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Abstract
Topology of SiO, units and glassy network of magnesium silicate glass at dif-
ferent pressures are investigated by molecular dynamics simulation to clarify
its microstructure under compression. Results show that SiO,-topology and
glassy network structure are significantly dependent on pressure. At ambi-
ent pressure, the —Si—O- glassy network in Mg;SiO4 glass is split into sub-
nets/clusters. Under compression, the small subnets tend to merge each other
forming larger ones. The decrease of Si—O-Si bond angle under compres-
sion that accompanies a formation of edge- and face-sharing bonds between
SiO, units results in the first peak splitting of Si—Si PRDF at high pressure.
In particular, the investigation also reveals a tight correlation between PRDFs
(Si-Si, Mg-Mg, Si-Mg, O-0) and BADs (Si—-O-Si, Mg-O-Mg, Mg-0-Si,
O-T-O (T = Si, Mg)), respectively. The spatial distribution of corner-,
edge- and face-sharing bonds is not uniform but forming subnets/clusters. The
clusters of face-sharing bonds form rigid particles embedding into mixture clus-
ters of corner- and edge-sharing bonds. Size distribution of subnets/clusters
(Si0,-cluster as well as clusters of corner-, edge- and face-sharing bonds) under
compression also has been investigated to clarify the intermediate range order.
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The characteristic change of PRDFs under compression in the relationship with
microstructural change and the mechanism of magnesium ions incorporation
into —Si—O- network is also discussed in detail.

Keywords: correlation, microstructure, compression, simulation, molecular
dynamics

(Some figures may appear in colour only in the online journal)
1. Introduction

Silica and magnesium-silicate (SiO,, MgSiO3, Mg;SiO4) are important constituents of both
commercial display glass and the Earth’s mantle. Understanding the short- and intermediate-
range order (SRO and IRO) as well as —Si—O- glassy network structure is very important for
many scientific and technological fields (material science and geosciences). Therefore, the
microstructure of magnesium silicate has been investigated for many decades [1-16]. For
MgSiO; and Mg,SiO4 glasses, neutron scattering and x-ray diffraction experiments [8, 9]
showed that: Si atoms have tetrahedral coordination forming SiOy4 tetrahedra with the aver-
age Si—O distance of approximately 1.60—1.64 A; Mg atoms have mean coordination num-
ber of 4.5 + 0.1 (an approximately equal mixture of MgO4 and MgOs polyhedra) and 5.0
4 0.1 corresponding to MgSiOs and Mg,SiO,4 glasses. The Mg—O distance is of approxi-
mately 2.00 A. The Mg—O peak in the plot of neutron total structure factors is asymmetric
and has high-r tail. This reveals a distorted magnesium coordination polyhedron and a broad
distribution of Mg—O bond distances.

NMR experiments [10, 11] reveal that Mg—O coordination consists of both five-fold and
six-fold in that six-fold is dominant in both MgSiO3; and Mg,SiOy4 systems. In contrast, by
coupling x-ray and neutron diffraction with a reverse Monte Carlo (RMC) simulation, authors
in work [14] have shown that Mg in MgSiO; has average coordination number of 4.5, similar
to the reported result in [8]. Besides, a similar study reported that the average coordination
number of Mg is around 5.1 (mixture of MgO4, MgOs and MgOg polyhedra) [15]. Based
on the results of the x-ray and neutron diffraction experiments, it reveals that the structure
of MgSiO; glass comprises MgO4 and MgOs polyhedra, which are connected to the silicate
network by corner-sharing bonds with SiO,4 tetrahedra. Experimental data and RMC simu-
lation in [6, 16] have shown that the population of MgQO4, MgOs, and MgOg¢ polyhedra is
about 68.8%, 27.8%, and 3.4%, respectively. Considering the local structure of Mg ions, inves-
tigation results revealed that Mg—O bond distances in MgO, coordination units are shorter
than the one in other coordination units (MgOs and MgQOg). For MgSiO3 system, the average
Mg—O bond in MgO, and MgOg coordination units is about 1.924 A and 2.10 A respectively
[11-18]. For the SiO, tetrahedral network, investigation results show that the tetrahedral net-
work structure in MgSiO; comprises Q', Q? and Q® units in that Q? is dominant (here Q"
is the SiO4 units with n bridging oxygens (BO); the O atoms that connect to at least two
Si atoms are considered as BO). The oxygens that only bind to Mg are considered as free
oxygens (FO) [7, 17].

