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In the low-frequency regime, ~1 THz, glasses show an anomalous excess in their vibrational density of
states called the boson peak (BP). The origin of BP has been a subject of debate since its first discovery
a few decades ago. Although BP has been the focus of numerous studies, no conclusive answers have
been found about its origins, which remained elusive to date. Here, we present results based on
molecular dynamics of several binary and ternary silicate glasses with different network intermediates
and modifier oxides. The vibrational density of states and the BP are reported for all the studied glasses.
Their correlation with the elastic constant Cu4, structural, and dynamical properties are extensively
discussed in terms of Voronoi atomic volume and the vibrational mean square displacement of Q4
species specifically. We also question the classical classification of alkali oxides as modifiers, and we
suggest that Li,O plays the role of pseudo-intermediate oxide in lithium silicate glasses. This claim is
supported by the effect of Li on various vibrational modes, and this effect differs from the other alkali
metals. Furthermore, we demonstrate a correlation between the BP intensities and both the Voronoi
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1. Introduction

The vibrational density of states (VDOS) in glasses exhibits an
excess of vibrational modes around frequencies near 1 THz,
deviating from the »® Debye’s law. This excess emerges in the
specific heat of glasses at low temperatures, around 10 K, which
is larger than that of crystals that follow Debye’s known T° law.
This vibrational anomaly is referred to as the boson peak
(BP).'? It is a universal behavior appearing in disordered
media, and it is affected in glasses by the structural properties,
the medium-range order, and the dynamics of the super-cooled
liquids. This anomaly of glassy states has been demonstrated
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volume of the Q4 and Qg3 units and vibrational mean square displacements.

for years in infrared absorption,”* low-frequency Raman,®” and
in inelastic neutron scattering spectra®° for a very large set of
glasses.

Even though the origin of the BP is still under debate,
several attempts were suggested to explain its relationship with
the glassy state. For example, the phonon saddle transition
model explains the appearance of the BP based on a sharp
phase transition between the phonon-free phase and amor-
phous elastic phase one.'" Another attempt was suggested by
the soft potential model, in which vibrations in the BP region
were considered to come from both localized tunneling and
soft vibrational states.">** In a further approach, the elastic
heterogeneity theory predicts the BP as a manifestation of the
inhomogeneity in the mechanical response of glasses at the
nanoscale.””™® On the other hand, in the quasi-localized mode
model, the BP is explained by the existence of low-frequency,
non-propagating vibrational modes centered around defects in
the glass structure. The interaction between the quasi-localized
modes with the surrounding elastic media results in a spread of
their frequencies and intensities, which causes the BP.'**° A
large number of models and theories giving different explana-
tions of this anomaly demonstrate how complex the nature of
vibrations in the BP region is, which continues to be a long-
standing mystery in condensed matter physics.

For silicate-based glasses, many attempts of correlation with
physical parameters are proposed in the literature for the
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origins of the BP. Starting from systematic studies of the effect
of ionic radius,?* field streng“ch,22 and mass® of the cations on
the BP, studies were extended to cover also the effect of the
degree of polymerization as demonstrated by Richet.>* Besides
the atomic properties and the role of oxides, other physical
properties such as the effect of fictive temperature of the
glass,®® the fragility index of the predecessor liquid®*® and
elastic properties®” were also reported. On the other hand,
the topological aspects of silicate glasses and their correlation
with the BP are rarely considered. Attempts®®*® to link its
frequency with the FSDP (First Sharp Diffraction Peak) have
been suggested. However, the very origin of the FSDP and what
it represents in the structure of glass itself remains a subject of
debate.

