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I. COMPUTATIONAL DETAILS

In molecular dynamics simulation, the time evolution of a system of particles is generated
by solving the equation of motion and using statistical ensembles. In our simulations, we
use different methodologies according to every type of glasses studied in this work.

For the ternary BTS glasses, molecular dynamics simulation was performed on (BaO)g 3—
(TiO2) x—(Si02)0.7—x glass systems with seven compositions (X = 0, 0.05, 0.10, 0.15, 0.20,
0.25, 0.30) where SiO, content was replaced by TiO,. For each composition, a total number
of 4050 atoms were placed randomly in a cubic simulation box ensuring that there is no
overlapping between atoms. To model the interatomic interaction in the BTS system, the
rigid partial charge ionic model proposed by Pedone et al [1] was used. The atomic com-
positions, the cubic simulation box cell, and the potential parameters are reported in our
earlier work [2].

The CAS simulation was performed on different compositions (CaO-SiO3);_x—(AlyO3) x
where X is the Al,O3 molar fraction (X = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30). To simulate
the atomic interaction, we used the Born-Mayer-Huggins (BMH) potential with the param-
eterization of Bouhadja et al.[3].The glass preparation and the potential parameters used in
this work for CAS is described in details in Atila et al. [4].

Concerning modifier oxides, we performed the molecular dynamics simulations on (M50O),—
(Si02)(1-x) with M = Li,K,Na and X is the concentration (X = 0, 0.05, 0.10, 0.15, 0.20,
0.25, 0.30), the simulated systems consist of a number of atoms N=9600 placed in an initial
cubic box of size L 50 A, this size has proven to be sufficient to study this kind of systems
while keeping the cost in computation time at a reasonable level. Details on the number
of each species relative to the compositions and the final densities of the glasses obtained
are described in Tab. II. To describe the interactions of the studied systems, the potential
recently developed by Sundararaman et al. [5] (SHIK) was used. This potential describes
the short-range interactions under the Buckingham expression taking into account the long-
range Coulomb interactions by means of Wolf truncation method [6].To take into account
the oxidation state of atoms, partial charges have been assigned to each type of cation (Si,

M, with M: [Li, Na, K]) in the system which subsequently allows us to deduce the oxygen
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charge as a function of the composition of the glass by the relation:

s 1)

TABLE I: Number of atoms, densities for the different compositions of the studied glasses.
The experimental densities were collected from the work of Shawn et al. [7] for LS glasses,

of Jabraoui et al.[8] for NS glasses and of Ghardi et al. [9] for KS glasses.

Samples Composition Number of atoms Density
ID M0 x (%) O Si Li/Na/K  MD (g/cm?®)  Exp (g/cm?)

5109 — 0 6400 3200 0 2.220 2.203
LS5 Li;O 5 6240 3040 320 2.230 —

LS10 10 6080 2880 640 2.265 2.246
LS15 15 920 2720 960 2.309 2.269
LS20 20 5760 2560 1280 2.336 2.292
LS25 25 5600 2400 1600 2.366 2.314
NS5 NagO 5 6240 3040 320 2.289 2.246
NS10 10 6080 2880 640 2.325 2.293
NS15 15 5920 2720 960 2.374 2.334
NS20 20 5760 2560 1280 2.402 2.370
NS25 25 5600 2400 1600 2.458 2.406
NS30 30 5440 2240 1920 2.513 2.433
KS5 K>O 5 6240 3040 320 2.312 2.257
KS10 10 6080 2880 640 2.364 2.323
KS15 15 5920 2720 960 2.401 2.354
KS20 20 5760 2560 1280 2.453 2.395
KS25 25 5600 2400 1600 2.467 2.425
KS30 30 5440 2240 1920 2.475 2.437

The cut-off radius for the short-range interactions was chosen to be 8.0 A. Long-range

Coulomb interactions were calculated using the Ewald summation method with a cut-off



radius of 12 Afor the real part, with a desired relative error for lower forces of 1076, The
simulation was then carried out with periodic boundary conditions and an integration time
step of 1 fs. To prepare the glasses, all samples were equilibrated using an NPT ensemble
for 1 ns at T = 3500 K, followed by another 100 ps simulation in the NVT ensemble at
the same temperature. These steps were necessary to obtain a liquid in which the system
had totally lost the memory of its initial state. Then, a rapid cooling (10'? K / s) was
carried out in the NPT assemble, to obtain the glassy state at room temperature (300 K).
Finally, the structures in the glassy state were relaxed for 100 ps in the NVT ensemble
to produce a structure for data analysis in room temperature. During this melt-quench-
expansion process, the system pressure was kept constant at 0 GPa. The temperature
and pressure were controlled using the Nose-Hoover thermostat and barostat [10, 11].The
densities of the simulated glasses are slightly higher than the founded experimental data,
as reported in Tab. I, by up to 5%, which is within the range of the simulated glasses with
other potentials. Additionally, the trend is in good agreement with the experimental data
9, 12-14]. This difference is due to the fact that the simulation technique may not be able to
perfectly replicate the conditions under which the experimental glasses were manufactured,
such as the cooling rate (1200K/s), which differs greatly between simulation and reality. The
Debye equation or Fourier transform of the radial distribution function can be used to get the
structural factor. This latter method is often used to compare experiments and simulations
directly. The static structural factor is mostly employed in this work to investigate medium

range order. The structural factor is expressed by the following equation:

