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We report an experimental and numerical study of femtosecond multipulse laser-induced densification in
vitreous silica (v-SiO2) and its signature in Raman spectra. We compare the experimental findings to the recently
developed molecular dynamics (MD) approach accounting for bond breaking due to laser irradiation, together with
a dynamical matrix approach and bond polarizability model based on first-principles calculations for the estimation
of Raman spectra. We observe two stages of the laser-induced densification and Raman spectrum evolution:
growth during several hundreds of pulses followed by further saturation. At the medium range, the network
connectivity change in v-SiO2 is expressed in reduction of the major ring fractions leading to more compacted
structure. With the help of the Sen and Thorpe model, we also study the short-range order transformation and
derive the interbonding Si–O–Si angle change from the Raman measurements. Experimental findings are in
excellent agreement with our MD simulations and hence support a bond-breaking mechanism of laser-induced
densification. Thus, our modeling explains well the laser-induced changes both in the short-range order caused by
the appearance of Si coordination defects and medium-range order connected to evolution of the ring distribution.
Finally, our findings disclose similarities between sheared, permanently densified, and laser-induced glass and
suggest interesting future experiments in order to clarify the impact of the thermomechanical history on glasses
under shear, cold and hot compression, and laser-induced densification.

DOI: 10.1103/PhysRevB.97.054106

I. INTRODUCTION

Comprehension of the processes of laser-induced modifi-
cation in vitreous silica (v-SiO2) and their control remains an
important research issue. This concerns the accurate design of
the optical properties via local laser-induced refractive index
changes (RIC), serving in the fabrication of embedded optical
components in fibers and bulk materials [1–3]. The densifi-
cation of v-SiO2 due to laser irradiation seems reasonable
to cause a uniform RIC [4,5]. The supporting evidence of
this mechanism was provided by micro-Raman spectroscopy
for both single- [6,7] and multipulse [8–14] experiments. In
these experiments, the analyses were mainly focused on the
strongest band (∼437 cm−1) and defect lines D1 (∼495 cm−1)
and D2 (∼605 cm−1), usually related to four-membered and
three-membered rings (or four- and threefold), respectively.
Analysis of network connectivity in terms of rings is still a topic
of discussion [15–18]. In the above mentioned experiments, it
was shown an increase of the intensity of the D2 band, together
with a stagnation of the D1 band (in opposition with cold com-
pressed glasses [19,20]. In Ref. [5], we treated the hypothesis of
the bond-breaking mechanism leading to v-SiO2 densification
under laser irradiation. We addressed the medium-range order
and explained in detail the behavior of defect line D2, relying on
the connection between population of the threefold rings and
D2 lines. However, all these previous Raman measurements

indicating material sensitivity to laser irradiation were not com-
pared to numerical Raman results [9,11,14,21], and no Raman
data are available for successive laser-induced experiments in
the high-frequency range (∼900–1300 cm−1).

In parallel, intensive studies of v-SiO2 glass are continuing,
aimed at studying the role of thermomechanical history in den-
sification [20,22,23] and plastic shear [24] where, in particular,
a specific sensitivity of Raman spectra in the high-frequency
range is observed. In order to infer structural information from
Raman spectra in silica glasses, the Sen and Thorpe (ST)
analysis [25] relating the position of the characteristic bands
to interbonding angle is usually applied [26,27].

Here, we present a systematic analysis of the effect of
a multipulse femtosecond laser on vibrational properties,
Raman spectra, and medium- and short-range structure with
the help of numerical calculations compared to experimental
measurements of Raman spectra.

II. METHODS

A. Experiment

The sketch in Fig. 1 shows the multiscale nature of the writ-
ing processes involved in the consideration. Femtosecond laser
pulses are produced by a regeneratively amplified Ti:sapphire
laser system at 800 nm with a nominal pulse duration of
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FIG. 1. Schematic representation of the femtosecond laser writ-
ing. At macroscale, the laser beam is focused inside the bulk of
v-SiO2 via the objective. At microscale, photoionization conditions
are realized in the focal area. At nanoscale, the structure of v-SiO2

is composed of network-forming species Si (orange) and O (red)
undergoing bond breaking due to photoionization.

