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Elastic properties of permanently densified silica: A Raman, Brillouin light,
and x-ray scattering study
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Raman, Brillouin light, and x-ray scattering measurements have been carried out to characterize the low-
frequency vibrational dynamics of the SiO, glass as function of its density. The obtained results demonstrate
that while the distribution of the low-frequency states in the boson peak range is conserved under densification,
these modes do not shift as a function of density as the acoustic modes do. The clear difference between the
behavior of the vibrational states in the Boson peak range and that of the acoustic modes, could be explained
considering the contribution of specific nonacoustic modes (tetrahedra rotation).
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In glasses, sound waves with wavelengths much larger
than the interparticles separation experience a continuum
medium, and are basically plane waves. Increasing the wave
vector g up to values comparable to the inverse of the inter-
particles separation, the disorder starts to play a role, and the
sound waves are not any more neither simple plane waves
nor eigenstates of the dynamical matrix of the system. The
characteristics of these excitations is still a debated issue'~
and the comprehension of their nature is related to the study
on the origin of the boson peak, the well known excess of
modes in the vibrational density of states g(w) of amorphous
materials.*> The boson peak (BP) appears as a large bump
in the reduced density of states g(w)/w” (Ref. 6) and, despite
of the large theoretical and experimental efforts,*%~14 its ex-
planation is still a debated topic.

On the experimental side, strong interest has been ad-
dressed to the connection between the variation of the elastic
properties of the medium, i.e., the Debye frequency wpg, and
the features of the BP. This comparison involves the BP fre-
quency wgp (the frequency of the peak maximum) and its
intensity. In particular, the boson peak has been studied as a
function of temperature,’>"'7 aging of the systems,'®
density,'2> and during a chemical vitrification process.?® In
all the systems investigated so far a shift toward higher fre-
quencies of wgp and a decrease in the BP intensity takes
place along with a hardening of the elastic medium, i.e., an
increase of the sound velocity and/or of the density. Never-
theless, a quantitative comparison of wpp and wgp leads to
different and sometimes contrasting results. Indeed, the evo-
lution of the BP on some systems as sodium silicated glasses
as a function of temperature,'3 density,?? varying the sample
preparation,'® or in an epoxy-amine mixture during chemical
vitrification,”® can be fully explained with elastic medium
modifications suggesting a simple law for the BP scaling.
Conversely, in densified systems as GeO, (Ref. 25) and poly-
meric glasses>»?* as a function of the applied pressure, the
BP shift is faster than the wpp modifications. These findings
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suggest that the elastic medium explanation does not cover
the full story.

The present work reports on a study on a prototypical
glass, permanently densified v-SiO,. Densified v-SiO, has
been investigated in the past by several research groups;>’-?8
here we show the existence of a scaling law for the BP as a
function of density and we demonstrate that the related scal-
ing coefficient has a stronger dependence on density than the
Debye frequency. This result is based on a detailed charac-
terization of the elastic medium by means of Brillouin light
scattering (BLS) and inelastic x-ray scattering (IXS) mea-
surements, respectively, in the gigahertz and terahertz fre-
quency range. The intensity and the spectral information on
the BP have been obtained through Raman scattering mea-
surements.

The samples were obtained from a commercial-grade
Spectrosil block glass, v-SiO,, purchased from SILO
(Florence). The starting block was drilled in cylindrical
pieces of 4 mm diameter and 4 mm length, which were
densified using a high-temperature high-pressure multi-
anvil apparatus®® at pressures of 2, 4, and 6 GPa. The
samples were heated at 7=500 °C for 10 min with a heating
rate of 50 °C/min; the pressure was released after quench-
ing. The final products were homogeneous and permanently
densified. The densities, p, were measured by the
Archimedes method using ethanol as immersion fluid,
and yielded the values of 2.210%+0.005 g/cm?,
2.255+0.005 g/cm?’, 2.406+0.005 g/cm’. At the highest
pressure, we achieved 9.5% densification with respect to the
normal one. In the following, we refer to the samples using
the densification pressure.

The Raman scattering experiments were performed using
a Jobin-Yvon U1000 double monochromator both in vertical-
vertical (VV) and horizontal-vertical (HV) polarization con-
figurations. The incident light was the 514.5 nm line of an
Argon laser. The spectra were collected in a wide frequency
range (-300-1300 cm™!) with different frequency resolu-
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FIG. 1. (Color online) (a) reduced Raman spectra for the normal
and densified samples as reported in the legend; the continuous line
represents the fit using a log-normal function defined as I(w)

(In(w/wgp))* . . . .