Here, in this work, we attempt to identify an appropriate
correlation between the structure, composition, glass proper-
ties, and the BP anomaly in silicate glasses using molecular
dynamics (MD) simulations. In our previous works,**> the
structure—property relationship has been studied as a function
of composition. The structural change in silicate glasses has
been discussed in detail according to different types of oxides,
demonstrating their different roles in establishing their macro-
scopic properties.>**** To study the effect brought by different
network intermediates and modifier oxides on structural and
vibrational properties, two ternary glasses BaO-TiO,-SiO, (BTS)
and CaO-Al,0;-SiO, (CAS), and three binary silicate glasses
(M,0)—(Si0,) with M = Li, Na, and K were chosen in this
investigation. The molar concentration of different types of
oxides was varied to identify the relationship of Q, species
population which are by definition the network formers or
intermediates surrounded by n bridging oxygens (oxygen atoms
that are shared between two network formers and/or inter-
mediates), their local Voronoi atomic volume (VAV), and
dynamics with the BP.

2. Computational details
2.1. Glass preparation

The glasses of interest were simulated using MD simulations by
adopting the rigid ionic model to represent atoms in our
systems.**> The details of compositions, simulation proto-
cols, and the interactions are described in detail in the ESIt3°
and can be found in ref. 30-32. The structure factor for one
composition of each system was calculated and presented in
the ESIL. Concerning the coordination number, we define it by
calculating the number of neighboring atoms within a certain
specified distance from a central atom. During the simulation,
we tracked the positions of atoms over time and calculated the
distances between each atom and its neighboring atoms. An
atom was considered a neighbor if its distance from the central
atom fell within a predefined cutoff distance. The coordination
number for a central atom was then determined by counting
the number of neighbors that satisfied this distance criterion.
Furthermore, the fractions of the Q, units as a function of
modifier concentrations are reported in Fig. 2 in the ESI{>® for
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all studied binary systems (LS, NS and KS). For ternary systems
the results have already been reported in Ghardi et al. and Atila
et al.’*

To underline the straightforward effect of modifiers and
their content on the vibrational spectra of binary silicate
glasses, the compositions of the binary alkali glasses lithium
silicate (LS), sodium silicate (NS), and potassium silicate (KS)
were varied from 5 to 30%. For the ternary systems, the content
of the intermediate oxide was changed in a manner that will
take into consideration the effect of the [intermediate]/[mod-
ifer] ratio and [intermediate]/[former] ratio for the CAS and the
BTS systems respectively. These different ratios were consid-
ered to distinguish any dependence on composition that can
alter the effect of intermediate oxides on the BP.*' Some snap-
shots of the 25% composition of each studied glass are pre-
sented in Fig. 1. All MD simulations were performed using the
LAMMPS package.®’

2.2. VDOS calculation

To compute the vibrational density of states (VDOS), two
methods can be used: (i) diagonalization of the dynamical
matrix obtained from the finite displacement method or (ii)
the Fourier transform of the velocity auto-correlation function
(VACF).

N
grrr(®) = #BTJ‘% exp(iwt) <Z v,-(O)v,»(t)> (1)

i

In this work, the latter method was adopted since it is more
efficient when dealing with a large number of atoms.*® To measure
the VDOS, the VACF of all the structures was computed during MD
runs. First, each system was equilibrated for 1 ns at a low
temperature (50 K) in the canonical ensemble NVT with a timestep
of 1 fs. Then, the VACF was computed using the microcanonical
ensemble NVE for 200 ps with a timestep of 0.1 fs. In this case, the
averaging is done every 20 timesteps for a total of 200000 time-
steps. The obtained VDOS for pure silica glass is shown and
compared with experimental data in Fig. S1 (ESIt).*

2.3. Elastic properties

The stiffness matrix is the key for extracting elastic properties of
materials, which can be calculated via energy minimization®® at
zero temperature with the obtained glass configurations from
MD simulation as an input (20 configurations for each compo-
sition in all studied systems). This matrix can be obtained by
taking the second derivative of the energy w.r.t. strain within
the limit of small deformations:*°

1/ 0*U
Cj = 17(88,-88]-)’ )

where V is the volume. For isotropic materials, after calculating
the stiffness matrix, the shear modulus was calculated as
follows:

_ Caa + Css + Cos

G : ®
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Fig. 1 Snapshots for 25% composition for all studied systems. The yellow polyhedra are the Q4 units and the lime polyhedra are the Qs units of Si atoms
in all systems and other intermediates Al and Ti for CAS and BTS respectively. The colors of the atoms are as follows (O = red, Si = yellow, Li = purple, Na =

pink, K = green, Ca = lime, Ba = cyan, Ti = grey, Al = blue-gray).