τp = 130 fs (FWHM) and an energy 1 μJ. The long working
distance, a 20× microscope objective (Mitutoyo MPlan, NA
= 0.42, f = 10 mm), is employed to focus the ultrashort laser
pulses into the bulk of silica [10]. A laser beam diameter is
less than the objective pupil (d = 5 mm at the level 1/e2);
therefore the nominal value of NA is corrected to NAeff = 0.3.
Polished high-purity synthetic fused silica (Corning 7980-5F,
800–1000 ppm concentration of OH impurities) samples are
mounted on a XYZ motion stage. By varying the speed of
the sample translation perpendicular to the laser propagation
axis, we control the number of pulses in the writing of long
waveguiding structures. The modifications are produced at a
10-kHz laser repetition rate, when the material is thermally
relaxed before the new pulse arrival. This is in agreement with
other reports indicating that the heat accumulation effect in
silica plays an important role only in the megahertz regime of
irradiation [28].

Laser modification results in uniform positive refractive
index changes of exposed volume (type-I structures [30]),
which is confirmed by the waveguiding properties of the
written structures and additionally verified using phase contrast
microscopy. The Raman spectra of the irradiated samples are
recorded with a Horiba Jobin Yvon confocal microspectrom-
eter in a backscattering configuration. The laser excitation is
performed using a HeCd source at 442-nm wavelength. The
arrangement allows for a spatial resolution better than 1 μm
and a spectral resolution of 3 cm−1.

B. MD simulation

In our study, the v-SiO2 model is prepared following the
work of Ref. [31]. A system of 8232 atoms (size ∼5 nm)
is obtained within molecular dynamics (MD) simulation (via
LAMMPS [32]) using a melt-quench procedure [33], and the
quenching rate is 5.2 × 1013 K s−1. The equilibration of the
liquid, quench, and relaxation of the glass is performed clas-
sically using the van Beest, Kramer, and van Santen (BKS)
potential [34] modified by Carré et al. [35] (see Appendix A).
The BKS potential was thoroughly examined and it was found
that it reproduces many structural and dynamical properties

FIG. 2. Evolution in the distribution of rings in v-SiO2. Gray
shaded distribution corresponds to origin samples. Patterned distri-
bution corresponds to samples irradiated by 800 pulses. The results
of modeling are obtained by averaging over 10 samples. Number of
atoms: Nat = 8232. Inset: Two-dimensional schematic diagram of the
v-SiO2 network with added colors [29].

of real silica very well [36,37]. Among them are the static
structure factor, the glass transition temperature, and the
activation energies of the viscosity and the diffusion constants.
By evolving the BKS samples during 10,20 . . . 100 ns at liquid
stage, we obtain ten v-SiO2 models at density of 2.2 g cm−3.

In order to consider the interaction of subpicosecond
laser pulses with v-SiO2, we introduced a bond-breaking
mechanism into the MD scheme [5]. The whole simulation
cycle of a laser pulse interaction with an MD glass model
is as follows. The simulation starts from an instantaneous
generation of broken bonds emulating the laser pulse excitation
stage. According to a given ionization degree (a percentage of
ionized valence band electrons), we determine the number of
broken Si-O bonds for the simulation box; then we choose
randomly their positions in a space. We are of the opinion that
a bond is broken due to irradiation if the corresponding Si and
O atoms supported this bond do not interact with each other;
however, their attached neighbors keep having common bonds.
The ionization degree is 0.018%, corresponding to two broken
bonds per sample (or free electron density 1.6 × 1019 cm−3).
At the second step, the excited electrons transfer energy to the
atomic system heating the sample. The temperature saturates
with time, reaching the maximum value (500 K). Therefore,
we evolve our glass sample during the next 5 ps at 500 K. Sub-
sequently, at the third step, a cooling to the room temperature,
300 K, occurs during 100 ps. Eventually, when the laser-excited
electrons become trapped or relaxed (i.e., at the end of the
cooling stage), we repair an interaction ability for the Si and
O atoms (early constituted broken bonds) conforming to used
potential. In some events (due to the bond breaking) the broken
bonds return to the original ones, and in other events not. Our
approach implies that the environment responds to local loss of
rigidity due to the bond breaking. Note that the local evolution,
induced by laser irradiation, can be more complicated than
that in our simulation, and, therefore, a local rigidity of a
given bond could vanish incompletely [38]. However, the final
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FIG. 3. HH-Raman spectra in v-SiO2. Experimental data: origin
sample–solid blue, after irradiation–solid red. The simulation results:
origin–dashed blue, after irradiation–solid dash-dot red. The results
of simulation are averaged over ten configurations. Reference fre-
quencies discussed in the text are ω1 = 437 cm−1, ω3 = 800 cm−1,
ω2 = 1060 cm−1, ω4 = 1200 cm−1.

local relaxation of broken bond is not able to expand the
environmental network. Thus, the laser-induced densification
in silica [5] is caused by many small rearrangements, leading
to compaction of the sample and not local evolution (densifi-
cation) in the vicinity of a certain breakage, i.e., a breakage is
only a trigger for other bonds from the environmental network.
Finally, an annealing at room temperature is applied. We repeat
this cycle a required number of times to simulate multipulse
laser irradiation (up to 1000 pulses).