Besides experimental methods, simulation is also a useful method to investigate microstruc-
ture of glasses and melts, especially at high temperature and pressure. The results of molecular
dynamics simulation in [19] showed that the average Mg—O distance in MgOy4 polyhedra
is about 1.92-1.98 A. However, report in [20] showed that four 02~ jons are bonded to
each Mg?* ion at Mg—O distance about 2.00 A and two more O~ ions at distance 2.20 A.
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This is in good agreement with a recent MD simulation that revealed six-fold coordinated
Mg. Mg ions with octahedral-coordination forms distorted MgOg octahedra with the aver-
age Mg-O distance of 2.07 A and average coordination number of 5.7. Simulation of
magnesium-silicate melts under compression shows that coordination number of Si increases
from four-fold at low pressure to six-fold at higher pressure. It means that there is a structural
change under densification [21-23]. Results also show that the number of free oxygen and
oxygen with one or two nearest Si and/or Mg neighbors decreases whereas the number of O
with three or over three nearest Si and/or Mg neighbors increases with pressure [21, 24]. By
MD simulation [25], the authors show that in the 0—24 GPa pressure range, the structure of
magnesium silicate melts is taken up mostly by the change of IRO. This is shown by the varia-
tion of the Si—O—Si bond angle. By using ab initio molecular dynamics simulation for MgSiO3
melt at ultrahigh pressure and temperature [26], the authors have shown that in 230.1-464.7
GPa pressure range and at temperature of 13 000 K, the average Si—O coordination number
increases nearly linearly from 6.4 to 7.3 while the Mg—O and O-O coordination numbers are
about 8.1-8.3 and 9.6-9.9, respectively (almost unchanged with pressure). This result indicates
no sign of a first-order liquid-liquid phase transition. In the work [27], by mean of first-
principles MD simulations for MgSiO; glass at 300 K in the 0—170 GPa pressure range, the
authors have shown that: at ambient pressure the first peak position of Si—O, Mg-0, O-0,
Si—Si, Mg—Si and Mg—Mg pairs are 1.63, 1.98, 2.68, 3.00, 3.19 and 2.92, respectively. This
result is in good agreement to the results reported in works [11-17, 28-35, 39, 40]; the
corresponding mean coordination numbers of the Si—O, Mg-0, O-0, Si-Si, Mg-Si and
Mg—Mg pairs are 4.0, 4.6, 5.8, 2.1, 4.6 and 4.5. Under compression, mean coordination num-
bers of Si—O and Mg—O increase from 4.0 and 4.6 (at ambient pressure) to 6.0 and 8.0
(at 170 GPa), respectively. The average Mg—O bond length is about 2.08 A and almost not
dependent on pressure in 0—15 GPa range. At pressure beyond 15 GPa, the average Mg—O
bond length decrease linearly with pressure and get the value of approximately 1.94-1.96 A
at 170 GPa. The average Si—O bond length increases with pressure in the 0—40 GPa range.
The average Si—O bond at 40 GPa is about 1.74 A. At pressure beyond 40 GPa, the average
Si—O bond length decreases linearly with pressure and get the value of around 1.66—1.67 A.
Results also showed that under compression the PRDFs of Si—0O, Mg-0, O-0, Si-Si, Mg—Si
and Mg—Mg pairs are strongly dependent on pressure. In particular, the first peak of Si—Si,
Mg-Si pair PRDFs splits into two sub-peaks at high pressure. However, the cause of the
change of PRDFs as well as the first peak splitting of Si—Si, Mg—Si pair PRDFs is not
explained clearly [43].

Studies of magnesium silicate by molecular dynamics simulation have been reported in
many works [19-40]. Most of them focus on investigation of the structural and dynam-
ical characteristics (at different compositions, densities and temperatures) such as: diffu-
sion and viscosity [19, 20, 28, 29]; structural transformation [40]; distribution of bond
distance, bond angle, coordination number, and Q" species [19-21, 23-26, 39]. The refer-
ence [39] is the typical work that investigated the structure of magnesium silicate at dif-
ferent composition (;MgOg9—SiO> with x= 50, 54, 58, 62 and 67; the models with the
size from 1000—1230 atoms) and pressure (at 0, 8.6 and 9.0 GPa). The structural charac-
teristics such as partial correlation functions, coordination numbers, bond angle distribution
and connectivity have been investigated and compared to diffraction experiment and crystal
models.

