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Polarized Raman spectroscopy of v-SiO2 under rare-gas compression
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High-pressure polarized Raman spectra of vitreous silica are measured up to 8 GPa in a diamond-anvil cell at
room temperature. The combined use of either a nonpenetrating pressurizing medium—argon—or a penetrating
one—helium, allows one to separate density from stress effects on the Raman frequencies. In the framework of a
simple central force model, the results emphasize the distinct role played by the shrinkage of the intertetrahedral
angle Si-O-Si and the force-constant stiffening during the compression. The polarization analysis further reveals
the existence of an additional isotropic component in the high-frequency wing of the boson peak. The pressure
dependence of the genuine boson peak frequency is found to be much weaker than previously reported and
even goes through a minimum around 2 GPa in remarkable coincidence with the anomalous compressibility
maximum of silica.
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I. INTRODUCTION

Vitreous silica v-SiO2 is a material of both fundamental—as
it is an archetypal network forming glass—and technological
interest—as it is widely used in optical and electronic devices.
Its behavior under pressure is of long-standing interest due
to its importance as the analog material of silicate melts in
geophysics. Silica glass presents remarkable properties when
submitted to high pressure P . For instance, it can be perma-
nently compacted up to a densification rate of 20%, leading to a
disordered solid for which the density is comparable to that of
quartz [1,2]. It also shows an anomalous mechanical behavior
at high P : from ambient P to 2 GPa, its compressibility
increases, then decreases above 2 GPa as expected for most
solids [3]. These unusual features have been linked to the
existence of a large interstitial free volume fraction of v-SiO2

allowing strong structural modifications with P [4–8]. It is also
well known that rare gases can diffuse into the open structure of
v-SiO2, at different rates and in variable quantities according
to their atomic sizes [9], e.g., 0.1 mole of He per mole of SiO2

is expected to be incorporated in the interstitial sites of the
network. However, it has been shown recently that unexpected
greater amounts of fluid could be adsorbed into the vitreous
matrix pressurized in He [10,11], up to nearly 1 mole of He
per mole of SiO2 at 6 GPa. Moreover, it is also found out
that the compressibility anomaly is suppressed concomitantly
with He incorporation into the network [12,13]. All this stems
from the unique intertetrahedral flexibility of the silica network
allowing deformation and compaction of the interstitial voids
[14–16]. There is a great interest in establishing the precise
related structural evolutions of the network, which may extend
across the medium-range structure of the glass [17–19]. Gas
solubility itself is also important to understand how the glass
properties can be modified by ion exchange, e.g., in nuclear
waste glasses. In melts, gas solubility impacts the synthesis
methods in the glass industry and it is also of great concern
for the geophysical community as well. The complex interplay
between gas adsorption, mechanical properties, and structural
evolutions at high P is far from being fully understood.

*Corresponding author: marie.foret@umontpellier.fr

In this work, in situ Raman scattering is used to investigate
the compression mechanisms of silica glass under purely
hydrostatic loading in the 0–8 GPa range. Silica samples
are pressurized in two different rare gases: a penetrating
one (He) and a nonpenetrating one (Ar). Investigating silica
under both pressurizing fluids allows varying SiO2 skeleton
density irrespective of fluid pressure. The Ar- and He-pressure
evolution of Raman frequencies are analyzed using a simple
central force model [20], allowing one to disentangle the
role of the intertetrahedral Si-O-Si angle from the Si-O force
constant on the compression process. Further, a polarization
analysis is performed at high pressure in both media. It
highlights the presence of an additional component on the
high-frequency tail of the ubiquitous boson peak. The former
being essentially active in VV, the VH spectra provides
therefore the actual P dependence of the boson peak. Its
frequency exhibits a minimum around 2 GPa, concurring
with the elastic anomaly, a behavior markedly different
from previous results obtained without polarization analysis
[21–23]. In Sec. II, we describe our experimental arrangement.
Our measurements are presented together with the data
analysis in Sec. III and we discuss our findings in Sec. IV.
A summary is presented in Sec. V.