XeXp—T o s where I' is the BP width; (b) longitudinal
(squares) and transverse (dots) sound velocities as a function of
density; (c) longitudinal Brillouin lines (symbols as in a); (d) real
part of the longitudinal modulus M’ =pv% vs shear modulus G’
=pv2 (black diamonds) and linear fit using the Cauchy-like relation

M'=A+BG' (black line).

tions; for the low-frequency spectra the resolution was fixed
to about 2 cm™'. The finally obtained spectra are consistent
with those already published in the literature.?’ In order to
compare spectra corresponding to different densities they
were normalized to the same total measured area. In the case
of first-order Raman scattering, for a Stokes process, the in-
tensity Ir is proportional to the density of states g(w),
namely,

Ie(w) = cmm«m@, (1)

where C(w) is the light to vibration coupling function and
n(w) is the Bose factor. The reduced Raman intensity is de-
fined as

g(w)

@) _ ) . @)

[n(w) +1]w -

Ired( w) -

The low-frequency part of the HV spectra are shown in Fig.
1(a) in terms of reduced Raman intensity. The BP maximum
shifts toward higher frequencies and its intensity decreases
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on increasing the density. In order to accurately determine
wgp, we fitted the Raman spectra using a log-normal function
as indicated in Fig. 1(a).

To compare on a quantitative basis the changes in the BP
with the elastic medium transformation, we measured the
sound velocity in the same samples by BLS measurements.
Experiments were carried out using a laser with A
=514.5 nm and a SOPRA double-pass monochromator as
spectrometer. The 90° scattering geometry with no polariza-
tion analysis of the scattered light allowed us to measure
both the longitudinal and the transverse acoustic modes in
the same spectrum. In Fig. 1(c) the longitudinal Brillouin
peaks are shown for the densified samples. We notice that the
frequency of the peaks is not linearly dependent on the den-
sity. The refractive index, necessary to determine the sound
speed, was measured using a prism coupling technique at the
same wavelength. The resulting sound velocities values are
shown in Fig. 1(b). They are consistent with previous mea-
surements as a function of pressure.3® While the BP shifts in
a continuous way on increasing density, the sound velocity
does not follow the same behavior, hence the elastic medium
transformation cannot explain the BP shift.

As already pointed out in Refs. 15 and 26, the presence of
anharmonicity and/or relaxations could affect the low-
frequency sound velocity values. Therefore, to obtain the ap-
propriate Debye frequency to be compared to wpp, it is nec-
essary to measure the sound velocity also in the high
frequency regime. For this reason, IXS experiments were
performed on the 6 GPa densified sample at the beam line
ID28 of the European Synchrotron Radiation Facility. The
experimental set-up yielded an instrumental energy reso-
lution of 1.4 meV. The IXS spectra were taken at several
exchanged ¢ values in the range from 1.15 to 2.36 nm™'.
The measurements were performed at 7=573 K in order to
increase the population of the acoustic excitations and there-
fore improve the statistical accuracy of the data. As an ex-
ample, Fig. 2(a) shows the experimental spectrum corre-
sponding to ¢g=1.45 nm™' together with the line shapes of
the main fitting components: a delta function for the elastic
line and a damped harmonic oscillator function for the in-
elastic component, both convoluted with the instrumental
resolution. The energy gain part of the Brillouin doublet, at
selected g values together with the best fitting line shape, is
shown in Fig. 2(b). These spectra have been obtained after
subtracting the best fitting elastic component from the mea-
sured spectra. The dispersion curve is displayed in Fig. 2(c).
The dashed line is the extrapolation of the low-frequency
sound velocity measured by BLS. IXS and BLS sound ve-
locities are in good agreement, even if the terahertz data are
slightly lower than the gigahertz ones. This small difference
could be ascribed to the presence of a softening of the modes
in the low-g region, around the BP frequency, as it has been
recently shown in other glassy systems.?

In order to compare the elastic medium modifications
with the BP changes as a function of system density, we need
to evaluate the Debye frequency,

-1
w%3=6ﬂ2n<v)3=18ﬂ2n{%+%} , (3)
vy Ur

where n is the number density and (v) the Debye velocity.
For the BLS data, this calculation is straightforward because
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FIG. 2. (Color online) (a) representative IXS spectrum on the 6
GPa sample (open circles) at 7=573 K and g=1.45 nm~'. The
measured instrumental resolution is also reported (green line). The
red line is the best fit of data, while the blue line is the inelastic
contribution. (b) The inelastic components plotted after subtracting
the elastic line for several g-values. (c) Dispersion curve for 6 GPa
sample (full circles). The dashed line is the extrapolation of the
BLS sound velocity.

we measured both the longitudinal and the transverse sound
velocities, v, and vy. The value of (v) in the purely elastic
limit is obtained from the IXS data, which, however, provide
only the longitudinal sound velocity. The transverse one can
be estimated using the Cauchy relation M'=A+BG' con-
necting M'= pvi, the real part of the longitudinal elastic
modulus and G'=pv7 the transverse one. This relation has
been recently found to hold for a great variety of systems at
all frequencies®® with B~3 and A a system dependent con-
stant. In Fig. 1(d) are reported G’ and M’, calculated using
BLS sound velocity values. Data shows again a linear behav-
ior with a slope B=3.3=0.7. This confirms the applicability
of the Cauchy relation and allows the determination of the
high frequency transverse sound velocity and then the appro-
priate Debye frequency.