In the present work, a large-scale molecular dynamics simulation is performed for a
Mg,SiO4 system consisting of 4998 atoms. The structural characteristics such as radial dis-
tribution function, coordination number, bond angle distribution, bond length distribution,
size distribution of clusters/subnets and distribution of OT, linkages (T = Si, Mg; y = 2-7)
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Figure 1. Pair radial distribution function for Si—O and Mg—O pair at different pres-
sures (the vertical line is added into the plot to show the change of peak position under
compression).

have been investigated in detail to clarify the following issues: local structure and topology
of SiO, units; intermediate range order and correlation between PRDFs and corresponding
BADs; glassy network structure; mechanism of Mg ion incorporation into —Si—O—- glassy
network.

2. Calculation method

The models of Mg,;SiO4 glass consisting 4998 atoms (714 Si atoms, 2856 O atoms, and
1428 Mg atoms) are constructed by MD simulation at 600 K and in the 0—100 GPa pres-
sure range with boundary conditions for all three dimensions. The Oganov potentials which
have been successfully used for structural and dynamical simulation of magnesium silicate
systems (both in glass and melt states) were applied in this work. The detail about the Oganov
potential can refer to works [21,29-35] .

MD program is written by C language using Verlet algorithm with MD time step of 0.47
fs (the program is written by ourselves). The initial configuration of model is generated by
placing all atoms randomly in a simulation cell with density of 3.22 g cm ™~ (real density of
crystal Mg,Si0y) [41, 42]. Next the model is heated up to 6000 K to assure that the initial
configuration of model is removed [35]. At temperature of 6000 K, the model is relaxed for
10° MD time steps. After that the model is cooled down to 5000, 4000 (at each temperature
the model is also relaxed for 10° MD time steps), and finally to 3500 K. Next, the model
is relaxed for a long time (10°® MD time step) in ensemble NPT (constant temperature and
pressure) to produce a model at 3500 K and upon ambient pressure, called MO. Next, dif-
ferent models at temperature of 3500 K and pressures of 0, 5, 10, 15, 20, 25, 30, 40, 60,
80 and 100 GPa are produced by compressing model MO to corresponding pressures. Next,
the models are cooled to 600 K with cooling rate of 2.5 K ps~!. After that, the models at
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Table 1. Comparison of the structural characteristics to experimental data and
simulation from ab initio

This work, De koker et al [24] Kohara et al [38],
MD (P =0, T = 600 K) (A) ab initio (T = 3000 K) (A) experiment (P = 0 GPa;
T =300 K glass) (A)

dmg-0 1.98 1.97 2.00
dsi o 1.60 1.63 1.63
Zag-0 475 5.10 5.00
Zsio 4.00 4.10 4.10

75

X

=== This work)
¢ Omar Adjaoud et al. [25]
* De Kekor el al. [24]

304 —— Guillot and Sator [36, 37]

Fraction of SiO units
Average coordination number

T 15 - T T T T T
0 20 40 60 80 100 0 20 40 60 80 100

P(GPa) P(GPa)

Figure 2. Si—O and Mg—O coordination number as a function of pressure. For compar-
ison, we have included simulation results from ab initio (De Koker et al, [24]) at 3000 K
and rigid ion simulations (Guillot and Sator, [36, 37]) on peridotite liquid at 2273 K and
MD simulation with flexible potential model (Omar Adjaoud et al [25]) on Mg, SiO4
melt at temperature between 2390 K and 3200 K.

600 K and different pressures (0, 5, 10, 15, 20, 25, 30, 40, 60, 80 and 100 GPa) are relaxed
for 10° MD time steps.

The structural characteristics of each model are determined by averaging over 1000 con-
figurations during the last 5 x 10* MD steps. To calculate the clusters as well as coordination
number, the cutoff distance is chosen based on the minimum position after the first peak of the
PRDF. Namely, for Si—O pair, the cutoff distance is 2.2 A.

