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Although molecular dynamics (MD) simulation is a powerful tool for investigating the atomic-scale structures
of complex materials, several challenges limit their reliable and accurate application to multi-component
glass systems. The available force fields (FFs) that can treat many elements in a multi-component glass are
limited, and even if such a FF exists, its accuracy is suspicious due to the large variety and complexity of
chemical environments in these materials. First-principles calculations based on the density functional theory
(DFT) are reliable, but prohibitively expensive with conventional methods. In this study, we use large-scale
DFT techniques and demonstrate that it is possible to perform efficient and accurate DFT calculations of
multi-component glass systems, such as (SiO,)¢(Al,03)13(X0)y17 (X = Mg, Ca, Sr, Ba), containing about
1000-5000 atoms. From the results of large-scale DFT calculations, we evaluate the accuracy of some classical
FFs, and show that the accuracy for non-bridging oxygen atoms is very low especially when the Si-O distance
is short. Large differences in the distribution of Si—~O-Si angles observed in the FF-MD and DFT-MD simulations
and the unique electronic structure in the case of X = Mg are also discussed.

1. Introduction

Commercial glass products have improved the quality of every-
day life. Most products are made of multi-component glasses, and
their compositions vary depending on their roles. For example, soda-
lime glasses are used for windows because of transparency and high
production efficiency. Some glass fibers are made of alkaline earth
alumino-borosilicate glass for high insulations [1]. Cover glass sheets
for electric devices are made of alkaline-containing silica glasses, which
can be ion-exchanged to strengthen their surfaces.

The advantage of mixing several components is the improvement
of the characteristic properties of glass. However, the mechanisms to
improve these properties are still unclear and several possible mech-
anisms have been proposed so far. The glasses are random-network
materials and it makes difficult to obtain the detailed atomic-scale
structures from experiments. Zachariasen [2] proposed a set of rules
on network structures of vitreous silica and complex glasses. Based
on Zachariasen’s model and experimental results of X-ray scattering,
neutron scattering and NMR, the structures of vitreous silica and some
binary glasses have been clarified to some extent. For example, the
medium-range structural order of vitreous silica was investigated [3],
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and the effects of adding alkali-oxides on silica tetrahedral network
were observed [4], which revealed that alkali-oxides break silicon—
oxygen bonds and generate non-bridging-oxygen (NBO) atoms. As the
number of NBO atoms increases, silica cannot maintain stable 3D
networks, and the viscosities are expected to decrease.

These experimental approaches to glass structures are very useful
for single or binary glass systems. Similar approaches were also applied
to multi-component glasses [5], but it was found that the structures
are more complex when other oxides, such as aluminum, boron, alkali,
or alkali earth oxides are added. Because of the complexity and many
variations of the coordination properties, experimental analyses of the
multi-component glasses are challenging, compared with that single or
binary glass systems.

To remedy the difficulties in the experimental analyses, computa-
tional approaches are useful. Molecular dynamics (MD) simulations
have been used to predict structures and characteristic properties of
glasses. Some classical force-fields (FF) [6-8] are designed for multi-
component glasses as well. However, the reliability of such classical
FF is often uncertain, since the experimental information is limited.
It is expected that first-principles calculations based on the density
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functional theory (DFT) can solve this problem, because they pro-
vide reliable and accurate information even for unknown materials.
There are several attempts to develop reliable FFs, including the recent
machine-learning FFs, from the first-principles calculations of silicate
glass or melt systems at various conditions [9-15]. Recently glass
structures simulated using DFT-MD were reported to be more reliable
than those using classical FFs [16,17]. Although DFT studies of multi-
component glass systems are potentially useful, the difficulty is that
large systems containing many atoms are needed to reproduce the
irregular network structure with medium range order. The compu-
tational cost of DFT calculations is expensive, especially when the
number of atoms is larger than 1000 [18]. Although there are already
some examples of large scale DFT calculations that clarify the complex
structures of glass systems [19,20], there are only a few reports of the
DFT study of multi-component glasses [16,17,21,22], which generally
need more atoms compared with single or binary glass systems.

In this study, we use large-scale DFT techniques implemented in
the large-scale and linear-scaling DFT code CONQUEST to study the
accuracy of classical FFs for multi-component glasses. We demonstrate
that reliable and accurate DFT calculations of multi-component glass
systems, (S8i05)g.70(Al,03)9.13(X0)g 17 (X = Mg, Ca, Sr, Ba), containing
about 5000 atoms are possible using a large-scale DFT technique called
the multisite method. A comparison of the structures from the DFT-MD
and FF-MD simulations and the analysis of the electronic structure of
(S8i04).79(Al,05)(.13(X0)g 17 are also provided.

