In this scenario the observed
behavior of the QES is produced by damping due both to
relaxations (temperature dependent) and static processes.
The Schirmacher and co-workers theory®® predicts a relation

PHYSICAL REVIEW B 76, 092201 (2007)

between the BP excess and the sound attenuation: here, we
find that also the QES is strictly connected to the sound
attenuation.

The main conclusions of the presented results are (i) the
intensity decrease of the BP at increasing temperature is fully
explained by the elastic constants modifications; (ii) a good
agreement between acoustic attenuation data due to relax-
ations and the QES intensity is found demonstrating the
same physical origin of these features.

This work was partially supported by PRIN Contract No.
2005023051 funded by MIUR.
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