3. Results

3.1. Local structure and topology of SiOx units

Figure 1 shows the PRDFs of Si—O and Mg-O pairs at different pressures. It can be seen that
in the 0—15 GPa pressure range, the first peak position of Si—O PRDF is at around 1.60 A
and almost not dependent on pressure. At pressure beyond 15 GPa, the first peak position of
Si—O PRDF tends to shift to right with the increase of pressure (up to 40 GPa). Its location
at 40 GPa is 1.66 A. At pressure beyond 40 GPa, the first peak position of Si—O PRDF tends
to shift to left. Its location at 100 GPa is around 1.62—1.64 A. In contrast, in the 0—100 GPa
pressure range, the first peak position of Mg—O PRDF tend to shift to the left as pressure
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increases, from location of 1.98 A (at ambient pressure) to 1.85 A (at 100 GPa). Table 1 show
the comparison of the structural characteristics of Mg,;SiO4 model in this study (at ambient
pressure) to experimental data and simulation from ab initio. It can be seen that the average
Mg-O0 and Si—O bond lengths and coordination numbers at ambient pressure rather agree with
both experimental data [38] and simulation from ab initio [24]. Figure 2 shows the Si—O and
Mg-O0 coordination number distribution as a function of pressure. It can be seen that at ambi-
ent pressure, all Si ions have coordination of 4.0 forming SiO4 units. It means that the average
Si—O coordination number is 4.0 at ambient pressure. As pressure increases, the number of
four-fold coordinated Si ions decreases, meanwhile the number of five- and six-fold Si ions
increases forming SiOs and SiOg units [8—15, 19-25]. The concentration of SiOs increases
with pressure and get maximum value (approximately 50%) at around 30 GPa. At pressure
beyond 30 GPa, the concentration of SiOs decreases with pressure. At pressure of 100 GPa,
the concentration of SiOs is 25.3%. The number of six-fold Si ions increases monotonically
with pressure and get the value of 73.5% at pressure of 100 GPa. The average Si—O coordi-
nation number increase strongly with pressure up to 30 GPa. The average Si—O coordination
number at 30 GPa is approximately 5.20. At pressure beyond 30 GPa, the average Si—O coor-
dination number increases slightly with pressure. It gets value of 5.73 at 100 GPa [23-35]. The
average Mg—O coordination number increases strongly from 4.75 at ambient pressure to 6.18
at 20 GPa. At pressure beyond 20 GPa, the average Mg—O coordination number increases
slightly with pressure and get the value of 7.04 at 100 GPa. The change of average Mg—O
and Si—O coordination numbers under compression rather agrees with simulation from ab
initio [24] as well as rigid ion simulations [36, 37] on peridotite liquid at 2273 K and MD
simulation with flexible potential model [25].

Figure 3 shows the O—Si—O bond angle and Si—O bond length distribution (BAD and BLD)
in SiO, at different pressures. It can be seen that the O—Si—O bond angle in SiO4 has the
Gaussian form and changes slightly with pressure. As pressure increases, the O—Si—O BAD
in SiO4 units tend to shift slightly to left and a little broader. This makes the height of the
peak decrease significantly with the increase of pressure. In contrast, the O—Si—O BAD in
SiOs units have a main peak at approximately 90° and a shoulder at around 170°, and it
almost does not change with pressure. The O—Si—O BAD in SiOg units has a main peak at
around 85° and a small peak at 170°. As pressure increases, the BAD is a little broader and the
height of the peak change significantly [26, 34, 35, 39].

For Si—O BLD in SiO,, from figure 3, it can be seen that the Si—O BLDs in SiOy4, SiOs and
SiO¢ have the Gaussian form and they tend to shift slightly to left as pressure increases. At
ambient pressure, the Si—O BLD in SiOy4 has the peak at location of around 1.60 A [8,9, 11,
35-37]. At pressure of 40 GPa, the peak shifts to the location of approximately 1.56—1.58 A.
At low pressure (5 GPa), the Si—O BLD in SiOs has the peak at location of around 1.68 A.
In the 0-30 GPa pressure range, it shifts slightly to left with the increase of pressure. At
pressure beyond 30 GPa, it shifts significantly to the left with the increase of pressure. At
100 GPa, the peak position is at around 1.60 A. Similar to the Si—O BLD in SiOs units, the
Si—O BLD in SiOg at low pressure (10 GPa) has the peak at around 1.72 A. In the 0-30
GPa pressure range, it changes slightly with pressure. At 30 GPa, the peak of Si—O BLD in
SiO locates at around 1.70 A. At pressure beyond 30 GPa, it decreases significantly with
pressure and its position at 100 GPa is around 1.64 A. The above analysis reveals that the
Si—O bond length in SiOg is longer the one in SiOs and the one in SiOs is longer than the
one in SiOy.