The rest of the paper is organized as follows: In Section 2, an
overview of large-scale DFT techniques and the accuracy of the basis set
used in the DFT calculations are provided. The classical FFs employed
in this study and the preparation method to generate the snapshot
structures for benchmark tests are also explained. In Section 3, the
results of benchmark tests and large-scale DFT calculations of multi-
component glass systems are presented. A summary of the results is
given in Section 4.

2. Computational methods
2.1. Classical force fields

In this study, three kinds of potentials are used for the classical FFs.
The first was proposed by Pedone et al. [6], called FF-Pedone hereafter.
Its potential is expressed as:
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where, r is the distance between atoms i and j. The first, second, and
third terms represent the short-range Morse function, repulsive contri-
bution, and long-range Coulomb potential, respectively. For compari-
son, we also used two other FFs that carry different sets of Buckingham
type parameters, as shown in Eq. (2); proposed by Deng et al. [7], and
Wang et al. [8], referred to as FF-Deng and FF-Wang, respectively.

r C z;z jez
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where the first, second, and third terms represent the short-range elec-
tronic repulsion, van der Waals interactions, and long-range Coulomb
potential. The Buckingham type potential is known to have drawbacks
in the short range contact region; therefore, the first and second terms
in Eq. (2) are replaced by other FFs. The parameters of these FFs are
provided in Supplementary.

2.2. Large-scale DFT methods

2.2.1. Local basis sets and support functions

In the large-scale DFT code CONQUEST[23-26], the Kohn-Sham
orbitals for the state n, v, (r), or the density matrix p(r,r’) are expressed
by local functions around each atom i with the orbital a, ¢,,(r),
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called support functions. The Kohn-Sham orbitals can be obtained by
diagonalizing the Hamiltonian matrix,

Hia,jﬂ=/dr¢ia(r)1:1¢jﬁ(r) 3)

with the overlap matrix, since the support functions are not orthogonal
in general. In Eq. (3), H is the Kohn-Sham Hamiltonian operator using
the pseudopotential method. For the exchange—correlation term in the
DFT, the generalized gradient approximation (GGA) with the Perdew—
Burke-Ernzerhof (PBE) functional [27] was used throughout this study.
Although it was reported that dispersion corrections can improve the
energetics among the various polymorphs of SiO,[28], we have con-
firmed that the effects of the empirical dispersion corrections [29] on
the atomic forces in the present glass systems were almost negligible
and the corrections were not considered in this study.

When considerably large systems containing more than a few tens
of thousands of atoms need to be calculated, a linear-scaling mode is
used with the density matrix minimization method. In the linear-scaling
mode, the density matrix, p(r,r’), is optimized to minimize the DFT
total energy without calculating the Kohn-Sham orbitals.

The support functions themselves are represented in terms of one
of two basis sets: the pseudo atomic orbitals (PAOs); and blip func-
tions [30]. In this study, we use PAOs as a basis set, which are
generated by the MakelonFiLes code provided in the CONQUEST pack-
age [31], using the pseudopotentials generated by ONCVPSP code [32,
33] with the parameters given in PseupoDoso[34,35]. The support
functions of atom i are usually expressed by a linear combination of
the PAOs of the atom, as shown in Eq. (4):

$ia(®) = ) €10 (1) 23, (F), @
7]

where y,,(r) is the PAO of the orbital 4 of the atom i. It is also
possible to use a PAO for each support function (primitive basis set).
Although a systematic convergence is difficult with the PAO basis set,
the accuracy of the calculations can be improved if the number of
orbitals is increased and the basis set of double-zeta plus polarization
functions (DZP) is accurate enough in most cases [36-38].

Table 1 shows the optimized lattice parameters and bulk modulus
calculated with the DZP basis sets for SiO,, Al,03;, MgO, CaO, SrO and
BaO. The results show that the optimized structures are similar to those
obtained using other DFT calculations, confirming that the DZP basis
sets used herein are accurate enough for these oxides. Therefore, we
used the DZP basis sets throughout this study.