C. Raman model

In our previous study we established that the laser-induced
densification of v-SiO2 is traced to medium-range changes in
topology of the atomic network. These changes consist in an
increase of network connectivity caused by the reduction of
major ring fractions of six- and seven-membered rings to minor
fractions of three- and four-membered rings [5]. In Fig. 2 we
show the evolution in the distribution of rings in v-SiO2 upon
multipulse irradiation. However, it is impossible to directly
extract ring statistics or local ring environments in the bulk
from experimental measurements. Nonetheless, by applying
the Raman spectroscopy, enabling the vibrational analysis to
be performed at micrometer scale, we can infer the information
at medium-range and short-range order.

Here, we briefly outline the formulation that we use for the
calculation of Raman activities. We focus only on first-order
processes, which involve a single phonon excitation. In the
Stokes process, in which a vibrational excitation is created by
an incoming photon, we express the total power cross section
as (in esu units) [39]

IP (ω) = 2πh̄

ω

g(ω)(ωL − ω)4

V −1c4

∑
n

In δ(ω − ωn), (1)

where the index n labeling the vibrational modes runs from
1 to 3Nat, Nat is the total number of atoms in the model

FIG. 4. The partial VDOS for the projections onto the vibrations
of Si–O–Si structural units: stretching–dashed red, bending–dotted
green, rocking–dash-dot blue, and total–solid black. Origin sample–
thick curves, after irradiation by 800 pulses–thin curves. Inset shows
the relative motion of the oxygen atoms decomposed into stretching
(S), bending (B), and rocking (R) components.

(8232 atoms), ωL is the frequency of the incoming photon,
c is the speed of light, V is the volume of the scattering
sample, g(ω) = nB(ω) + 1, and nB(ω) is the boson factor.
In experimental setups, it is customary to record the Raman
spectra in the horizontal-horizontal (HH) configuration in
which the polarization of the outgoing photons is respectively
parallel to the ingoing photon polarization [40]. Using the
isotropy of disordered solids, we express the contribution of
the nth mode In to the HH-Raman spectra as [39]

IHH
n = a2

n + 4

45
b2

n, (2)

where an and bn are obtained from

an = 1

3

3∑
i

Rn
ii , (3)

b2
n =

3∑
i<j

{
1

2

(
Rn

ii − Rn
jj

)2 + 3
(
Rn

ij

)2
}
. (4)

The Raman susceptibility tensors Rn
ij are given by [39]

Rn
ij =

√
V

∑
I,k

∂χij

∂RIk

ξn
Ik√
MI

, (5)

where χ is the electric polarizability tensor, the capital Latin
indices run over the atoms, the lowercase Latin indices are the
three Cartesian directions, RI = (RI1,RI2,RI3), and MI are
the position and the atomic mass of atom I , respectively. In
order to compute χ , we apply the bond polarizability model
[41,42] (see Appendix B). For a model system, the vibrational
frequencies ω2

n and their associated eigenmodes ξn
I are found

by solving the set of linear equations∑
Jj

DIi,Jj ξ
n
Jj = ω2

nξ
n
I i, (6)
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where D is the dynamical matrix, which is defined by

DIi,Jj = 1√
MIMJ

∂2Etot

∂RIi∂RJj

for I �= J, (7)

DIi,Ij = −
∑
J �=I

1

MI

∂2Etot

∂RIi∂RJj

, (8)

where Etot is the global potential energy of the system (see
Appendix A).

The result of the Raman simulations of v-SiO2 are presented
in Fig. 3. One can see that the main characteristics of the
experimental spectra are recovered within our semiclassical
approximation. In the Raman spectrum, we can recognize well
the main band (∼400–550 cm−1) as well as the high-frequency
bands, in particular, those located at ∼800 cm−1, ∼1060 cm−1,
and ∼1200 cm−1, that are well reproduced by our simulation.