From figure 1, it also reveals that the average Si—O bond length at low pressure is about
1.60 A and it tends to increase with pressure and gets maximum value of approximately
1.66 A at 40 GPa. At pressure over 40 GPa, the average Si—O bond length tends decrease
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Figure 3. Bond angle and bond length distribution in SiO, (x = 4, 5, 6) at different

pressures.

with pressure. At 100 GPa, the average Si—O bound length has the value of approximately
1.62—-1.64 A. The change of average Si—O bond length is based on the competition of the
increase due to the increases average Si—O coordination number and the decrease due to the
compression. In the 0-40 GPa range, the increase of Si—O bond length due to the increases of
coordination is very large in comparison to its decrease due to the compression, so average
Si—O bond length increases with pressure. At pressure beyond 40 GPa, the increase of average
Si—O bond length due to the increases of coordination is smaller than its decrease due to the

compression, so Si—O bond length decreases with pressure.
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The Si—O bond length in SiO4 < the ones in SiOs5 < the ones in SiO¢. The difference of
Si—O bond length among SiOy4, SiOs and SiOg can be explained as following: the average
0-Si-0 bond angle in SiOy is larger than the one in SiOs and SiOg, see figure 3. Therefore,
the average O—O distance in SiOs and SiOg units is smaller than the one in SiO4. This leads
to increasing the Coulomb repulsion between O?~ and O®~ ions and this leads to elongation
of the Si—O bond length. So that, the Si—O bond length in SiO4 units is smaller the one in
SiOs5 and SiOg. In other word, the increase of Si—O coordination number leads to the increase
of Si—O bond length, similar to the increase of Si—O bond length in pure SiO, glass under
compression [41].

For Mg—O bond length, the Mg—O PRDF reveals that the average Mg—O bond length tends
to decrease with pressure. At ambient pressure, the average Mg—O bond length is 1.98 A. This
value decreases to 1.85 A at 100 GPa. It means that the increase of Mg—O coordination num-
ber does not result in the increase of average Mg—O bond length. This can be explained as
following: The MgO,, (with n = 4—-10) is not stable; the Mg—O bond length distributes in a
wide range; the Mg—O bond length is longer than the Si—O. Therefore, the increase of Mg—O
bond length due to the increase of Mg—O coordination number is rather small in compari-
son to its decrease due to compression. In other words, with increasing pressure, the increase
of Mg—O bond length due to the increase of Coulomb repulsion between O>~ and O*~ ions
is very small in comparison with its decrease due to compression. That is why the average
Mg-O bond length decreases with the increase pressure.

The increase of SiOs and SiOg concentration under compression results in the increase of
the average Si—O bond length. In the 0-40 GPa, the concentration of SiOs and SiOg increases
strongly with pressure leading to the increase of average Si—O bond length. That is why the
first peak of Si—O PRDF shifts to right, see figure 1. At pressure beyond 40 GPa, the increase
of SiOg concentration is accompanied by the decrease of SiOs concentration. It means that
the total concentration of SiOs and SiOg unit is almost not change. In addition, at pressure
beyond 40 GPa, the Si—O bond length in SiOs and SiO¢ decreases strongly with pressure.
Therefore, in the 40—100 GPa pressure range, the average Si—O bond length decreases with
the increase of pressure, see figure 1. This explains why the first peak of Si—O PRDF shifts
to left as pressure increase in the 40—100 GPa range, as showed in figure 1. The above results
also reveal that the topology structure of SiOs and SiOg units is stable at high pressure. The
form of SiOs and SiOg units almost does not change with pressure. However, their size is
decreases with the increases of pressure. In contrast, the SiO4 units are not stable at high
pressure. The SiO, tetrahedra is more distorted under compression.