3. Results and discussion
3.1. Vibrational density of states

Fig. 2(a) presents the VDOS of LS, NS, and KS glasses for the
25% composition altogether with the spectrum of pure silica as
a reference (for other glasses with all compositions, see the
ESL,f Fig. $2-S6°°). The spectrum of pure silica shows two
bands as generally accepted.”**' The upper band (v > 20
THz) represents the optic branch with two pronounced peaks
connected to the transverse and longitudinal elongation of the
SiO, tetrahedra. The structure of the lower band is more
complicated because of the overlap between the optical and
acoustic branches. A mode assignment**** analysis for the
Si0,, Si-O-Si, and O-Si-O units in the upper band demon-
strated that the dominant contribution of the two peaks
corresponds to the asymmetric stretching of the Si-O-Si units
and SiO, between 32 and 37 THz. For the lower band, the
bending of the O-Si-O units and the rocking modes of the SiO,
units are dominant in this region.***® A predominant mode
has also been identified in the region between 5 to 7 THz linked

This journal is © the Owner Societies 2023

to the coupled rotations of SiO,.** This special mode is

described by the displacement of rigid units when the oxygen
around a fixed Si atom is displaced. This coupled rotation of
SiO, has been previously related to vibrations in the region of
the BP by Buchenau et al,** although this image has been
corrected by Taraskin et al® who demonstrated that the
contribution of coupled rotations to the modes is not signifi-
cant on this vibrational excess. A sketch representing those
modes is presented in Fig. 3.

The comparison between the LS spectrum with that of pure
silica shows a widening of the upper band and a narrowing of
the lower band accompanied by a reduction of the gap between
the two bands. This reduction is driven by the splitting of the
upper band in which new modes appear in the frequency
region 21.5-32 THz. This behavior, generally linked to the
effect of the dominant species in the network, which is oxygen,
can be interpreted in terms of the vibrational modes of the
forming units of the network. As described previously, the
dominant vibration modes in the lower band are the bending
of O-Si-O bonds, the rocking modes of SiO, tetrahedra, and the
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Fig. 2 Vibrational density of states plotted as a function of frequency. (a) For glasses with alkali oxide modifiers Li, Na, and K with pure silica as reference.
(b) For the x = 25% composition of BTS and CAS systems with CS and BS as references.
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Fig. 3 Sketch of the vibrational modes in pure silica as an example case.

coupled and uncoupled rotational modes of SiO,. The appear-
ance of the non-bridging oxygens (NBOs) in the structure
mainly leads to a reduction in the Si-O bond length so that
asymmetric vibrations such as rocking modes are favored. It is
also expected that the uncoupled rotation modes will become
more dominant than the coupled rotation modes as Li,O is
added to the system.

Moving on to the NS and KS glasses, the shape of their
vibrational spectrum does not vary much from pure silica. The
effect of Na and K appears to be very different from that of Li,O.
Comparing the upper band to the lower band, the density of the
vibrational modes decreases in both bands up to the low-
frequency region between 1 and 10 THz approximately, where
Na and K add new modes. This is in qualitative agreement with
the observations reported previously.*"*®*° According to the
decomposition of the NS glass VDOS, made by Kilymis et al.,>
the contribution of oxygen atoms is dominant across the
spectrum, and that of Na and K atoms is typically below ~11
THz.*> Mode analysis of Si-O-Si units has shown that their
vibrations up to ~21 THz are rocking and bending modes,
while above this frequency, they are stretching modes.”™*> A
small shift in the mean contribution of the Si-O-Si units modes
is also observed in Fig. 2(a) towards ~22.5 THz due to the
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widening of the angle between the atoms of these units.
Concerning the upper high-frequency band, a significant over-
lap is seen between the contribution of NBOs and the contribu-
tions of species Q, and Qs.