II. MATERIAL AND METHODS

A. Sample and experimental setup

The in situ high-pressure measurements are performed
in Chervin-type diamond-anvil cells [24], equipped with
diamonds of 800 μm culet size. The samples are platelets
of Suprasil F300 ([OH] < 1 ppm) from Heraeus Quartzglass,
Germany, of thickness eSiO2 = 56 μm, and of lateral dimen-
sions about 100 μm. The plate surfaces are of optical quality.
They are loaded in chambers of 400 μm diameter and 200 μm
thickness drilled in rhenium gaskets. The hydrostatic pressure
is applied up to 8 GPa at room temperature using either argon
as a nonpenetrating pressure-transmitting medium or helium
as a penetrating one. The pressure is determined using the
fluorescence of a ruby gauge [25].

The Raman spectra are measured using a solid laser
emitting at λ0 = 532 nm. The scattered light is analyzed
in backscattering geometry using a Jobin-Yvon FHR-640
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FIG. 1. VV Raman intensity at 7.0 GPa under He pressure. The
blue dashed and green dotted lines represent the measured Isamp and
γ IDAC spectra, respectively (γ = 0.98). The green solid line is γ IDAC

corrected for the excess He fluid low-frequency contribution. The
black solid line is the resulting spectrum of the SiO2 sample, IRS.
Inset: schematics of the sample chamber.

single-grating (600 grooves/mm) diffractometer. Using an
entrance slit of 100 μm, a resolution of ∼6 cm−1 (full width
at half maximum) is achieved. The light is focused into the
sample and collected using a confocal microscope with a
×20 objective. The focused laser beam on the sample has
a waist of ∼10 μm and a depth of focus of ∼250 μm. The
elastically scattered light is filtered using three combined
Bragg bandstop filters followed by a spatial filter, giving access
to both Stokes and anti-Stokes scattering. Under mechanical
stress, the diamond anvils alter the polarization state of
the incident and scattered light, which is restored using a
Soleil-Babinet compensator introduced before the microscope.
The polarization of the scattered light is then analyzed with
a wideband half-wave plate combined with a large aperture
Glan polarizer.

B. Treatment of raw data

The treatment aims at removing the parasitic contributions
of the diamond anvils and of the pressurizing fluid from the
raw data. Let Isamp and IDAC be the intensities collected at
pressure P consecutively with the laser beam focused into the
chamber, inside and outside the sample, respectively (see the
sketch in Fig. 1). Typical Isamp and γ IDAC spectra measured
in VV polarization at 7.0 GPa in He are shown in Fig. 1 as
a blue dashed line and a green dotted line, respectively. γ is
a scaling factor, close to 1, introduced to take into account
inherent variations of settings when measuring Isamp and IDAC.
Both spectra contain the same amount of signal scattered by
the diamond anvils (i.e., an intense band [26] at 1332 cm−1 and
a small multiphonon contribution at |ω| � 200 cm−1 ). They

include, however, variable amounts of quasielastic signal from
the fluid, depending on the relative thicknesses of the silica
sample eSiO2 and of the DAC chamber e(P ). Therefore, the
proper Raman spectra of v-SiO2 at low frequency cannot be
simply obtained subtracting γ IDAC from Isamp. The magnitude
of the scattering due to the rare gas alone in IDAC is estimated
by removing the diamond spectrum (evaluated independently)
from IDAC. For He gas, it amounts to about 10% of IDAC at low
frequency. Provided that e(P ) and eSiO2 are known, the excess
He fluid contribution is properly subtracted from IDAC (green
solid line in Fig. 1) and the accurate Raman spectrum of the
silica sample IRS is obtained (black solid line). Ar is in a fluid
phase up to ∼1.3 GPa and its scattering turns out to be very
intense due to its large atomic polarizability, even exceeding
that of the sample. The low-frequency region of those spectra
is therefore left out of the analysis. Ar crystallizes into a soft
fcc crystal [27] at ∼1.3 GPa leaving only a weak second-order
Raman signal [28] that is negligible in our experiments.