The assignment of the vibration modes of v-SiO2 is well
documented [43–46]. Performing projectional analysis (see
Appendix C), we decompose the vibrational density of states
(VDOS) for relative motions of the oxygen atoms into stretch-
ing, bending, and rocking components (see Fig. 4). The VDOS
reveals the pure stretching nature of the high-frequency doublet
zone (∼950–1300 cm−1), and the bending and rocking modes
are in the range ∼0–900 cm−1. In all the spectra of Figs. 3
and 4, the high-frequency part of the spectra (�950 cm−1)
almost exclusively results from stretching vibrations. As far as
the HH-Raman spectrum is concerned, Umari and Pasquarello
showed that the bending motions dominate the rest of the
spectrum (∼100–900 cm−1), whereas the contribution of
rocking vibrations is suppressed with respect to their weight
in the VDOS [46].

III. RESULTS AND DISCUSSION

Comparing the experimental and modeling Raman spectra
from Fig. 3, we highlight that the laser-induced changes in
all bands have a similar tendency to each other. In particular,
one can observe a raise and a slight shift to the right of the
main band ω1; the ω3 band has a weaker raise and a slight
shift to the right. On the contrary, we can indicate the more
significant changes in the high-frequency doublet zone, a shift
to the left of ω2 and ω4 bands. In the experimental spectrum,
one can see a significant gain of defect lines D1 and D2,
whereas our simulation suffers due to the lack of resolution
in these areas. However, the D1 and D2 Raman defect lines are
usually associated with four- and threefold rings in the structure
of v-SiO2 [16]. Since these lines provide direct information
on the concentration of these rings [47], we characterize the
medium-range structure (network connectivity) by analyzing
the ring distribution instead of a direct Raman analysis of the
defect lines. Our previous work was dedicated to this point
[5], where a good agreement with experiment was obtained,
which is a strong argument in favor of the proposed model;
this shortcoming (lack of resolution in D1,2 areas) does not
affect the following discussions and conclusions of the present
paper. It is also interesting to note that the global increase in the
Raman intensity in the intermediate-frequency range, and the
shift of the high-frequency bands in both Raman and VDOS

(see Fig. 4) spectra share more similarities with the Raman
and VDOS signatures of plastic-shear [24] and permanently
densified glass [19,26,27,48].

In order to explain the changes in the Raman spectra upon
multipulse laser irradiation, we exploit a simple central-force
ST model to describe the dynamics of covalently bonded
networks [25]. Reference [25] assumed that the vibrations
of the silica network can be described using Si–O–Si units
with only one force constant α defined by the Si–O bond. The
following equations were proposed to describe the positions
of the vibrational bands as a function of interbonding angle ϑ :

ω2
1 = α

MO
(1 + cos ϑ), (9a)

ω2
2 = α

MO
(1 − cos ϑ), (9b)

ω2
3 = ω2

1 + 4α

3MSi
, (9c)

ω2
4 = ω2

2 + 4α

3MSi
, (9d)

where MO and MSi are the masses of oxygen and silicon atoms,
respectively.

To extract information about the angle change from Raman
spectra applying the ST model, one needs to determine the
central-force constant. By using the measured Raman frequen-
cies ωi (see Fig. 3) and mean Si–O–Si angle, ϑ = 147.7◦,
taken from [49,50], the force constants α1−4 are calculated
by Eqs. (9a)–(9d), respectively. The values of α are presented
in Table I. It can be seen that α1(ω1) ≈ 1170 N/m differs
significantly from other values. It is known that the modes in
the middle of the lower band are not so well localized in silica
[43], whereas the ST model implies local vibrations. Structural
disorder in silica leads to a broad Si–O–Si angle distribution
(∼135◦–160◦ [49]) and a broadening of vibrational bands.
As a result, an asymmetry and a wide width of the ω1 band
(∼100–500 cm−1) leads to an ambiguity in the calculation ofα1

and α3 [see Eqs. (9a) and (9c)]. However, if we take instead of
the frequency ω1 = 437 cm−1 (corresponding to the maximum
of the band) the frequency ωg ≈ 340 cm−1 corresponding to
the center of gravity of the ω1 band, then α1(ωg) ≈ 710 N/m
and α3(ωg) ≈ 653 N/m. We also take into account the fact that
the high-frequency doublet zone is comprised of symmetric
and asymmetric stretching modes [43,44] which are quite
well localized but interfere with each other. The shift of the
decomposed location with respect to enveloped location (1200
cm−1) for the stretching modes (ω4) gives ω′

4 ≈ 1225 cm−1

and α4 ≈ 469 N/m. Thus, all α1−4 according to the ST model
are in fair agreement with each other.