3.2. Intermediate range order and correlation between PRDFs and corresponding BADs

The intermediate range order relates to the interconnect among SiO, and MgO,,. Their charac-
teristics are shown in the Si—Si, Mg—Mg, Mg—Si and O—O PRDFs. Figure 4 shows the Si—Si
PRDF and Si—O-Si BAD at different pressures. It can be seen that at low pressure (P < 15
GPa), the Si—Si PRDF has the first peak at location of approximately 3.00—-3.10 A. At pressure
beyond 15 GPa, it appears a shoulder at around 2.80 A beside the first main peak at location
of 3.00-3.10 A. At pressure beyond 30 GPa, the shoulder becomes a sub-peak. The height of
the sub-peak increases with pressure and it tends to shift slightly to the left with the increase of
pressure. At pressure beyond 60 GPa, the first peak of Si—Si PRDF splits into two peaks, the
main one at location of approximately 3.08—3.10 A and the small one at around 2.60 A. The
first peak splitting of Si—Si PRDF can be explained as following: the Si—Si distance can be
determined from Si—O-Si bond angle and the Si—O bond length. Namely, the Si—Si distance

8



Modelling Simul. Mater. Sci. Eng. 28 (2020) 065007 N H Son et al

221 /\/ 100GPa

20 /\/ 80GPa

181 / 60GPa
% 16 -
o ] / 40GPa
c
S 14-
g / 30GPa
S
= 12‘/ 25GPa | £
s B
2 107 20GPa| §
£
S 8'_/ 15GPa
R \ o~
©
£ 617 [\ 10GPa
g 4]

_- /,\/~.—-\59fﬁ
2'_ 0GPa
0_
T . 0 , , : :
2.2 3 4 5 6 7 90 120 150 180
Angle(degree)

Figure 4. The Si—Si PRDF and Si—O-Si bond angle distribution at different pressures
(the vertical line is added into the plot to show the change of peak position under
compression).

can be calculated by equation (1).

dsi_si = \/ B0+ By o —2%ds o+ dsioxcos (Si—0-Si). (1)

Here ds;_s; is the Si—Si distance, ds;i_o is the Si—O bond length and the Si—/O\—Si is the
Si—0-Si bond angle (call T-O-T angle as « from now, T = Si, Mg). At low pressure (P < 15
GPa), the Si—O—-Si BAD has one peak at around 132—135° [25], the Si—O bond length is about
1.60-1.62 A. With ds;_o ~ 1.60-1.62 A and o ~ 132—-135°, then ds;_s; is about 2.96-3.07 A.
The value of Si—Si distance that is calculated by equation (1) corresponding to the location of
the main peak of Si—Si PRDF (around 3.00-3.10 A), see figure 4. At pressure beyond 15 GPa,
the Si—O—-Si BAD has two peaks at around 95-98° and 132—135°. The Si—Si bond distance that
is calculate by equation (1) with ds;_o ~ 1.60—1.66 A and a ~ 95-98° is around 2.40-2.60 A.
The one with a ~ 132—135° is around 2.90-3.07 A. These two values of Si—Si bond length
correspond to the two first peaks of Si—Si PRDF, see figure 4. The above analysis reveals
that the Si—Si distance can be determined by equation (1). The calculated results are in good
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Table 2. The average number of corner-, edge- and face-sharing bonds per one Si atom
at different pressures. N¢, N. and Ny are the average number of corner-, edge-, and face-
sharing bonds per one Si atom, respectively.

Si-Si

P (PGa) Ne Ne N¢

0 0.68 0.00 0.00
5 0.75 0.01 0.00
10 0.90 0.04 0.00
15 0.98 0.07 0.00
20 1.16 0.11 0.01
25 1.23 0.18 0.01
30 1.29 0.21 0.02
40 1.37 0.25 0.03
60 1.38 0.38 0.03
80 1.42 0.40 0.03
100 1.47 0.42 0.04

agreement with simulated data. It also demonstrates that there is a tight correlation between
Si—Si PRDF and Si—O-Si BAD. The first peak splitting of Si—Si PRDF under compression
relates to the change of IRO. Namely, it is the change of the interconnection among SiO,
units in —Si—O-Si— glassy network. At low pressure, most of SiO, units link to each other
via one common O (corner-sharing bond). At high pressure, in —Si—O-Si— network form
edge-sharing bonds (two SiO, units link to each other via two common O) and face-sharing
bonds (two SiO, units link to each other via three common O). Table 2 shows the average
number of corner-, edge- and face-sharing bonds per one Si atom at different pressures. It can
be seen that the average number of edge- and face-sharing bonds per one Si atom increase
with increasing pressure.