III. RESULTS

The Raman signal is proportional to the space and time
Fourier transform of the correlation function of the first-order
polarization. The contribution of a molecular vibrational mode
σ to Raman scattering intensity reads [29]

IRS(ω) ∝ V ωiω
3
s

ω
Cσ [n(ω) + 1]gσ (ω), (1)

where ωi and ωs are the incoming and outgoing photon an-
gular frequencies, respectively, ω = ωi − ωs is the exchanged
frequency, V is the scattering volume, n is the Bose-Einstein
population number, and gσ (ω) is the spectral response of the
mode, which in glasses refers to its density of states [30]. Cσ is
the coupling-to-light coefficient of the mode σ . For scattering
by an isotropic molecular medium, Cσ is an isotropic average
over the polarizability tensor elements associated to mode
σ . Cσ depends on the polarization geometry—VV when the
incident- and scattered-light polarization vectors are parallel,
or VH when they are perpendicular. In glasses, the Raman
response results in inhomogeneously broadened bands owing
to structural disorder [30]. Furthermore, the coupling-to-light
coefficient might be frequency dependent within the modes of
a particular band [31,32]. In the following, we make use of the
usual effective relation for the reduced Raman intensity:

Ired(ω) = 1

ρω3
s

IRS(ω)

ω[n(ω) + 1]
∝ C(ω)

g(ω)

ω2
. (2)

This data reduction removes the temperature effect from IRS

without loss of spectral information at low frequencies. As
the scattering volume remains constant in every change of
pressure, it is worthwhile to normalize with respect to the
density of the sample, ρ. With this proper normalization,
it turns out that the total integrated VV intensity over
the available frequency range, IVV

tot = ∫ 1160
25 IVV

red (ω)dω, stays
nearly constant upon compression for both pressurizing media.
We thus normalize the VV intensities to the appropriate IVV

tot .
Due to the unequal transmission of VV- and VH-polarized
light through the microscope it remains difficult to obtain
accurate relative VH intensities as a function of P . Therefore,
an increasing small drift of the relative VH intensities with P
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FIG. 2. Polarized VV (a) and depolarized VH (b) contributions to the reduced spectra of v-SiO2 at some selected argon pressure. The upper
inset shows the frequencies of the maximum (circles), of the mean (crosses) of the R band and its full width at half maximum (striped area).
The lower inset shows some selected spectra amplified by a factor 5 (the arrows emphasize the pressure shifts with opposite sign for the TO3

and TO2 lines). Note the different X and Y scales between figures (a) and (b).

cannot be excluded. We present in Figs. 2 and 3 the VV and
VH reduced and normalized spectra at few selected pressures
of Ar and He, respectively.

The assignment of the Raman bands of v-SiO2 is well
documented [32–35]. The VV spectrum at ambient pressure
[black lines in Figs. 2(a) and 3(a)] shows a dominant, rather
broad and highly polarized line centered around 400 cm−1

generally referred to as the R band. This band is mainly silent in
the VH spectrum. The analysis in terms of molecular selection
rules shows that the R band relates to the A1-symmetry
bending mode of the Si-O-Si unit in the tetrahedral network.
This vibration involves oxygen-atom displacement along the
Si-O-Si bisector in the plane of the structural unit [36]. In the
small three- and four-membered rings (closed paths containing
n Si-O segments are referred to as n-membered rings), those
motions are in phase and decoupled from the network, resulting
in the narrow D2 and D1 lines around 605 and 495 cm−1,
respectively [37,38].

It was early stated that the frequency distribution of these
bands is associated with the spread of the intertetrahedral
angle θ in the silica network [20,31,39]. A compilation of the
most recent first-principles investigations [32,40] and analyses
of diffraction [41,42] and NMR data [43] sets out a mean
value of the Si-O-Si bond angle distribution to ∼149 ± 11◦.
The θ angles in the n = 4 and n = 3 rings are smaller and
less spread out than in the network [38], θD1 ∼ 136◦ and
θD2 ∼ 128◦. Accurate theoretical modeling and access to the
Raman coupling factor now make possible the computation
of Raman spectra for valuable numerical samples in fair
agreement with experimental spectra [32,40,44]. In particular,
it has been shown that the relevant scalar Raman coupling
factor associated with the O-bending motions varies across the
θ angle [32], leading to the effective relation COb

∝ ω2 [45].
Hence, Ired is the more relevant quantity as it directly yields the
Raman density of states of O-bending modes gb(ω). Looking
at Figs. 2(a) and 3(a), it is clear that the frequency distribution