2.2.2. Multisite method for large-scale DFT calculations

Since the computational cost (CPU time) to diagonalize the Hamilto-
nian in Eq. (3) scales with the cubic of the number of support functions,
it is essential to decrease the number of support functions to reduce
the cost of the calculations for large-scale systems. Note that the cost
in the linear-scaling calculations is also proportional to the cube of the
number of support functions. If we are to express the support functions
in Eq. (4), we need at least one support function for each angular
momentum [37]. However, if we construct the support functions as the
linear-combination of PAOs on a target atom, as well as its neighboring
atoms, defined by a cutoff radius Ry,

neighbours
b= Y Y Culkm) iy, (). (5)
k UEK

Then, the number of support functions can be reduced to that of a
minimal basis set [42,43]. Here, x,, is a PAO of its neighboring atoms
k (including i itself) with the orbital y and the support functions are
thus called multisite support functions (MSSFs).

In CONQUEST, two methods have been implemented to determine
the linear-combination coefficients of MSSFs. One of the methods is
local-filter-diagonalisation (LFD) proposed by Rayson and Briddon [42,
44,45], and the other is numerical optimization [43]. In the LFD
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Table 1
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Optimized lattice parameters and bulk modulus for various oxides calculated with the DZP basis set. Experimental values are also presented
for comparison. SiO, (a-quartz) and a-Al,O; have hexagonal symmetry, while the other four oxides have a cubic (NaCl) structure.

Si0, (a-quartz) Al,05(a-Al,05) MgO CaO SrO BaO
Lattice parameter: ay,, oy 4.90, 5.39 4.74, 13.13 4.28 4.85 5.21 5.61
Lattice parameter: a.,, Cey, 4.92, 5.41* 4.67, 12.95" 4.22¢ 4.82¢ 5.16¢ 5.52¢
Bulk modulus : opt (GPa) 46.6 230.6 148.6 1121 81.2 65.3
Bulk modulus : exp (GPa) 38 264" 160¢ 111¢ 89¢ 74¢
2 Ref. [39].
b Ref. [40].
¢ Ref. [41].

method, local molecular orbitals are first calculated by solving the local
Hamiltonian of a cluster comprising of the atoms within the range of
Ry pp from a target atom. Subsequently, the linear-combination coeffi-
cients are obtained by projecting the occupied local molecular orbitals
onto trial vectors which are localized around the target atom. When
using the LFD method, the Ry should be equal or shorter than the
subspace region in the LFD method R; . On the other hand, the linear-
combination coefficients are directly optimized to minimize the total
energy in the numerical optimization method. When the numerical
optimization method is used, the LFD method is first employed to
obtain the initial guess of the linear-combination coefficients. If both
R rp and Ry are large, these two methods would result in almost the
same accuracy. Since the MSSFs depend on the charge density of the
system, which in turn depends on the MSSFs, the linear-combination
coefficients need to be determined self-consistently [42].

The accuracy of the MSSFs depends on the Ry and the calculations
with MSSF can reproduce the accuracy of the primitive PAO basis
set if Ryg is large enough. One of the advantages is that the differ-
ence between the MSSF and primitive basis set calculations decreases
exponentially not only in gapped systems, but also in metallic sys-
tems. In Section 3.2, we investigate the accuracy of MSSF calculations
in the multi-component glass systems and show that accurate DFT
calculations of about 5000-atom systems are possible with the MSSF
method.

The reduction of the computational cost by the MSSF method is
significant in the calculations of large systems, for which the cost of
the LFD becomes negligible compared with the cost of diagonalizing
H,, ;p in Eq. (3). The number of DZP basis functions for Si or O is 13,
while the number of their support functions in the MSSF method is 4.
As a result, the reduction of the required memory size and cpu time
by the MSSF method is estimated to be about 10.5 (= (13/4)%) and 34
(= (13/4)) folds, respectively. For more accurate basis sets, such as
TZTP, the reduction rate is even higher: 45 for memory requirement
and 308 for the computational time.

2.2.3. Modeling of the glass structures by melt-quench process

The glass structures are generated by the MD simulations of melt-
quench processes using classical FFs with the LAMMPS package. For all
MD simulations, the time step is fixed at 1.0 fs. The initial atomic po-
sitions for FF-Pedone and FF-Deng are generated by random numbers,
while the structure made by the melt-quench process with FF-Pedone
in the following paragraph, is used as the initial structure for the
model with FF-Wang to prevent the so-called Buckingham catastrophe.
The size of the simulation cells for the initial structures with FF-
Pedone and FF-Deng are determined by the experimental densities. In
Section 3.1, three systems are investigated for the benchmark test of
the classical FFs; pure SiO, (vitreous silica), (SiO5)g5(Al,03)q 5, and
(8i05)( 5(Ca0), 5. The experimental densities of the three systems are
reported to be 2.20, 2.74 [46,47] and 2.90 [48] g/cm?, respectively.
These values at room temperature are calculated using the Archimedes
method.