Sig)=1—p / " (g(r) — V)eapligr) dr 2)

The structure of the produced glasses was evaluated by calculating the structure factors
as presented in Fig. 1.as demonstrated in this figure the structure factor of our samples are
in good agreement with the experimental data for pure silica, LS and NS, and simulation
data available for other studied systems [15-19]. The fractions of the Q,, units for the binary
systems are also presented in Fig. 2. Our results are in good agreement with the results
reported previously [5, 20]. Concerning the Q, units fractions in ternary systems BTS and

CAS the results are already reported in Ghardi et al. and Atila et al. respectively [2, 4].

4



CAS25
KS25
4 - -
CS
NS30
~~ 3 .
o
N
Z BTS25
n 1
BS

4 8 12 16 20 4

q (A%
FIG. 1: Structur factors for all studied systems for pure silica and LS20 and NS30 with

experimental data (black lines), the experimental data are from Johnson et al [15], LS from

Uhlig et al.[16], and NS from Molnar et al. [17]. The compositions are chosen based on the

experimental data availability. the 25% composition was chosen for all other systems.
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FIG. 2: Q, units fractions in different compositions for all binary systems: (a) for lithium

silicate (LS), (b) for sodium silicate (NS), and (c) for potassium silicate (KS).



II. VDOS AND BP CALCULATION:
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FIG. 3: Vibrational state densities (VDOS) of amorphous silica obtained by simulation
(blue line) and inelastic neutron scattering [21] (in black square). (b) The BP observed in
heat capacity and VDOS of the simulated silica model.

We computed the vibrational spectrum of pure silica and plotted the simulated result in

Fig. 3. from this calculated VDOS the heat capacity using this equation:

h 9(w)
C, =3NK 3
B/QKBT sinh? () )

the BPs were estimated from the normalized VDOS (g(w)/w?) and heat capacity C,/T?
as shown in fig. 3. Regarding this region (= 1THz,10K), many interpretations of the nature
of the vibrations and their origin have been suggested [22-25]. According to Horbach et
al. [26], the strong presence of the BP in amorphous silica is due to the strong coupling of the
transverse acoustic excitations and the longitudinal part. The well-known general agreement
is that the transverse character is the dominant aspect in the hybridization between the
transverse and longitudinal excitations observed in this frequency region [25].

The main characteristics of the vibrational density of state (VDOS) shown in Fig. 3 (wide
band at low frequencies between 0 and 25 THz separated by a gap of 1 up to 2 THz from the
upper band) are similar to that reproduced by several models of silica, constructed by well-

established potentials [5, 12, 27-29] The agreement between the two spectra is sufficiently
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TABLE II: Boson Peak frequencies with composition for all studied glasses.

x (%) LS NS KS BTS CAS
0 0.44996 0.44996 0.44996 0.98257 1.3683
5 0.34997 0.59994 0.34997 0.95808 1.05785
10 0.34997 0.59994 0.34997 1.10232 1.34451
15 0.44996 0.24998 0.29997 1.1589 1.53351
20 0.39996 0.39996 0.29997 1.16626 1.63617
25 0.44996 0.39996 0.19998 1.18302 1.50802
30 0.59994 0.44996 0.39996 1.21661 1.34501

acceptable to identify the vibrational properties of the simulated glass. An obvious flaw in
the calculated VDOS is the presence of irregularities at low frequencies. These irregularities

are in some parts artifacts due to the lack of sampling in the reciprocal space.

LS5 | ——LS10 [——LS15 | LS20
——1S25 | ——LS30 | v-SiO,

0.07 + 0.020 -

0.06

0.054 (a) 0.015 -

N & S
N
T 0.04 4
E E
. 0.010 5 10 15 20 25 30
8 o003 3 X mol (%) Li,O
o =
0.02
0.005 +
0.01
0.00 0.000
T T T T 1 T T T
0 10 20 30 40 50 0.1 1 10 100

w[THz] w[THz]

FIG. 4: (a) VDOS of the different compositions of LS glasses. (b) the BP extracted from
VDOS. In the inset, the variation of its intensity as a function of the Li;O content, the

point with the vertical line is for pure silica which is used as reference.

On the other hand, Fig. 4b shows the compositional dependence of the BP. A fluctuating
behavior according to the composition is observed for this peak. The main observation that

can be linked to the effect of LisO is the decrease in the intensity of this peak and its shift
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to higher frequencies. The decrease in BP is generally related to the decrease in instabilities
caused by the disordered nature of the structure [30]. Given the strong ionic character of
the Li-O bond, LS glasses become more and more rigid depending on the composition, and
this, therefore, constrains the silicate regions of the network to be more stable.