FIG. 3. Polarized VV (a) and depolarized VH (b) contributions to the reduced spectra of v-SiO2 at some selected helium pressure. The
upper inset shows the frequencies of the maximum (circles), of the mean (crosses) of the R-band, and its full width at half maximum (striped
area). The lower inset shows some selected spectra amplified by a factor 4 (the arrows emphasize the positive pressure shift of both the TO3

and TO2 lines in He). Note the different X and Y scales between figures (a) and (b).
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FIG. 4. Pressure dependence of the mean frequency of the Raman bands of VV spectra: (a) R band, (b) TO2 line, (c) TO3 line, and (d)
D2 line, using Ar (blue squares) and He (red triangles) as pressurizing media. Application of Eqs. (3a) and (3b) to the measured frequencies
of the R band (ω1) and TO2 line (ω2) gives the pressure dependencies of angle 〈θ (P )〉 and force constant α(P ) shown in panels (e) and (f),
respectively. The dashed lines are splines to guide the eyes. The ω3 values computed from these, using Eq. (3c), are shown as dashed lines in
panel (c). Frequencies of TO2 and TO3 modes in VH spectra (not shown) are in good agreement with the ones presented here.

of the modes underlying the R band is strongly modified under
Ar pressure, while it is much less upon He pressure. The insets
show both the frequencies of the maximum (circles) and of the
mean (crosses) of the distribution in addition to the full width
at half maximum (striped area) of the R band in each case. One
notices that the mean frequency is systematically lower than
the frequency of the maximum, emphasizing its asymmetry.
Under Ar pressure, a significant shift of the distribution to
higher frequencies along with a strong narrowing occurs.
Considerably weaker modifications are observed under He
pressure. Concerning the D1 band, its pressure evolution is
not observable as it becomes rapidly buried in the intense R

band with increasing P . The D2 band slightly shifts to higher
frequencies with increasing P in both pressurizing media.

At high frequencies, some of the polar modes of v-SiO2,
active in infrared absorption, also contribute to the Raman
spectra. The transverse optical TO modes are labeled in
Fig. 2(a) as in Ref. [46]. They are better described in the
Td point group of the SiO4 tetrahedron and correspond
to stretching motions of symmetry F2 [36,47]. The high-
frequency TO1-TO2 doublet, around 1200–1060 cm−1, is
well defined as mainly F2s species (“asymmetric stretching”).
It involves primarily oxygen motions [36]. TO1 includes,
however, a component of the symmetric breathing mode of
the tetrahedron [47] but it will not be discussed here as this
signal is buried in the tail of the intense Raman line of diamond.
The TO3 mode, around 808 cm−1, has a mixed F2s and F2b

(bending or symmetric stretching) character though dominated
by bending [36,47]. Our data in Ar show that TO3 follows
a positive pressure shift, while it is found negative for TO2

[zoom-in in Fig. 2(a)]. An opposite behavior applies to TO2

when using He as pressurizing medium [zoom-in in Fig. 3(a)].
Finally, Ired exhibits a broadband in the 20–200 cm−1 range

corresponding to the boson peak (BP) frequency region. BP
is a universal feature of glasses associated to low-frequency

excess modes over the Debye expectation. Their signature
in Raman spectroscopy is controversial [48–50] and remains
debated [51,52]. As far as we know, depolarized BP spectra
of v-SiO2 at varying pressure are collected here owing to the
implementation of a compensation technique. We see evidence
that the BP differs in VV and VH polarization under Ar
compression as illustrated in Fig. 2. Furthermore, a slight
negative pressure shift is apparent in the depolarized spectra
at low pressure in Ar, while it is positive in He [see Figs. 2(b)
and 3(b)]. We discuss in the following section the overall P

behavior of all these main Raman lines.

IV. DISCUSSION

A. Molecular modes

Figures 4(a)–4(d) present the P dependence of the mean
frequency of the Raman lines for both pressurizing fluids, Ar
(blue squares) and He (red triangles). The overall P behavior
of the modes can be rationalized with the help of a simple
central-force model, developed by Sen and Thorpe in the 1970s
to describe the dynamics of covalently bonded networks [20].
The model was early applied to the vibrational spectra of AX2

tetrahedral glasses by Galeener [39]. It describes how the nor-
mal modes of an isolated AX4 tetrahedron evolve into bandlike
states due to the intertetrahedral coupling within the network.
Treating only the nearest-neighbor central forces, the band
limits are simply expressed as functions of the AXA bond an-
gle θ , the A-X bond restoring force constant α, and the masses
M and m of the cation A and the anion X, respectively [20]:

ω2
1 = (α/m)(1 + cos θ ), (3a)

ω2
2 = (α/m)(1 − cos θ ), (3b)