The effect of intermediate oxides on the vibrational spec-
trum is presented in Fig. 2(b) with 25% of TiO, and Al,O; for
BTS and CAS glasses, respectively. The effect of adding Al,O; on
the shape of the VDOS produced by our simulations is in
agreement with the experimental data provided by inelastic
neutron scattering® and ab initio simulation.>® In Fig. 2(b), the
VDOS shows two bands; the main band between 1 and 25 THz,
and a high-frequency band between 30 and 45 THz. As shown,
the main features of the VDOS of silicate glass are conserved for
a wide range of compositions and oxides.’® In particular, the
VDOS of CAS glasses is almost similar to that of NS glasses. The
infrared spectroscopic mode assignment study by Hwa et al.>®
demonstrated that the vibrational modes of the high-frequency
peak are similar to those of amorphous silica. The decrease in
the intensity of this band is mainly due to the decrease in the
SiO, content in CAS glasses. Regarding the intermediate band,
the supplementary modes akin to adding alumina are attrib-
uted to the bending of Al-O-Al and Al-O-Si bonds®® and are
accentuated depending on the composition. For the low-
frequency region, and as seen in binary glasses, the dominant
modes are attributed to the Ca®>" network modifier with its
weaker binding to oxygen.>**’

For the BTS glass, the vibrational spectrum shows three
bands. The upper band is attributed to Q, and Q; of the SiO,
tetrahedra, and the 23 THz band is attributed to vibrational
modes of silicon atoms with their oxygen environments.*®>°
The lower band in the 10 THz region has been interpreted to
originate from the vibration of Ba-0.°° This interpretation is
based on the absence of this band in binary TiO,-SiO,
glasses.®® Important similarities in the Raman spectrum
between the crystalline phase and the glass phase have also
been reported by several authors.’”®>®® The BTS glasses

This journal is © the Owner Societies 2023
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considered in our simulations have a composition relatively
close to the Fresnoite crystal, and therefore a mode assignment
based on these previous studies is reliable. The Raman spec-
trum of fresnoite glass reveals an intense peak at 25 THz
corresponding to the shortening of the Ti-O bond in TiOs
groups.®” In this configuration, apical (out-of-plane) oxygen is
strongly bound to titanium, forming what can be thought of as
a Ti—O double bond. The effect of the addition of TiO, should
linearly increase the intensity of this peak in VDOS, which is
not observed in Fig. 2(b). This is mainly due to the simplistic
type of pair potential used to describe the Ti-O bond.

3.2. Structural correlation length

The frequency of the BP is related to a correlation length /. that
has been employed to calculate the medium-range order for
glassy systems.®>®® This length is measured as the ratio
between the phonons transverse acoustic velocity and the BP
frequency, according to the relationship:

V.
=—" V1= \ﬁ (4)
WBp P

with Vr the transverse speed of sound and wgp the BP fre-
quency. The frequency wgp was calculated from the normalized
vibrational density of states (g(w)/w*) and the transverse velo-
city of sound was estimated from the calculated shear modulus
and the glass density. The calculated BP frequencies for each
system are reported in the ESI,} Table SII*®.

The value of this structural length represents the crossover
from affine to nonaffine elasticity below which the system
homogeneity is broken,®” and it is found to be in the order of
a few tens of atoms or nanometers.®”*® As a result, the correla-
tion length is expected to be smaller for a more dense structure
compared to the open ones. This expectation was confirmed
previously by Ando et al.” for binary SiO,-Al, O3, aluminosilicate
and other glassy systems studied by Schroeder et al.®® and in
other works including densified silicate glass.”®”" Fig. 4, repre-
sents the dynamic correlation length of all studied glasses with

Ic (nm)
O = N W 00 O N ©

0 5 10 15 20 25 30
X (mol%)