In the melt-quench process with FF-Pedone, the glass systems are
first melted at 6000 K for 500 ps using the NVT ensemble. Subse-
quently, they are cooled down to 300 K at a rate of 5 K/ps in the

NVT simulation. After cooling, they are relaxed for 200 ps in the NVT
simulations at 300 K. In the case of FF-Deng, the systems are first
equilibrated at 300 K for 60 ps, then melted at 6000 K for 100 ps, and
equilibrated at 5000 K for 100 ps. Following the equilibration of the
liquid state, the systems are cooled down to 300 K at a cooling rate
of 5 K/ps. These processes were conducted using the NVT simulations.
Subsequently, the systems were relaxed at 300 K for 60 ps in the NPT
ensemble at zero pressure, followed by the NVT simulations at 300 K
for 60 ps. Regarding the process with FF-Wang, the systems are first
melted at 3000 K for 10 ps in the NVT simulations, followed by the NPT
simulations at 3000 K and zero pressure for 100 ps. They are cooled
down to 300 K at a cooling rate of 1 K/ps in the NPT simulations at
zero pressure. Finally, they are relaxed at 300 K for 100 ps in the NPT
simulations at zero pressure, then NVT simulations at 300 K for 100 ps.
The densities of the glass structures generated with FF-Deng and FF-
Wang are 2.29 and 2.47 g/cm? for vitreous silica, 2.77 and 3.03 g/cm’
for (Si05).5(Al,04)g 5, and 2.88 and 3.00 g/cm? for (SiO5)y5(Ca0)g s,
respectively. The results agree with the experimental values for the
structures made using the FF-Deng process. The densities of the struc-
tures made using the FF-Wang process are higher than the experimental
values by about 10% for the first two systems, but the densities agree
much better for (SiO,)( 5(Ca0), 5. Note that only NVT ensemble simu-
lations are used in the melt-quench processes with FF-Pedone, and the
experimental densities cannot be reproduced using NPT simulations.

3. Results

3.1. Benchmark tests for classical force fields in vitreous silica and binary
glasses

In this section, we investigate the accuracy of the three types of clas-
sical FFs, FF-Pedone, FF-Deng and FF-Wang, explained in Section 2.1,
for vitreous silica and binary glasses. Three systems were used for
the benchmark tests; pure SiO, (vitreous silica), (Si04)q 5(Ca0O), 5, and
(S8i05)¢ 5(Al,03) 5. The number of atoms is 999 for vitreous silica and
1000 for the two binary glass systems. The snapshot structures were
prepared by the melt-quench processes, explained in Section 2.2.3. Self-
consistent DFT calculations were performed using a randomly selected
snapshot structure for each system and for each FF. The calculated
atomic forces by DFT, Fpgy, were compared with those by classical
FFs, Fp, and the three components of the atomic forces on the Si and
O atoms in the vitreous silica system are plotted in Fig. 1(a) and (b),
respectively. Fig. 1(c) and (e) show the forces on O and Ca atoms,
respectively, in (SiO,)( 5(Ca0), 5, while Fig. 1(d) shows the forces on
Al atoms in (Si0,)g 5(Al,03)g 5. The correlation coefficient, R, and the
mean absolute deviation (MAD) between the atomic forces calculated
by the three FFs and DFT are presented in Table 2.

The tendencies of the atomic forces on Si, Al, and Ca are shown
in Fig. 1(a), (d), and (e). The forces on these atoms calculated by FF-
Pedone qualitatively agree with those by DFT, although the amplitude
of the forces by FF-Pedone is systematically underestimated, resulting
in the high R value with large MAD values. FF-Deng basically shows
a similar behavior with FF-Pedone. The agreement is a little better
in vitreous SiO,, worse in (SiO5)g5(Al,03)5, and very similar in
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Fig. 1. Comparison of the components of atomic forces calculated by classical force fields Fy. and DFT Fyp, for (a) Si and (b) O atoms in SiO,, (¢) O atoms in (Si0,), 5(Ca0)y 5,
(d) Al atoms in (Si0,),5(A1,05),5, and (e) Ca atoms in (SiO,),5(Ca0), 5. Three types of classical force fields, FF-Pedone, FF-Deng and FF-Wang are investigated.