ω2
3 = ω2

1 + 4α/3M, (3c)

ω2
4 = ω2

2 + 4α/3M. (3d)
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FIG. 5. Mean frequency of the Raman bands of VV spectra as a function of the SiO2 skeleton density (ρSiO2 ): (a) R band, (b) TO2 line,
(c) TO3 line, and (d) D2 line, using Ar (blue squares) and He (red triangles) as pressurizing media. The 〈θ〉 angle and force constant α as a
function of ρSiO2 are shown in panels (e) and (f), respectively. Lines are as in Fig. 4. Corresponding data for a series of permanently densified
silica, d-SiO2 [45,54], are also plotted (black stars; the dotted lines are guides for the eye). The inset represents ρSiO2 as a function of P under
Ar (solid line) and He (dashed line) compression [12,13].

For θ = 90◦, one gets the modes of an isolated tetrahedron
(singlet at ω2 = α/m and triplet at ω2 = α/m + 4α/3M). As
θ increases from 90◦, the molecular modes evolve into bands
delineated by the above frequencies. In fact, the term cos θ

appears as an effective coupling constant [53] which is zero if
θ = 90◦. The ω1 frequency is associated to the pure bending
motion of the anion, whereas ω2 is pure stretching. In the
following, as suggested by Galeener [34], we identify the main
Raman features to the vibrational bands calculated by Sen and
Thorpe. The masses m and M are fixed to those of O and Si
atoms, respectively. Solving Eqs. (3a) and (3b) in terms of
the measured frequencies of the R band (ω1) and TO2 line
(ω2) gives the P dependence of the mean angle 〈θ〉 and force
constant α shown in Figs. 4(e) and 4(f). The P dependence
of ω3 is then calculated using the found 〈θ〉 and α values.
It appears in accordance with the measured TO3 frequencies
[dashed lines in Fig. 4(c)] thereby strengthening the relevance
of the model, at least for ω1, ω2, and ω3. It is, however, worth
noticing that the calculated ω4 frequencies fall beyond those
of the TO1 mode (not accessible here).

The model predicts that for decreasing θ , ω1 (R band)
increases while ω2 (TO2) decreases, in line with the measure-
ments upon Ar compression. The 〈θ〉 value at ambient P lies a
little under the admitted value ∼149◦, and decreases by ∼10◦
as P rises to 8 GPa. The reduction of 〈θ〉 is associated with the
collapse of the large free volume of the silica network under
compression [21]. Along with the reduction of 〈θ〉, a slight
increase of α by nearly 5% also occurs. The effective force
constant, α ∼ 600 N/m, is in qualitative agreement with the
value extracted from the Si-O interatomic force field potentials
[55]. The slight increase of α with P is likely associated to a
small reduction of the Si-O bond length. Such weak variations
are hardly detected in diffraction experiments [17,18,56] but
these are in accordance with recent simulations [57]. This

analysis helps to disentangle the effects of changes in the
Si-O-Si bond angle from those in the force constant. For
instance, the large pressure shift of the R band results for only
10% from the rise of α, whereas 90% is due to the decrease
of 〈θ〉. On the other hand, the extremum observed for the TO2

line at about 2 GPa turns out to be due to the balance between
the α raise and 〈θ〉 drop.

Under He pressurization, variations of Raman frequencies
are considerably different. They involve a much smaller
decrease, of only a couple of degrees, of the Si-O-Si angle
as displayed in Fig. 4(e). This is due to He adsorption into
the interstitial voids of the network [10,11] which prevents
the reduction of 〈θ〉. In contrast, the strengthening of the
force constant with increasing P appears very similar to that
observed under Ar compression [see Fig. 4(f)], indicating that
α would be monitored by the applied fluid pressure alone,
whether it is Ar or He (the additional increase above 4 GPa
might be due to the steric hindrance of the adsorbed He atoms).
Thus, the pressure shift of the Raman bands in He can be
understood as follows. The weak positive pressure shift of
the R band is evenly due to an α raise and a 〈θ〉 drop. The
increase of TO2 frequency is in contrast mainly ascribed to
the increase of α alone. This analysis shows that the overall
pressure shift of the Raman bands cannot be understood solely
on the basis of the intertetrahedral angle variations, without
also encompassing the variations of the force constant.