Fig. 4 Correlation length lc for all studied systems.
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varied concentrations of intermediates and modifiers alkali
oxides. For the pure silica, the value of /. from our simulations
was found to be 3.5 nm, in good agreement with the findings of
Carini Jr et al.”® and Ando et al.” who reported values of 3.7 nm
and 3.8 nm respectively. For binary glasses, Fig. 4, shows a
fluctuating trend and gives no clear conclusion about the
relationship of this property with the composition of binary
glasses, while for ternary glasses, [. appears to stay nearly
constant. The comparison between these two classes of glassy
systems with v-SiO, emphasizes that the high value of the
correlation length observed in alkali-silicate systems compared
to the BTS and CAS is a signature of the low elastic homo-
genization in the nanometric scale, which results from the
addition of alkali oxide modifiers compared to the introduction
of the intermediate oxides to the structure of silica.

Apart from that, a comparison between the vibrational
spectra in the VDOS of intermediates and alkali oxide modi-
fiers, especially in the lower band as seen in Section 3.1, shows
a clear tendency of the modifiers to add more vibrational
modes in contrast to the intermediate oxides. Not only that
but also the increase of the BP intensity (see the ESL¥
Fig. S2-54°°) is an indication of the enhancement of the soft
elastic modes,”" which were shown in previous reports to
introduce higher correlation length.”” In addition, the drop-
ping of the correlation length from 3.5 nm in v-SiO, to 1.3 nm
and ~1.3 nm in BTS and CAS, respectively, indicates the
reduction of the poorly packed structural domains enclosed
in the network of silicate glass. Be that as it may, this approach
does not give a clear correlation with the effect of the concen-
tration of the alkali oxide modifiers or intermediates.

3.3. Correlation with physical properties

To illustrate the effect of the different oxides studied in this
paper, we have plotted as a function of the elastic constant C,,
the different intensities of the BP obtained from each glass in
Fig. 5. The observed correlation of the BP with the shear
modulus is based on the study of Shintani et al.” where they
demonstrated that the transverse character of vibrations is
governing in the BP region. We found that, depending on the
composition, the modifiers Na and K decrease the elasticity and
increase its vibrational excess, while adding Ti/Al intermediates
has the opposite effect. For LS glasses, although the Li
cations depolymerize the network and promote the creation
of NBOs, the glass rigidity increases and the intensity of the
BP decreases, thus showing intermediate-like behavior,
as shown in Fig. 5. Similar observations on the effect of Li
and low coordination modifiers in the aluminosilicate glasses
were reported previously.”*”® A correlation with the ionic
radius of the alkali oxide modifier cations can also be noticed
(Fig. 5), which is considerable and consistent with Richet’s
findings.>"**

To understand the behavior observed in LS glasses, it is
necessary to discuss the classification of the different oxides in
forming a vitreous network. Among the first theories suggested
for classifying glass oxides is Zachariasens random network
theory.”® The main rules to classify an oxide are the

Phys. Chem. Chem. Phys.


https://doi.org/10.1039/D3CP02912C

Published on 13 November 2023. Downloaded by Universite Paul Sabatier on 11/14/2023 9:43:53 AM.

Paper
0.04
0.035 - = KS
]
0.03 - . .
0.025 A
002 ;‘
& ] \ o
2 0015 NS = ~
S 2e O BTS
ER sio, = @L ~o
0.01 ] Hg,
] CAS
I o i?
0.005 1

T T T T T T T T T T T T T
20 22 24 26 28 30 32 34 36 38 40 42 44
Cy4 [GPa]
Fig. 5 The intensity of the BP of VDOS as a function of the elastic
constant C44. The arrows describe the direction of increasing modifier

content increase in alkali silicate glasses and intermediate oxide in the BTS
and CAS glasses.

coordination number and polyhedral connectivity modes.
Applying these rules to Li,O, it will be considered as a modifier.
The same goes for other theories using different parameters to
classify oxides, such as Dietzel’s”” theory which relies on the
notion of field strength, and Sun’s’® and Rawson’s”® theory
based on the bond energy of M-O bonds.