For the sodium silicate, the BP is shown in Fig. 5b. In contrast to LS glasses, the BP
increases in intensity with the content of the modifier, leading to the appearance of vibration
modes in the low-frequency region. One possible explanation for this observation may be

related to the low stiffness of the Na—O bond.
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FIG. 5: (a) VDOS of the different compositions of NS glasses. (b) the BP derived from
VDOS. In the inset the variation of its intensity as a function of the NayO content, the

point with the vertical line is for pure silica which is used as reference.

The effect of KoO content on VDOS and the BP of KS glasses is demonstrated in Fig. 6.
Similarly to those NS glasses, the effect of KoO on the lower and upper bands is described
by a decrease in vibrational modes in both bands up to the low-frequency region between
1 and 10THz, where potassium adds more new modes Fig. 6a. The BP in Fig. 6b also
demonstrates a similar behavior to that of NS glasses with a general tendency to intensify.
The results and the general trend of the effect of the composition are in agreement with
available data [31].

The general description of the BP behavior as a function of the alkali content in the silica
network limits the comparison between different modifiers to the degree of polymerization.

Indeed, the latter is exceeded by the strongest influence exerted by the size of the alkali
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FIG. 6: (a) VDOS of the different compositions of KS glasses. (b) the BP derived from
VDOS. In the inset the variation of its intensity as a function of the K;O content, the

point with the vertical line is for pure silica which is used as reference.

cations, which shows that these elements actively participate in the localized vibrations
associated with the BP. Consequently, the SiO,4 tetrahedra involved in the Floppy modes
include non-bridging and bridging oxygen. This was demonstrated by a Raman spectroscopic
study of di- and tri-silicates of Li, Na, Rb, and Cs [32] where the frequency of this peak was
found to scale approximately as the square root of the alkali cation mass.

A more complete picture is provided by the calorimetric data of Richet [33], thanks to
which quantitative comparisons are made for a wider composition range. The Li cations are
more strongly bound to oxygen, tighten the network and cause a decrease in the intensity of
the BP, which is higher for more depolymerized structures. In contrast, Na and K cations
are weakly bound to the glass-forming regions causing the opposite effect. These trends are
observed by the inelastic neutron scattering study by Harris et al. [34] according to which
the substitution of K* for Li™ results in an improvement in the floppy modes caused by a
less well-defined environment of the alkaline cation when the size of their sites are increasing.
But the absence of difference between LiKSi;O5 and KySisO5 reported in this neutron study
still needs to be confirmed as it is hardly compatible with the large differences shown by the
LS, NS, and KS glasses.

In Fig. 7b, the effect of alumina on the intensity of the BP is shown for the different

compositions of CAS glasses. As in the case of LS glasses, adding Al,O3 tends to decrease
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FIG. 7: (a) VDOS of the different compositions of CAS glasses. (b) the BP derived from

VDOS. In the inset the variation of its intensity as a function of the Al,O3 content.

and shift the peak towards higher frequencies.
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FIG. 8: VDOS and BP for the BTS. (a) VDOS of the different compositions of BTS
glasses. (b) BP derived from VDOS. In the inset the variation of its intensity as a function

of the TiO, content.

The effect of adding TiOs on the BP in BTS glasses is shown in Fig. 10b. The peak
intensity tends to decrease with the TiO, content, as observed for CAS glasses. The more

complex role of Ti**t compared to Al** cations in forming the glass network with silica does
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not affect the general tendency of the BP intensity to decrease. Indeed, as found in our
earlier work [2], the increase in the TiOs content tends to create more order in the glass
and therefore leads to a decrease in the effect of disorder in the creation of the vibrational

modes of the BP.

III. VIBRATIONAL MSD CALCULATION:

A very useful approach for studying the dynamics of the system is the MSD of particles
in time. this parameter can be defined as the distance traveled by specified particle (atom)

or a number of particles (molecule) in a given time. the MSD is given by the equation:

2
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——Ks10 —Ks15 KS20 o Q#

0.20 4 KS25 KS30 IW!\N\
~ 0.16 0.045 0.08 /"%J.'L"*‘_,W
< y
a 0124 0.030 ——Ls5s —Ls10 Ls15 ‘ 0.04 [——NS5 ——Ns10 NS15
%) LS20 LS25 Ls30 NS20 NS25 NS30
= 008

Yt 045 0.02

0.044

0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
t (ps) t(ps) t(ps)
FIG. 9: mean square displacement of Q4 units in LS, KS, and NS glasses as a function of

time.

The MSD was calculated by calculating the trajectories of particles for 200 ps in the NVE
ensemble, the trajectories are collected for all atoms and Q,, units in all studied systems every

2 ps. By using this trajectories in the Eq.(3) the MSD and vibrational MSD was calculated.
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