Investigating silica under the two pressurizing fluids Ar and
He allows varying the SiO2 skeleton density ρSiO2 differently.
For instance, compression upon 7 GPa of He or upon 2 GPa
of Ar yields identical ρSiO2 (see inset in Fig. 5) [12,13]. The
Raman frequencies are displayed as a function of ρSiO2 in
Figs. 5(a)–5(d). All frequencies in He then appear higher
than those of the sample of equivalent density compressed
in Ar. The variations of 〈θ〉 and α as a function of ρSiO2
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are also shown in Figs. 5(e) and (f), respectively. It appears
that the 〈θ〉 values in Ar and He merge into a single curve
when plotted against ρSiO2 . Conversely, the variations of force
constant split up. Comparing Figs. 4 and 5 shows that 〈θ〉
scales with the SiO2 skeleton density, whereas α mostly scales
with the applied pressure. One thus concludes that, on one
hand, the macroscopic volume changes are dominated by the
topology of the v-SiO2 network via the 〈θ〉 angle alone. On
the other hand, the α changes associated to the Si-O bond
length variations are monitored by the applied fluid pressure
alone. Our study thus reveals the role of each parameter in the
compression mechanism of v-SiO2.

Let us examine now the particular case of the D2 line.
A similar weak pressure shift is observed whether the
pressurizing fluid is Ar or He. The D2 frequency scales with
the fluid pressure alone, independently of ρSiO2 as seen in
Fig. 5(d). O-bending modes in threefold rings appear thus to
behave differently from those of the mean effective medium.
They form indeed a specific population within the network for
which the angle, θD2 , and force constant, αD2 are expected to
differ from those of the mean medium [58].

Finally, we reanalyze in the same way a series of perma-
nently densified samples d-SiO2, produced by hot compression
and previously investigated by Brillouin and Raman scattering
[45,54]. We used two samples with ρSiO2 values of 2.46 and
2.63 g cm−3, besides pristine v-SiO2. Results are shown as
black stars in Fig. 5 (the dotted lines are guides for the eye). For
each d-SiO2 sample, the 〈θ〉 value rather matches that of the in
situ Ar-compressed silica sample of equivalent density. This
confirms again the key role of θ in governing the macroscopic
volume. In contrast, the α values of the d-SiO2 samples are
much smaller than those of the in situ pressurized samples of
equivalent densities [see Fig. 5(f)]. The lower values of α in
d-SiO2 might be evidence that the irreversible compaction
process enables the glass to relax towards more favorable
energetic configurations associated to less constrained SiO4

tetrahedra than in the pristine glass.

B. Low-frequency modes

Turning to the modes at low frequency, the reduced spectra
show a broadband in the 20–200 cm−1 frequency range
associated to the so-called boson peak. Looking at Figs. 2(a)
and 2(b) reveals, however, that the VV and VH components
under Ar exhibit clearly different behaviors with increasing P ,
suggesting the existence of an additional contribution in the
polarized spectra. To uncover the latter, we evaluate the spectra
ĨVV = IVV − IVH/ρBP where ρBP is the depolarization ratio of
boson peak modes. As the variations of ρBP with P are hardly
known, the scaling factor at each P value is actually obtained
assuming a vanishing ĨVV intensity for ω → 0. The calculated
ĨVV spectra obtained in Ar are displayed in Fig. 6, revealing a
weak component in the frequency range 100–180 cm−1, over
the tail of the intense polarized R band as indicated by the
arrows in Fig. 6. The reliability of the existence of this weak
contribution is supported by its presence on both the Stokes
and anti-Stokes sides. This feature clearly separates from the
R band as P increases, suggesting different origins. A similar
signal is observed for v-SiO2 pressed in He, however, less

FIG. 6. . The spectra ĨVV = IVV − IVH/ρBP at some selected Ar
pressures. The arrows indicate the occurrence of an additional weak
isotropic component over the low-frequency tail of the R band.

noticeable since in that case the R band does not undergo the
large pressure shift and narrowing seen in Ar.