Table 2
Correlation coefficient R and the mean absolute deviation (MAD) between the atomic forces calculated by classical force fields and DFT.
FF-Pedone FF-Deng FF-Wang
R MAD R MAD R MAD
Si: Si0, 0.798 0.913 0.836 0.657 0.780 0.680
O: Si0, 0.675 0.717 0.712 0.657 0.771 0.471
Si: (8i0,)0,5(AL03)y 5 0.866 0.791 0.730 0.956 0.648 1.105
0: (S8i04)5(A1,03)0 5 0.727 0.655 0.554 0.801 0.772 0.493
Al: (Si0,)05(A1,05)5 0.880 0.515 0.717 0.586 0.727 0.796
Si:(Si0,) 5(Ca0)y 5 0.811 0.918 0.832 0.643 0.721 0.841
0:(8i0,) 5(Ca0)y 5 0.464 1.295 0.435 1.211 0.610 0.669
Ca:(8i0,)y 5(Ca0)g 5 0.613 0.436 0.518 0.434 0.526 0.594

(Si04)g 5(Ca0)y 5. Using FF-Wang, the agreement with DFT forces in
vitreous silica is worse than those of the other two FFs. In addition,
agreements in Ca atoms by these FFs are worse than those for other
elements in common.

For the atomic forces on oxygen atoms, these three FFs show rather
different accuracies. As seen in Fig. 1(b) and (c), the agreement is very
different between vitreous silica and (SiO,), 5(Ca0), 5 when using FF-
Pedone or FF-Deng. The agreement in the case of (S§i0,)g 5(Ca0)g 5 is
much worse, as can be seen in Table 2. On the other hand, with FF-
Wang, such a large difference cannot be seen between oxygen atoms
in vitreous silica and those in (SiO,), 5(Ca0), 5 Although it is difficult
to judge which FF is more accurate in general, the three classical
FFs evidently have different characteristics, especially for the oxygen
atoms.

Aiming to clarify the conditions where Fp; deviates significantly
from Fppp for oxygen atoms, the comparison of the forces depending
on the distance is investigated. Fig. 2 shows |I7“FF|, |I7“DFT|, and |Aﬁ|
(AF = Fyp — Fppp) for the oxygen atoms in (SiO5)q5(Ca0), 5. Here,
the oxygen atoms are classified into bridging oxygen (BO) and NBO
atoms. Usually, Ca atoms exist near the NBO atom, on the other side of
the O-Si bond. In Fig. 2, the horizontal axis denotes the interatomic
distance between an oxygen atom and its nearest neighboring atom. For
FF-Pedone and FF-Deng, the results show that the deviations between

FF and DFT forces, |AF|, for NBO atoms are larger than those for BO
atoms, implying that the accuracy of the FFs for NBO atoms is much
worse compared with the one for BO atoms. The deviation is especially
large when the bond length of NBO atoms is shorter than 1.6 A. In
contrast, such large differences between NBO and BO atoms are not
observed in the atomic forces calculated by FF-Wang. Furthermore,
the agreement with the DFT forces is better when using FF-Wang, in
the case of (SiO5)( 5(Ca0), 5, compared with FF-Pedone and FF-Deng.
These results suggest that FF-Pedone and FF-Deng tend to underes-
timate the repulsive potential for the NBO atoms having short Si-O
bonds. The distance between oxygen and silicon atoms is sometimes
shorter than 1.6 A in the trajectory of MD simulations with FF-Pedone
and FF-Deng, while such short O-Si bonds are rarely observed with
FF-Wang. This probably comes from the difference in the properties
of NBO atoms between the first two FFs and FF-Wang, in the case of
(8i03)g.5(Ca0)g 5.

Generally, the bonds between Al and O atoms are mainly covalent,
and BOs are dominant in (SiO,)y5(Al;03)0 5 glass. This may be the
reason the agreements in (SiO,) 5(Al,03)g 5 are better than those in
(Si05)g 5(Ca0), 5, using the first two FFs.
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Fig. 3. Distribution of the number of Ca atoms having various coordination numbers in (SiO,) 7o (Al,03)13(Ca0)y,, systems, containing (a) 216, (b) 927, (c) 4944, and (d) 9888

atoms. The snapshot structure of the 4944-atom system is shown in (e).