TABLE I. Force constants. ᾱ = (α1 + α2 + α3 + α4)/4, where
α1−4 are calculated by Eqs. (9a)–(9d), respectively.

Force constant α1 α2 α3 α4 ᾱ

N/m 1170.1 577.3 558.8 394.0 674.9

α1(ωg) α2 α3(ωg) α4(ω′
4) ᾱ

N/m 710 577.3 653 469 602
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FIG. 5. Simulation of laser-induced HH-Raman ω2 shift versus
mean Si–O–Si angle change–filled red circles (half-width at half-
maximum fitting). The dashed red line shows the approximation
of the simulation data. The results of modeling are averaged over
ten samples. The dash-dot green line shows a ω2 shift based on
the ST model [25], Eq. (10), at the following parameters: central-
force constant α = 577 N/m (calculated using measured Raman
characteristic frequency ω2, see Fig. 3) and mean Si–O–Si angle
ϑ = 147.7 ± 3.8◦ [49].

As shown in [51], the interbonding angle change �ϑ can
be related to the ω2 shift by differentiating Eq. (9b) to obtain

�ω2 = α

2MO

sin ϑ�ϑ

ω2
. (10)

Our simulation and experimental measurements provide good
resolution of the Raman ω2 band. Furthermore, we choose the
ω2 band to treat the experimental measurements because the

corresponding α2 is closer to the mean value of central-force
constant ᾱ, see Table I.

In Fig. 5 we present the simulation results of ω2 shift
as a function of mean interbonding angle change obtained
by irradiation with different numbers of pulses. The mean
interbonding angle is derived from MD simulation using
the coordinates of atoms. As a result, we can see that
our simulations predict the linear behavior confirming
the ST model, see Eq. (10). Moreover, the central-force
constant values obtained from the simulation (α ≈ 650 N/m)
and calculated using the measured Raman characteristic
frequency ω2 (α ≈ 577 N/m) are in good agreement. Thus,
we demonstrate that the ST model is applicable to describe
the Raman dynamics upon multiple laser irradiation.

The dynamics of �ω2 with the pulse number is shown in
Fig. 6(a). On can reveal two stages of dynamics—the growth
during several hundreds of pulses followed by saturation,
both in simulation and experiment. Despite averaging over
ten samples, we note the sharp rise of the ω2 shift in the
very beginning and noticeable dispersion in simulation that we
ascribe to the size of the models (see Sec. II B). This size effect
will be reduced in our further investigations by increasing the
number of atoms in the samples. We can also observe two
stages, growth and saturation, in the densification dynamics,
which correlates quite well with the ω2 shift, but it is rather
smooth compared to the ω2 shift. We guess that the saturation
level depends on the given ionization degree (equivalent to
a certain laser intensity in experiment) and hence may be
different at different degrees.

Applying the ST model to the ω2 shift experimental findings
from Fig. 6(a), we extract the corresponding angle change.
One can see that the interbonding angle change follows the ω2

shift and also reproduces the two-stage dynamics: the growth
during ∼600 pulses followed by saturation, see Fig. 6(b). The
comparison shows an excellent agreement between experiment

FIG. 6. (a) Absolute value �ω2 of the laser-induced HH-Raman ω2 shift as a function of pulse number: experiment–filled blue squares;
simulation–filled red circles, compared to density change obtained in simulation–empty green squares with density dispersion depicted by
the shaded green area. (b) Si–O–Si angle change versus pulse number. Experimental results via ST model–filled blue squares; results of
simulation–empty red circles. Inset: Change of number of five-coordinated Si atoms at degree of ionization 0.018% in simulation as a function
of pulse number–empty red triangles. Corresponding density–empty green squares with error bar depicted by shaded light green area. The
results of modeling are averaged over ten samples. The number of pulses 140, 200, 400, and 800 in simulation exactly corresponds to that in
experiment.
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and MD simulation. Since we reveal the densification, we
guess that laser-induced rearrangements should lead to trans-
formations of the v-SiO2 network both in the medium-range
[5] and short-range order. The short-range structure is usually
characterized by coordination number [52,53]. We found here
a correlation between the growth of five-coordinated Si atoms
and v-SiO2 densification upon laser irradiation, see inset in
Fig. 6(b). Similar behavior was observed in permanently den-
sified [54,55] and high-pressure-induced [52,53,56,57] silica
glass. Thus, we relate the Si–O–Si angle decline to the increase
of network connectivity caused by the reduction of the major
ring fractions [5] and the increase in coordination defects
(five-coordinated Si atoms) due to multipulse laser irradiation.