The peak located around 50–70 cm−1 and better seen in
the VH spectra is usually referred to as the boson peak.
It is associated to an excess of low-frequency vibrations
over the Debye level from the sound waves. It appears
as a maximum in g(ω)/ω2 where g(ω) is the vibrational
density of states and it produces the anomalous bump in
reduced specific heat at temperatures T around 10 K. Silica
glass is one of the few materials for which the microscopic
structure of the modes involved in this feature could be
identified. Inelastic neutron-scattering (INS) measurements of
the dynamic structure factor early suggested that they might
correspond to coupled librational motions of connected rigid
SiO4 tetrahedra [59–61]. These modes are active in hyper-
Raman spectroscopy [62] and produce a peak at ∼33 cm−1,
in accordance with INS measurements [35]. However, the
origin of the signal observed in Raman light scattering at
the boson peak frequency remains fundamentally unclear
since the rocking of undistorted tetrahedra does not modulate
the polarizability and therefore should be silent in Raman
scattering [35].

To estimate the boson peak frequency ωBP, we fit
the reduced intensities to a log-normal function, Ired ∝
exp(− [log(ω/ωBP)]2

2σ 2 ), which is the usual approximation for its
asymmetric shape. The Stokes and anti-Stokes signals are
fitted simultaneously in between 25 and 150 cm−1. Results
for ωBP(P ) are shown in Figs. 7(a) and (b) for Ar and He,
respectively (the spectra acquired in Ar below ∼1.3 GPa are
left out of the analysis as explained in Sec. II). Our results
are compared to the P variations of the longitudinal vL and
transverse vT sound velocities measured by Brillouin scattering
[12,63] and scaled to the ωBP values. In Ar, one finds that
ωBP(P ) decreases to a minimum around 2 GPa similarly
to both vL(P ) and vT(P ). It increases thereafter, but the P

variations of ωBP are, however, considerably larger than those
of any sound mode, and consequently of the Debye velocity,
3/v3

D = 1/v3
L + 2/v3

T. This rules out a simple explanation in
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FIG. 7. Variations of the boson peak frequency ωBP as a function
of pressure in Ar (a) and in He (b). The crosses and circles show
the longitudinal vL(P ) and transverse vT(P ) sound velocities [12],
respectively, scaled to the ωBP values. The scaling coefficients are
121 and 76 ms−1/cm−1 for vL and vT, respectively.

terms of an acoustic model described by the Debye energy
alone, ED ∝ ρ1/3vD [64]. A similar trend has already been
reported for several polymers [65,66]. In the frame of the soft
potential model (SPM), the boson peak is described in terms
of quasilocalized vibrations (QLVs) [67,68]. These are soft
oscillators hybridized with the sound waves, i.e., undergoing
resonant coupling to acoustic waves. In silica, QLVs can be
associated to the SiO4 librational motions (responsible for the
INS and hyper-Raman boson peak) coupled to the continuum
of extended acoustic vibrations. Thus QLVs might be active in
Raman or Brillouin light scattering. This coupling is already
invoked to explain the strong acoustic damping observed in
experiments at subterahertz frequencies [69]. The vibrations
probed in Raman scattering at boson peak frequencies are thus
expected to be the long-wavelength component of the QLVs. In
this picture, ωBP(P ) should be driven by the P variations of the
soft oscillators interacting with the acoustic continuum. Our
results would thus suggest that these soft modes might get even
softer at the start of compression. We have seen above that the
combined changes with pressure of angle and force constant
at atomic scale can produce an extremum in the frequency
variations of optical modes. A possible explanation of the
minimum in ωBP(P ) would be that the SiO4 librational motions
are modified in the same way. A direct measurement of those
changes by hyper-Raman scattering would be worthwhile to
check. Turning to He as pressurizing fluid, the anomalous
minimum in ωBP(P ) disappears as shown in Fig. 7(b), in
accordance with the almost suppression of the anomalies
observed in He.

Defining a Grüneisen parameter as γBP = δωBP/ωBP

δρ/ρ
, we

estimate γBP = −2.5 ± 0.5 at low pressure. It should be
stressed that a negative Grüneisen parameter is consistent
with the negative value of the thermal expansion coefficient of
v-SiO2 at low T as discussed in Refs. [70,71]. Those ωBP(P )
results in Ar are at variance from the ones of Hemley [22]
displayed in Fig. 8 (open circles) that were extracted from
unpolarized measurements. The new ωBP values found here

FIG. 8. The boson peak frequency ωBP (filled squares) extracted
from the anisotropic spectra and the additional isotropic peak
frequency ωiso (open squares) extracted from ĨVV spectra are plotted
as a function of Ar pressure (the dashed lines are a guide for the eye).
The data from Hemley et al. [22] (open circles) obtained without
polarization analysis are also plotted together with the SPM model
[72] (dotted line).