3.2. Large scale DFT calculations of the multicomponent glass systems,
(5i03)0.70(ALL,03).13(X0) 17 (X = Mg, Ca, Sr, Ba)

Next, we analyzed the accuracy of classical FFs for more com-
plicated, but widely used multi-component glass systems (SiO,)q ¢
(Al,03).13(X0)g 17 where group II element X is Mg, Ca, Sr, or Ba.
Here, we used FF-Pedone because the parameters for various Xs are
available only with this FF. For such multi-component glasses, the size
of the system should be large enough to properly reproduce the actual
glass structures. Fig. 3(a)-(d) show the distribution of the coordination
number around Ca atoms in the MD simulations for different sizes of the
system. This analysis suggests that we need about 5000 atoms to repro-
duce the correct distribution of the coordination number of Ca atoms. A
snapshot structure of MD simulations of (SiO,)g 7¢(Al,053)¢ 13(Ca0)g 17,

which contains about 5000 atoms, is shown in Fig. 3(e). If the atomic
forces depend on the distribution of the coordination numbers, it is
important to calculate the electronic structure and atomic forces of
such large systems by DFT. As discussed in 2.2, it is very expensive to
perform accurate DFT calculations of such large systems using the con-
ventional DFT methods; therefore, we demonstrate here that efficient
and reliable calculations are possible with the MSSF method.

Fig. 4 shows the accuracy of the MSSF method in the calculation of
vitreous silica glass systems. As explained in Section 2.2.2, the accuracy
of the method is controlled by the multisite range, Ry. The total
energy of the vitreous silica system containing 999 atoms calculated by
the MSSF method using different values of Ry is presented in Fig. 4(a).
For this size, the exact value can be evaluated using the primitive PAO
basis sets, which is shown by the dotted red line in the figure. These
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Fig. 4. (a) Total energy of a vitreous silica system containing 999 atoms, calculated by the MSSF method using different multisite range Ry. Comparison of the calculated atomic
forces of the snapshot structure using the primitive PAO basis set and the MSSF calculations using (b) Ry = 4.2 A and () Rys = 85 A.

results show that the MSSF calculation with Ry = 6.4 A is already very
accurate. The accuracy of the forces calculated using the MSSF method
with Ry = 4.2 and 8.5 A is also investigated, and the results are shown
in Fig. 4(b) and (c), respectively. The agreement of the calculated forces
by the MSSF method with those using a primitive basis set is almost
perfect for both cases.

Next, the DFT calculations of the systems containing about 5000
atoms (Fig. 3(e)) using the MSSF method with Ryg = 8.5 A are
presented. The results in Fig. 4 show that the calculation with this
range of Ry must be highly accurate. It was confirmed that the SCF
calculations of such large systems with the MSSF method are stable
and robust. The calculations were performed using 9-54 nodes (1 node
= 2 CPUs of Xeon Platinum 2.9 GHz, 24 cores) of the Numerical
Materials Simulator at NIMS. The elapsed time to converge the SCF
charge density and calculate the atomic forces was 6367 s using 9
nodes, and 2298 s using 36 nodes. It is still expensive to perform long-
time MD simulations with this timing. However, it should be noted that
the elapsed time can be significantly reduced by using Ryg = 4.2 A.
Furthermore, the number of SCF iterations is expected to be much
smaller after the first MD step, since we can begin with the MSSF
coefficients and self-consistent charge density obtained in the last MD
step. Such an approach will be studied in the future.

The calculated atomic forces are compared with those by FF-Pedone
in Fig. 5, showing the |AF| for the BO and NBO atoms. These BO and
NBO atoms are further classified by their nearest neighbor atoms, Si
or Al. Again, the agreement of the forces between DFT and FF-Pedone
are poorer for the NBO atoms than the BO atoms. Furthermore, for the
oxygen atoms bonded with Si atoms, the difference in the forces is very
large when the distance is shorter than 1.55 A. This behavior is common
for all cases of atom X.

As earlier mentioned, various kinds of local structures can be re-
produced in the large-scale structural models containing about 5000
atoms. It is expected that more revised FFs, including the machine-
learning FFs, would be developed and applied to such large-scale
multi-component glass systems in the future. Here, it is demonstrated
that accurate DFT calculations can be performed for the complex glass
systems containing more than 5000 atoms, and the accuracy of future
FFs can be clarified in detail by such large-scale DFT calculations.

3.3. DFT-MD simulations of (SiO, )¢ 79(Al,03)0,13(X0)¢ 17 (X = Mg, Ca,
Sr, Ba)

Next, we discuss the MD simulations based on DFT. Although it is
possible to perform MD simulations of 5000-atom systems with the
MSSF method in principle, it is still expensive. Thus, the DFT-MD
simulations of a smaller system (SiO,).7(Al,03) 13(Ca0)y 17 contain-
ing 927 atoms are performed here. As discussed in the last section,
the system size is not large enough to reproduce the distribution of
coordination numbers of Ca atoms; however, examples of DFT-MD
simulations of glass materials with this size are still rare.