Table 3 shows the average bond length of corner-, edge- and face-sharing bonds between
Si0,-Si0, at different pressures. It can be seen that in the considered pressure range, the
average bond length of corner-sharing bonds is around 3.02-3.12 A. This value corresponds
to the location of the first main peak of Si—Si PRDF. The average bond length of edge-sharing
bonds is around 2.80 A. This value corresponds to the location of the shoulder beside the
first main peak (at pressure beyond 20 GPa), see figure 4. The average bond length of face-
sharing bonds is around 2.50-2.60 A. This value is very near the location of the small peak
(at pressure beyond 40 GPa). There are three bond types (corner-, edge- and face-sharing
bonds) but the Si—Si PRDF only has two peaks. This is due to the fact that the average length
of edge-sharing bonds is very near to the one of face-sharing bonds. Therefore, they merge
each other into the one peak at location around 2.60 A.

Figure 5 shows the Mg—Mg PRDF and Mg—O-Mg BAD at different pressures. It can be
seen that, the first peak position of Mg—Mg PRDF shifts gradually to the left with increas-
ing pressure. At ambient pressure, the first peak position is at around 2.80-3.00 A. At high
pressure (beyond 60 GPa), it is at around 2.60—2.80 A. Besides, at pressure beyond 15 GPa,
on the Mg—Mg PRDF, it appears a shoulder at location of 3.60—3.80 A, on the right of
the first peak. The height of the shoulder increases with pressure and it becomes the small
peak at pressure beyond 40 GPa. The change of Mg—Mg PRDF under compression has the
correlation to the change of the Mg—O-Mg BAD. It means that the change of the inter-
connection between MgO, under compression is revealed on Mg—Mg PRDF. At ambient
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Table 3. The average bond length of corner-, edge- and face-sharing bond between SiO -
SiO, at different pressure. Here, CSBL, ESBL and FSBL are the average bond length of
corner-, edge- and face-sharing bonds, respectively.

P (GPa) CSBL (A) ESBL (A) FSBL (A)
0 3.08 — —
5 3.08 2.79 —
10 3.09 278 2.54
15 3.09 2.79 2.60
20 3.12 2.80 2.61
25 3.11 2.80 2.50
30 3.10 2.85 2.49
40 3.09 2.84 2.52
60 3.06 2.87 251
80 3.04 2.83 2.52
100 3.02 2.79 2.54

pressure, the Mg—O—Mg BAD has a peak at location of around 85-90°. From the value of
Mg—O-Mg bond angle (o ~ 85-90°) and the Mg—O bond length (1.85-1.98 A). The first
peak location of Mg—Mg PRDF (the Mg—Mg distance) can be determined via equation (2).
According equation (2), the Mg—Mg distance is about 2.80—-2.85 at ambient pressure and about
2.62 A at high pressure. These Mg—Mg distance calculated via equation (2) is in good
agreement with simulation results, see the Mg—Mg PRDF in figure 5.

dMg—Mg = \/dl%/lg—o + dl%/lg—o — 2% dMg—O * dMg—O * COS (Mg -0- Mg) . (2)

At pressure beyond 15 GPa, the Mg—O-Mg BAD appear shoulder at location of around
145°. With Mg—O-Mg bond angle of 145°, the corresponding Mg—Mg distance that is cal-
culated via equation (2) is about 3.70-3.80 A. This value corresponds to the location of the
shoulder on the Mg—Mg PRDF in figure 5.

Figure 6 shows the Si-Mg PRDF and Si—-O-Mg BAD at different pressures. It can be
seen that, at ambient pressure, the Si—-Mg PRDF has a peak at location of approximately
3.20-3.40 A. The peak shifts gradually to the left with increasing pressure. At pressure beyond
20 GPa, the peak is at location of approximately 2.80 A. At pressure beyond 60 GPa, the
peak is at location of around 2.60 A. The characteristics of the Si-Mg PRDF has the corre-
lation to the interconnection between SiO, and MgO,, units. The change Si-Mg PRDF under
compression relates to the change of the Si—O-Mg BAD.

dsi Mg = \/ d% o+ ddy o — 2% dsi_o * dygo * COS (Si Z0-1 Mg). (3)