(closed squares) are much smaller. Further, they exhibit beyond
the minimum, a linear pressure shift instead of the ωBP ∝ P 1/3

relation [72] shown in Fig. 8 (dotted line). We estimate the
Grüneisen parameter to be γBP = 3.7 ± 0.1 in the pressure
range 2–8 GPa.

Finally, as indicated above we identify in the high-
frequency part of the boson peak region a new weak component
which is apparent in the ĨVV spectra only. We estimate its
frequency at the peak maximum, ωiso, after subtraction of
a background arising from the intense R-band tail. This
background subtraction is reliable only beyond 3 GPa. The
variations of ωiso are plotted in Fig. 8 as a function of P

(opened squares). ωiso(P ) is well beyond the band associated
to the boson peak observed in the anisotropic spectra. This
signal could be the signature of the isotropic part of the
light scattered by high-frequency “acoustic” excitations as
proposed by Martin and Brenig [73] or more recently by
Schirmacher et al. [52], albeit seemingly at much too high
frequency. Alternatively one notes that this signal appears in
the frequency range of an intense optic mode of α-cristobalite
at ∼115 cm−1, at ambient P , active in Raman spectroscopy
[74]. Interestingly, this vibration arises from the softening of
a zone boundary vibration at the end of an acoustic branch
in the β-cristobalite [75,76]. It turns into a zone center optic
mode in the β- to α-phase transformation due to the doubling
of the unit cell and thus becomes Raman active. Therefore,
the signal ωiso of the glass could be, on one hand, the
counterpart of this low-frequency optic mode which would
appear strongly broadened by disorder. It might, however, also
result from incoherent scattering by the zone boundary mode
in β-cristobalite induced by disorder of the glass.
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V. CONCLUSION AND OUTLOOK

A comprehensive picture of the pressure and density
dependencies of Raman-active vibrational modes of v-SiO2 is
proposed. New accurate data, including polarization analysis,
are collected throughout the elastic domain of the glass,
i.e., the 0–8 GPa range associated to about 0%–25% of
compaction rate, in which all the structural modifications are
fully reversible. In situ experiments under hydrostatic pressure
are performed using two distinct rare gases as pressurizing
media: Ar and He. Owing to its much smaller size, He atoms
largely penetrate into the free volume of the glass network
resulting in a reduced compaction rate.

The vibrational spectra are examined on the basis of a
well-known central-force model for dynamics of tetrahedral
networks relating the Raman mode frequencies to the force
constant and the intertetrahedral angle of the Si-O-Si bonds.
The compression mechanism of v-SiO2 is thought to take
place mainly by reduction of the bridging oxygen angle,
with negligible change in the force constant. We show here
that variations of both parameters are actually needed to
account for the vibrational frequency changes of compacted
samples. For example, the faint maximum observed for the
TO2 mode frequency at about 2 GPa of Ar pressure results from
the balance between the stiffening of the force constant and the
shrinking of the intertetrahedral angle. The latter appears to be
driven by the sample density only, a result confirmed by data
obtained on the permanently densified samples. Conversely,
the mean force constant smoothly increases with the applied
pressure. The latter variations arise from the elastic strains
sustained by the tetrahedra upon loading. Remarkably, the

densified samples exhibit lower force constants than a pristine
sample indicating that the high-temperature densification
process would allow residual strain relaxation. The overall
results open up new possibilities for understanding the relation
between the thermomechanical history and microstructure of
vitreous silica [77].

Furthermore, a careful polarization analysis of the low-
frequency part of the spectra reveals that the heretofore P

dependence of the Raman boson peak of vitreous silica was
ill-resolved, owing to the mixing with a broad higher frequency
component. The latter, active in the isotropic spectrum only, is
tentatively ascribed to an optic mode also active in the Raman
spectrum of α-cristobalite in the same frequency range. The
new pressure dependence of the Raman boson peak of vitreous
silica is much weaker than previously known, though it still
cannot be reconciled with any sound velocity variation within a
simple picture. Finally, the boson peak frequency shows a faint
minimum around 2 GPa, in coincidence with the well-known
compressibility maximum of vitreous silica, demonstrating
that acoustic and boson peak modes are both sensitive to the
overall pressure-induced microscopic changes.
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