IV. CONCLUSIONS

In summary, our systematic Raman calculation shows that
upon multipulse laser irradiation the SiO2 glass undergoes
several successive transformations both in short-range and
medium-range order. The changes in the Raman measurements
are well described by our simulations within the numerical
accuracy. This reinforces our previously developed model of
bond breaking for laser irradiation [5]. In experiment and simu-
lation, two stages of the laser-induced densification and Raman
spectrum evolution are observed: growth during several hun-
dreds of pulses followed by further saturation. At the medium
range, the network connectivity is expressed in reduction of
the major ring fractions, leading to more compacted structure.
By using the Raman measurements and the ST model, we
highlight the short-range transformation by extracting the dy-
namics of Si–O–Si angle change. These results are in excellent
agreement with our simulation results. In addition, we show a
correlation between the growth of five-coordinated Si atoms
and densification due to laser irradiation. Thus, we conclude
that the laser-induced densification of v-SiO2 is related to the
changes in the short-range order caused by the appearance of
Si coordination defects and medium-range order connected
to evolution of the ring distribution. These findings disclose
similarities between laser-induced and permanently densified
glasses [54,55,58]. Moreover, our preliminary analysis shows
more generally that the sensitivity of the Raman spectra to
pressure variation depends strongly on the sample preparation
protocol. We also note that the global increase in the Raman
intensity in the intermediate-frequency range and the shift
of the high-frequency bands share more similarities with
the Raman signature of plastic shear [24]. Therefore, our
simulation results suggest interesting future experiments in
order to clarify the impact of the thermomechanical history
on glasses under shear, cold and hot compression, and laser-
induced densification.
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APPENDIX A: BKSW POTENTIAL

The equilibration of the liquid, quench, and relaxation of
the glass are performed classically using the BKS potential
with Wolf’s method (BKSW) [35]. It can be described as a
two-body potential:

�BKSW
αβ (R) = �Coul

αβ (R) + �Buck
αβ (R), (A1)

where α and β are the types of atoms (O or Si), and R is the
distance between them. The Coulomb term is:

�Coul
αβ (R) = qαqβe2VW (R)GW (R), (A2)

with

VW (R) =
(

1

R
− 1

Rc,W

)
+ 1

R2
c,W

(R − Rc,W ), (A3)

GW (R) = exp

{
− γ 2

W

(R − Rc,W )2

}
. (A4)

The Buckingham term is:

�Buck
αβ (R) =

[
Aαβ

(
e
− R

ραβ − e
− Rc,sh

ραβ

)

−Cαβ

(
1

R6
− 1

R6
c,sh

)]
Gsh(R), (A5)

with

Gsh(R) = exp

{
− γ 2

sh

(R − Rc,sh)2

}
, (A6)

where γsh = γW = 0.5 Å, Rc,W = 10.17 Å, and Rc,sh = 5.5 Å.
We also add a strong and regular repulsive part at short range
(R < Rinf ) to avoid the collapse of atoms at high pressure, or
high temperatures. The added repulsive part has the following
form:

�
Rep
αβ (R) =

(
Dαβ

R

)12

+ EαβR + Fαβ. (A7)

Dαβ , Eαβ , and Fαβ have been adjusted in order to have the
continuity of the potential and its first and second derivatives.
The parameters of this potential are tabulated in Table II. The

TABLE II. Parameters of the empirical potential used to model
the silica glass.

Aαβ (eV) ραβ (Å) Cαβ (eV Å
6
) Dαβ (Å eV−12)

O–O 1388.773 0.3623 175.0 1.51166281
Si-O 18003.7572 0.2052 133.5381 1.42402882
Si-Si 872360308.1 0.0657 23.299907 0.0

Eαβ (eV Å
−1

) Fαβ (eV) Rinf (Å)

O–O –14.97811134 39.0602602165 1.75
Si–O –3.24749265 –15.86902056 1.27
Si-Si 0.0 0.0 0.0
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total energy, which is used to compute the dynamical matrix,
can be written

Etot =
∑
I<J

{
�BKSW

αI βJ
(R) + �

Rep
αI βJ

(R)
}
, (A8)

and here R is the distance between atoms I and J .