3.3.1. Structural properties of (SiOy )g.79(Al,03)4.13(Ca0)y 17

The initial structure for the present DFT-MD simulation was pre-
pared by an NVT-MD simulation with FF-Pedone using the experimen-
tal volume. DFT-MD simulations with the fixed volume were performed
using a time step of 2.0 fs and the temperature was controlled at 300 K
using the stochastic velocity rescaling method [49]. Fig. 6(a) shows
the calculated pressure during the simulation. (See Figs. S1 and S2
in Supplementary Material for the temperature and potential energy.)
The results show that: (i) the time needed for the equilibration is only
about 0.1-0.2 ps, and (ii) the calculated internal pressure in the NVT
simulation with the experimental volume is about —0.7 GPa, close
to 0 GPa. This result suggests that the optimum volume of DFT-MD
simulations with GGA is close to the experimental value. If the cell
length is reduced by 0.5%, the calculated stress becomes almost O
GPa, as can be seen by the dotted line in Fig. 6(a). Therefore, DFT-MD
simulations based on GGA can reproduce the experimental volume or
density, within 1%-2%. The same procedures are followed for vitreous
SiO, and (Si04)( 5(Ca0), 5 and the calculated stresses are found to be
negative and positive, respectively. However, they are both close to 0
GPa, about -3 GPa and +0.5 GPa, respectively.

Using the trajectory of the DFT-MD simulations of (SiO5)g 7o
(Al,03)9.13(Ca0)y 17, the structure factor is calculated and shown in
Fig. 6(b), together with the experimental result of X-ray scattering,
measured at Beamline BLO4B2 at SPring-8. The calculated result agrees
well with the experimental one in the wide region of wave length Q.
The structure factor calculated from a snapshot of NVT-MD simulations
with FF-Pedone also reproduces the experimental result. However, it
is found that there are also some important differences between the
structures from the DFT-MD and MD with FF-Pedone.

Fig. 7 shows the distribution of interatomic distances and bond
angles for the snapshot structures obtained by the MD simulation based
on DFT and FF-Pedone. For the differences in the bond lengths of
Si-O and Al-O, the average lengths by DFT-MD simulations are larger
than those from the MD by FF-Pedone. Note that the optimized lattice
parameters of crystalline silica and alumina by GGA with the present
DZP basis set have an error of about 0.5%, as shown in Table 1.
However, the difference in the average bond length between FF-MD
and DFT-MD is larger than this value, being about 3%. Furthermore,
much clearer differences are observed in the distributions of Si-O-Si
angle and Ca-O distance. The average Si-O-Si angle is 140°, in the
DFT-MD simulations while it is 160°, in the MD with FF-Pedone. This
large difference in the angle distribution may come from the shorter
Si-O distance in the MD simulations using FF-Pedone. It may be
worth pointing out that there are no peak structures around 90°, which
is related to the defect formation of two-membered rings and was
discussed in Refs. [50,51].

MD simulations of (SiO5)( 7o(Al;03)0.13(X0)g 17 for X = Mg, Sr and
Ba were also performed. Fig. 7(f)—(h) show the distributions of X-O
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Fig. 5. (a) Comparison of the atomic forces calculated by DFT (green crosses) and classical force fields (purple open circles) for O atoms in (Si0,), 70(Al,03)13(X0)g 1, (X = Mg,
Ca, Sr, Ba). (b) Difference in the two forces for the bridging oxygen (BO) and non-bridging oxygen (NBO) atoms are plotted using blue open circles and red crosses, respectively.
In (b), 200 atoms are selected randomly for both BO and NBO atoms. In both figures, the horizontal axis shows a shorter distance between oxygen and the neighboring silicon

atoms.

distances obtained by MD simulations using DFT and FF-Pedone. In the
case of X = Mg, the distribution is similar for the DFT-MD and MD
with FF-Pedone simulations, while the X-O distances by the DFT-MD
simulations show wider distributions in other cases (X = Sr or Ba), as
can be seen in the Ca case.