The classical role attributed to Li* as a modifier is to
depolymerize the network and decrease the rigidity of the
glasses. Therefore, one should expect an increase in the inten-
sity of the BP with increasing Li,O content. However, if we see
the results presented in this paper, the composition depen-
dence correlation of the BP intensities and the other properties,
e.g., C44 is positive in the case of NS and KS glasses while it is
negative in the case of LS glasses. This observation makes these
classifications not fully descriptive and cannot be applied to all
oxides. To explain the behavior of Li*, we can start by looking at
its local effect in the glasses. As it has a low average coordina-
tion number (=& 3.6) compared to the other alkali cation (~4.5
for Na and ~ 8.3 for K), the presence of some regions that have
even lower coordination numbers than the average makes Li
cations strongly bonded to oxygen atoms giving rise to the
increased local strength of the glass network. This anomaly that
appears in the case of lithium has been observed in recent
studies by Pedone,*® who reported that lithium appears to
behave like a network intermediate by forming a 4-fold coordi-
nate, resulting in an increase in network cross-linking and
cohesion in silicate glasses, which explains the rise in experi-
mental elastic constant values in comparison to silica glass.®
Furthermore, Pedone et al.*° and Du et al.®! reported another
anomalous behavior of lithium on the characteristic correlation
length compared to other alkali elements. They reported that
the characteristic correlation length increases in the case of
lithium silicate glasses while it decreases for other alkali
silicate glasses. These results highlighted that lithium
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increases the intermediate range order due to its large field
strength compared to the other alkali elements.

One expects that the mechanical properties of oxide glasses
decrease with increasing modifier content; however, as we
mentioned earlier and as shown in the literature, the increase
of lithium in the glass causes an increase in the elasticity
modulus.®® Although the oxidation state is argued to remain
the same, lithium ions adopt different coordination numbers
depending on the global and local compositions. This change
in the coordination number of lithium leads to a significant
change in the field strength, which is reflected in the increase
of the elastic moduli. This behavior has been observed for
many cations that are classically seen as modifiers, but in
practice, they behave like intermediate oxides in the glass
network.®” With this said, it is necessary to consider the
modifiers network and distribution in the glass matrix to
describe the glass properties properly.

Based on the structural analysis carried out previously on
the atomic volume distribution of Voronoi,** Fig. 6 shows the
intensity of the BP as a function of the average VAV of Q, units.
All points seem to have a positive correlation with the VAVs of
Q, units in agreement with the picture given by Nakamura et al.
on the effect of atom volume.?” The advantage of the correla-
tion observed in Fig. 6 compared to that of C,, is that it also
takes into account the size of the cations added to the different
glasses. It should be noted that the volumes considered in
ternary glasses also take into account the Q, formed by the Ti
and Al atoms.

In order to further examine how the local structure affects
the BP, we show in Fig. 7 the BP intensities as a function of the
VAVs of Q; units for the binary silicate glasses. For the 3
systems, the BP intensities show a clear correlation with the
Q; VAVs, with a positive correlation for LS glasses and a
negative correlation for the NS and KS glasses. Furthermore,
a correlation with the ionic radius of the alkali oxide modifiers

This journal is © the Owner Societies 2023
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for KS glasses.

is evident, as seen in Fig. 5. For v-SiO,, it has been demon-
strated by Y. Inamura et al.® that the transformation of the Q,
units to Qe units leads to a suppression of the BP modes that is
manifested by a decrease in the BP intensity. The study has also
shown that the number of modes in the BP is almost propor-
tional to the volume which is in agreement with our findings.

A possible origin of such a correlation has been suggested
through the study of Yang et al.** in metallic glasses. According
to this study, the origin of the vibrations that create the
vibrational excess of low frequencies in amorphous solids is
related to the structure of the Voronoi polyhedron around each
atom. These polyhedra, which characterize the closest points of
the central atom to its neighbors, are distributed in different
directions at varying distances. This unfound diversity in
crystals, usually created by disorder in glasses, adds some
degrees of freedom to the central atom where vibrations can
occur. In the case of the vibrations of the BP, it has been shown
that the displacement of atoms in the direction of the furthest
corner of the polyhedron corresponds to the BP. The study
extended to several types of metallic glasses and could explain
the topological origin of BP from the local structure of atoms.