APPENDIX B: BOND POLARIZABILITY MODEL

The bond polarizability model (BPM) [41,42] has success-
fully been applied for the calculation of Raman intensities in
a large variety of systems [39]. In this approach, the electric
polarizability is modeled in terms of bond contributions,

χij (I ) = 1

V

∑
J �=I

αij (I,J ), (B1)

and the polarizability tensors αij (I,J ),

αij = 1

3
(2αp + αl)δij + (αl − αp)

(
RiRj

|R|2 − 1

3
δij

)
, (B2)

where R = RI − RJ is a vector which defines the direction and
the distance of a pair of nearest-neighbor atoms at sites RI and
RJ . The parameters αl and αp correspond to the longitudinal
and perpendicular bond polarizability, respectively.

The BPM further assumes that the bond polarizabilities
αl and αp depend only on the length of the bond. Thus, the
derivative of the local bond polarizability with respect to the
relative displacement of the atoms I and J yields

∂αij (I,J )

∂RIk

= 1

3
(2α′

p + α′
l)δij R̂k

+ (α′
l − α′

p)

(
R̂iR̂j − 1

3
δij

)
R̂k

+ (αl − αp)

R
(δikR̂j + δjkR̂i − 2R̂iR̂j R̂k), (B3)

where R̂ is a unit vector along R, α′
l and α′

p are the derivatives of
the bond polarizabilities with respect to the bond length (α′

l,p =
(∂αl,p/∂R)|R=R0 and R0 is a typical distance). Therefore, when
one type of bond occurs, the BPM is completely defined by
three parameters: 2α′

p + α′
l , α

′
l − α′

p, and (αl − αp)/R. We use
the parameters of the BPM already derived in Refs. [59] and
[60], whose values are summarized in Table III.

TABLE III. Bond polarizability model parameters.

Parameter 2α′
p + α′

l α′
l − α′

p (αl − αp)/R

(4π )−1 Bohr−1 0.771 0.196 0.056

APPENDIX C: VIBRATIONAL DENSITY OF STATES

The frequencies ω2
n and the corresponding normalized

eigenmodes ξn
I are obtained by diagonalizing the dynamical

matrix. The FEAST solver integrated into INTEL MKL is used for
the diagonalization [61]. The associated atomic displacements
are given by

un
I = ξn

I√
MI

. (C1)

The index n labeling the vibrational modes runs from 1 to 3Nat,
where Nat is the total number of atoms in the model.

The structure of v-SiO2 consists of corner-shared tetra-
hedral SiO4 units. These units are connected to each other
via bridging oxygen atoms. Since oxygen vibrations give
the prominent contribution to the Raman spectra, we further
decompose this contribution according to three orthogonal
directions which characterize the local environment of each
oxygen atom [62]. Considering the plane containing the silicon
atoms to which a given oxygen atom is bonded, we define
the three directions as in [62,63]. We take the first direction
orthogonal to the Si–O–Si plane (rocking), the second one
along the bisector of the Si–O–Si angle (bending), and the
third one orthogonal to the two previous ones (stretching) (see
the sketch in Fig. 4). The decomposition is carried out by
projecting the displacements un

I onto these directions prior to
the calculation of the VDOS spectra, i.e., un

I = un
Ir + un

Ib +
un

Is and related to rocking (un
Ir ), bending (un

Ib), and stretching
(un

Is) motions. Bearing in mind that the two silicon atoms Si1(I )

and Si2(I ) that are neighbors of the oxygen atom I move as well,
only the relative motion of the oxygen atom is decomposed,
so that ũn

I = un
I − (un

Si1(I ) + un
Si2(I ))/2 is the displacement of

oxygen atom I relative to the average displacement of its
nearest silicon neighbors. Total VDOS decomposes Z(ω) into
the stretching, bending, and rocking components, Z(ω) =
Zr (ω) + Zb(ω) + Zs(ω):

Zr,b,s(ω) = 1

3Nat

3Nat∑
n

|̃r n|2r,b,sδ(ω − ωn), (C2)

where the squared average displacement can be calculated
according to the following expression:

|̃r n|2r,b,s = 1∑
I |̃un

I |2
NO∑
I

|̃un
I |2r,b,s , (C3)

where NO is the number of oxygen atoms.
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