In order to check whether the shift of the Boson Peak can
be totally ascribed to changes in the elastic constants, we can
compare the dependence of wgp and wpp on the same plot,
Fig. 3(a). Data are normalized to their normal density value.
The high frequency sound velocity of the normal silica glass
is taken from Ref. 31. In the same plot we also show the BP
position obtained by means of inelastic neutron scattering.?®
Raman and neutron data show the same trend, indicating that
the Raman coupling function does not induce strong modifi-
cations in the density behavior of wgp. Figure 3(a) shows
that the density dependence of wgp and wpp is roughly lin-
ear, though with slopes about one order of magnitude differ-
ent. This result clearly demonstrates that the elastic medium
transformations cannot account for the BP shift.

Now we analyze the shape of the BP as a function of the
sample densification. In particular, we have rescaled the x
axis of the Raman spectra by squeezing the frequency as v
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FIG. 3. (Color online) (a) red bullets correspond to the Boson
Peak frequency as function of density obtained from Raman spec-
tra; black squares to the corresponding data obtained using neutron
scattering (Ref. 28). Open diamonds and circles: maximum of "¢
and g(w)/w?, obtained as discussed in the text. Cyan down-
triangles: Debye frequency calculated using BLS sound velocities;
blue up-triangles: Debye frequency calculated for the ambient con-
ditions and the 6 GPa samples using the IXS sound velocity. (b)
Master curve of the Boson Peak for the reduced Raman intensity
obtained as discussed in the text. (c) Master curve of g(w)/w? ob-
tained as discussed in the text. In the inset the experimental C(w)
(circles) obtained from the ratio of Raman and neutron scattering
data (Ref. 34) is reported together with its fit (continuous line).

=w/ w,. Taking into account the proper normalization of the
density of states g(v)dv=g(w)dw, resulting from the change
of variable, and assuming that C(w) in Eq. (2) is proportional
to w in the BP region (as it has been shown for several
glasses®*3), we obtain the rescaled intensity as!”

I(v) = I"(w) X a)f, (4)

using w, as a fit parameter. The so-squeezed spectra are
shown in Fig. 3(b): the spectra rescale one on top of the
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other. A master curve, whose existence is also expected by
theoretical predictions,!? is obtained. The existence of this
master curve demonstrates that the decrease of the BP inten-
sity is only an apparent effect due to its shift with density. As
a matter of fact the BP raises from a plateau in g(w) when
divided by w?. When it shifts upwards it becomes more and
more suppressed by this division. The same result is reached
if the scaling is performed on g(w)/?. In order to do this,
we divide Eq. (2) by the experimental coupling function
C(w) measured in nondensified silica from the ratio of Ra-
man and neutron scattering data.>* We assume that C(w)
does not change with densification. This hypothesis is sup-
ported by the results obtained in densified v-GeO,. It has
been demonstrated that in a similar densification range, the
coupling function does not depend on the sample density.?
Hence, the reduced density of states rescales as

g =[g(w)/’] X @] (5)

Open diamonds in Fig. 3(a) correspond to the w, squeezing
factors used in Fig. 3(b) and open circles correspond to the
w, values used in Fig. 3(c). In both cases we find the same
behavior for the scaling factor w,. This gives strong evidence
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of the equivalence of the two methods. Moreover, it can be
seen from Fig. 3(a) that the squeezing factors w,—despite of
being more scattered—show a comparable density depen-
dence as wgp. The difference is presumably due to the fact
that it is always difficult to obtain an absolute Raman inten-
sity. Nevertheless the overall obtained result of Fig. 3 seems
quite clear.

To conclude, we investigated the vibrational dynamics of
permanently densified vitreous silica by Raman, Brillouin
light, and x-ray scattering. We found: (a) the scaling of the
BP with the continuum medium properties represented by the
Debye frequency is not a universal feature of disordered ma-
terials; (b) the existence of a scaling law for the BP spectral
shape is here verified in a case where the boson peak position
changes by 40%, and it seems a far more general result.
Therefore the distribution of the low-frequency states in the
boson peak range is conserved under densification, and these
modes do not shift as a function of density as the acoustic
modes do. This is likely related to the fact that in v-SiO, the
boson peak has a strong contribution from specific nonacous-
tic modes (tetrahedra rotations).’® The present results indi-
cate that their mode Griineisen parameters are as well dis-
tinctively different from that of the acoustic modes.
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