On the other hand, previous reports on inelastic neutron
scattering and hyper-Raman spectroscopy”**>*® have argued
that the modes giving rise to the BP are produced by rotational

motions of several interconnected tetrahedral SiO, units in
vitreous silica. The Q4 units being the building units of vitreous
silica, we investigate next, based on the ideas brought by these
experiments, the relationship of the BP with Q, unit vibrations.
We have calculated the vibrational mean square displacement
(MSD) of these units in all studied systems and compared them
with the BP intensity as shown in Fig. 8 and 9. More details
about the calculated MSDs can be found in the ESIt>® where
the MSDs were calculated for each system in different composi-
tions at 50 K, the same temperature at which the VDOS was
evaluated.

Fig. 8 displays the BP intensity as a function of the vibra-
tional MSD of the Q, units for BTS and CAS. Two tendencies are
observed for the CAS glasses: (i) with increasing the amount of
Al,O; from 5% to 15%, the BP intensity decrease is accompa-
nied by an increase in the vibrational MSD of the Q, units, and
(ii) for concentrations between 20% and 30%, the decrease of
the BP intensity is followed by a decrease in the vibrational
MSD of the Q, units in the system. Unlike the BTS system, the
nonlinear trend observed for the CAS is mainly coming from
the chosen stoichiometry of the CAS glasses in which Al,O; is
varied as a function of CaO-Si0,. As discussed by Atila et al.,**
the role of Ca can be relative in different regions of composi-
tion. From 5% to 15% the BP intensity decrease appears to be
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Fig. 8 The intensity of the BPs of VDOS as a function of the vibrational mean square displacement of Q4 units for silicate with intermediate oxides. (a) For
the BTS and (b) for the CAS glasses. The numbers are the concentrations in (%) and the line and circles are guides for the eyes.
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more related to the decrease of Ca content. This is manifested
by the increase in the vibrational MSD of the Q, units, which is
the signature of the modifier role of Ca cations that gives more
degrees of freedom to the Q, units in the system. For composi-
tions above 15%, the role of Al as a network former start to
influence in a similar manner to TiO, in BTS glasses the BP
intensity and follows a linear decrease as Al,O; content
increases. The decrease observed in the vibrational MSD of
Q, units is attributed to two factors; the first one is related to
the role of Ca cations that changes from network modifier to
charge compensator, which results in the decrease of the
degrees of freedom of the Q, units in the overall network.
The second is a consequence of the increase of Al,O; which
results in the increased network connectivity and reduces the
mobility of these Q, units.®® This intriguing observation
reported on the CAS system shows that the Q, unit vibration
does affect systematically the BP intensity upon increasing the
intermediate content, even if the content of the modifier is
affecting the MSD of Q, units.

For the BTS, Fig. 8 represents the Igp as a function of the
vibrational MSD of the Q, units. A positive correlation is found
when the BP intensity decreases along with the decrease in the
vibrational MSD of the Q, units. This decrease attributed to the
act of TiO, is a consequence of the creation of more Q, units
and more BOs>° that increase the stiffness of the glass. This has
been previously linked to several parameters such as network
connectivity,’” pressure®® and density,®® with similar effect on
the BP intensity with the variation of the amount of the
intermediate cation in the system. It is also important to
mention that when replacing Si with Ti, the network requires
the presence of a charge compensating cation, which inhibits
liberation of TiO, tetrahedra and thus yields a lower BP
intensity. In addition to that, the substitution of Si with Ti,
which has a medium size comparable to Si, reduces the vibra-
tions of the Q, units and therefore reduces their contribution to
the BP intensity.