3.3.2. Density of states of (Si05) ¢ 79(Al;03)0.13(X0)g 1, (X = Mg, Ca,
Sr, Ba)

The electronic structure of (SiO5)g 7o(Al;03).13(X0)g 17 Was also
investigated. As shown in Fig. 8, the total density of states (DOS) for
the occupied electrons, ranging from —8 eV to the Fermi level (middle
of the band gap), is found to be almost the same for the different Xs.
In contrast, the DOS for X = Mg at the unoccupied region near the
Fermi level is completely different from those in other cases. Fig. 8(b)-
(e) show the projected DOS for Si, Al, O, and X atoms, respectively.
The figure shows that the states at the conduction band near the Fermi
level mainly comes from X for Ca, Sr, and Ba, but no major contribution
from Mg atoms exist in the same region in the case of X = Mg. This

unique electronic property of Mg may be observed in the actual multi-
component glass materials; for example, in the absorption spectrum, if
there are no other peaks from the impurities in this energy region.

4. Summary

Although molecular dynamics simulations can be a powerful tool to
explain the atomic-scale structures of multi-component glass systems,
there are several problems to employ reliable and accurate MD simu-
lations of such large and complex materials. The available FFs which
can treat many elements are limited and, even if such a FF exists,
its accuracy is uncertain due to the large variety and complexity of
chemical environments in the multi-component glasses. Although first-
principles calculations based on DFT are reliable even for such complex
systems, DFT calculations of multi-component systems are difficult
because they are large systems containing 1000-5000 atoms or more.
Conventional DFT calculations of such large systems are prohibitively
expensive.
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In this study, we used large-scale DFT techniques with the CON-
QUEST code to perform a large-scale DFT study of multi-component
glasses. The results demonstrated that accurate DFT calculations of
multi-component glass systems, (SiO5)g70(Al,03)913(X0)g17 (X =
Mg, Ca, Sr, Ba) containing about 5000 atoms are possible using the mul-
tisite method, implemented in the CONQUEST code. Using the results of
such large-sale DFT calculations, we have evaluated the accuracy of FF-
Pedone, FF-Deng, and FF-Wang for vitreous SiO,, (SiO5)g 50(Al,03) 50,
and (Si0,) 50(Ca0)y 59, and FF-Pedone for (Si04) 7¢(Al,03)¢.13(X0)g 17

(X = Mg, Ca, Sr, Ba). By analyzing the trajectories of classical MD
simulations, it was found that the Si-O distance of the non-bridging
oxygen (NBO) atoms is often shorter than 1.55 A in the simulations
using FF-Pedone and FF-Deng, while such short Si-O distances were
not observed with FF-Wang. By comparing the forces calculated by
FFs and DFT, large deviations from the DFT forces were observed for
NBO atoms, specifically for short Si-O bonds, in the case of FF-Pedone
and FF-Deng. However, the accuracy of FF-Wang was found to be
independent of the difference between NBO and BO atoms. Detailed
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comparison of the three FFs shows that they have clear differences
when the calculated forces deviate largely from DFT forces. A similar
tendency is found for (SiO5)g 70(Al;03)913(X0)g17 (X = Mg, Ca, Sr,
Ba) with FF-Pedone. The accuracy of the FF is low for NBO atoms,
especially when the distance of Si-O is short.

DFT-MD simulations of about 1000 atom multi-component glass
systems were also performed and some significant differences in the
distribution of distances and angles between the DFT-MD and FF-
MD simulations, specifically around the oxygen atoms. In DFT-MD
simulations, smaller angles (Si-O-Si) and larger bond lengths (Si-O)
were observed, and as a result of the cancellation, the distance in the
Si atoms is almost the same between DFT-MD and FF-MD simulations,
both of which used the experimental volume for the simulation cell.
For the X-O distances, DFT-MD simulations show wider distributions
compared with those FF-MD, except in the case of X = Mg, where the
agreement between the two MD simulations is much better.

It was found that the calculated pressure is very low in the DFT-
MD simulations using the experimental volume, and the calculated
structure factor shows good agreement with the experimental results.
Using the snapshot structures obtained by DFT-MD simulations, we also
revealed the electronic structure of (Si0)( 70(Al;03)9.13(X0).17 (X =
Mg, Ca, Sr, Ba). The analysis of the total and projected DOS (pDOS)
shows that the electronic structure in the occupied region is almost the
same for the different Xs, while the Mg case shows a unique electronic
structure in the unoccupied region near the Fermi level.

These results lead to the conclusion that the large-scale DFT meth-
ods can be applied to glass systems including multi-component glasses,
and can provide various insights, such as the verification of FFs, local
structures around specific elements and electronic structure. Many
analyses of the mechanical and thermodynamic properties, including
free energy profiles using the Blue-moon ensemble [52], can be per-
formed with large-scale DFT techniques, just as with conventional
DFT calculations. In the near future, large-scale DFT calculations are
expected to make significant contributions to theoretical studies on the
detailed structural and physical properties of multi-component glasses.
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