In the case of network-modifying cations, Fig. 9(b) displays
the BP intensity as a function of the vibrational MSD of the Q,
units in alkali silicate glasses. The increase of lithium amount
in LS glasses leads to a decrease of the Q4 units vibrational MSD
and a decrease in the BP intensity. For the KS glasses, a positive
correlation between the Igp and MSD of the Q, units was

Phys. Chem. Chem. Phys.

observed, but not as clear as the one reported for intermediate
oxides. Because of that, one may assume that the vibrations of
those units are not the only vibrations that contribute to the BP
excitations. This is because the addition of K cations depoly-
merizes the network and therefore creates more structural Qs
and Q, units along with a decrease in the number of Q, units.
Based on that, we have decided to calculate the vibrational MSD
of other units considering their fractions. The fractional MSD
of the Q, units was calculated using this equation:

fissp = %(MSD(QO%

i=234 (5)
where Q; and Q; are the partial and the total number of Q,
units, respectively. Fig. 10 shows intensities of the BP as a
function of the fractional vibrational MSD of Q, units in KS
glasses. A positive correlation was found for KS glasses where
the BP intensity increases with the increase of the vibrational
MSD of Q; and Q, units. This indicates that the increase
observed in the intensity of the BP is attributed to the increase
in the vibrational MSDs of all these units. For the NS glasses, no
clear correlation was found between these units. To discuss
these results, one should take into consideration different
factors. The first is the fact that the BP in binary silicate glasses
depends on the liberation of the interconnected Q, units as
observed for the KS glasses. This is demonstrated in Section 2,
where the vibrations of K cations appeared to be in the
vibrational spectrum for frequencies below 11 THz. So, one
may assume that there is a contribution of these element
vibrations in the BP excitations. This observation based on
the work of Richet and Mcintosh et al.>"** indicates that the BP
is related to the localized vibrations of the network modifier
cations. On the other hand, the increase of the concentration of
the alkali oxide modifiers results in increasing the number of
NBOs which consequently increase the contribution of these
vibrations to the BP as suggested by Mcintosh et al. and
Richet.?*°° Since, cations of the same size could affect the BP
differently as demonstrated by Griebenow et al,” the ionic
field strength of the cation, also play an important role in this
matter. As we found for Li, which gives a similar behavior to
network intermediate oxides because of its strong bending, it
tightens the network in contrast to K cations as asserted.
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4. Conclusions

In this paper, the effect of different types of oxides on the
vibrational spectrum of silica glasses was studied. The effect of
alkali oxides on different vibration modes has been shown to
differ between Li and other alkalis, especially at the intermedi-
ate frequencies. Likewise, for the effect on the BP, the addition
of alkaline oxides showed a clear dependence on the nature of
the alkalis, thus questioning the classification of Li,O as a
modifier oxide. As for the effect of the intermediate oxides
studied, homogeneity in the behavior of the vibrational spec-
trum and the BP was found. A captivating similarity between
the compositional tendency of the intermediate oxides and that
of Li,O has been reported, thus suggesting a pseudo-
intermediate character of Li cations in LS glasses. In addition
to the empirical correlation reproduced by our simulations
between the intensity of the BP and the C,, shear modulus, a
new correlation was first suggested between the BP and the
Voronoi atomic volumes of Q, and Q; units together with their
vibrational MSDs. Indeed, further study is needed to examine
why VAV governs the nature of the BP arising from excess
VDOS, not to mention the apparent deviation of the Q; VAV and
vibrational MSDs for high concentrations (30% especially, Fig.
7 and 8 in KS glasses) which indicates a significant change in
the glass structure. Because binary silicate glasses with high
alkali modifier concentrations are difficult to produce experi-
mentally, MD simulations may be an efficient way to examine
this behavior in the future. Nonetheless, we believe that the
insights provided in this paper, the origin of BP in the studied
silicate glasses with different compositions, including binary
and ternary glasses, will provide significant insight into the
physics of the vitreous state, opening a gate toward the physical
modes responsible for these established correlations.
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