The first peak position of Si—-Mg PRDF (Si-Mg distance) can be determined from
equation (3). Figure 6 shows that at ambient pressure, the Si—-O—Mg BAD has a peak at
location of 120° and a shoulder at location of 90°. The height of the peak decreases with
increasing pressure. While the height of shoulder increase with increasing pressure. At pres-
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Figure 5. The Mg—Mg PRDF (left) and Mg—O—Mg bond angle distribution (right) at
different pressures (the vertical line is added into the plot to show the change of peak
position under compression).

sure beyond 10 GPa, the shoulder at location 90° becomes the peak, while the peak at location
120° becomes the shoulder. At ambient pressure, the Si—-O—-Mg bond angle is about 120°.
The value of Si—-Mg distance calculated by equation (3) is about 3.28-3.32 A. At high pres-
sure, with Si—-O—-Mg bond angle of around 93-95°, the Si—Mg distance is about 2.60-2.80
A. These values are in good agreement with simulation results, see Si—-Mg PRDF on figure 6
and tables 4 and 5. It reveals that there is a tight correlation between the characteristics of
Si—Mg PRDF and corresponding Si—~O—-Mg BAD. It can be seen that the Si—Mg distance of
3.28-3.32 corresponds to corner-sharing bonds. The Si—-Mg distance of about 2.60-2.80 A
corresponds to edge- and face-sharing bonds, see tables 4 and 5.

Figures 7 and 8 show the O—O PRDF, O-Si—0 and O—Mg—O BADs at different pressures.
At ambient pressure, the O—O PRDF has two peaks. The main peak at locations of around 2.60
A and the small peak at around 2.90 A. The small peak location shifts gradually to the left with
increasing pressure. At pressure beyond 20 GPa, the two peaks merges into a single peak at
location of around 2.60 A.

The O—O PRDF has the correlation to the O—Si—O and O—Mg—0O bond angle. At ambient
pressure, the O—Si—O BAD has a peak at 105-110° and the O—Mg-O BAD has a peak at
about 85-90°. The O—O distance in SiO, calculated via equation (4a) is about 2.50-2.60 A
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Figure 6. The Si—Mg PRDF (left) and Si—~O-Mg bond angle distribution (right) at dif-
ferent pressures (the vertical line is added into the plot to show the change of peak

position under compression).

corresponding the main peak in O—O PRDFE. The O-O distance in MgO,, calculated via
equation (4b) is about 2.80-2.90 A corresponding the small peak in O—O PRDF.

SiOy
do_o =

MgO,
dO (6]

-

-

dd_o+d%_o—2*dsi_o* dsi_o * cos (O ~Sic O)

(4)

ARy o+ Ay o — 2% drig0 * dyig 0 * COS (O Mg — O).

(4b)

The above analysis demonstrates that the main peak at 2.60 A corresponds to the O—O
distance in the SiO,. The peak at 2.90 A corresponds to the O—O distance in the MgO,,.

The peak position of O-Si—O and Mg—O-Mg BAD shift gradually to left with increas-
ing pressure. At pressure beyond 40 GPa, the peak of the O—Si—O and Mg—O-Mg BADs
is around 85-90° and 80-85° respectively. With these O—Si—O and Mg—O-Mg bond angle,

-
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Table 4. The average number of corner-, edge- and face-sharing bonds per one atom (Si
or Mg) at different pressures. N, N. and Ny are the average number of corner-, edge-,
and face-sharing bonds per one atom (Si or Mg), respectively.

P (GPa) N, N, N¢

0 1.90 0.16 0.00
5 2.01 0.30 0.00
10 2.02 0.49 0.02
15 2.06 0.60 0.05
20 1.99 0.83 0.10
25 1.98 0.91 0.12
30 1.93 0.95 0.14
40 1.86 1.08 0.18
60 1.84 1.21 0.25
80 1.84 1.25 0.28
100 1.81 1.30 0.33

Table 5. The average bond length of corner-, edge- and face-sharing bond between
Si—Mg at different pressure. Here, CSBL, ESBL and FSBL corresponding to corner-,
edge- and face-sharing bond length.

P (GPa) CSBL (A) ESBL (A) FSBL (A)
0 3.26 2.79 —
5 3.26 2.81 2.65
10 3.27 2.83 2.67
15 3.28 2.83 2.65
20 3.31 2.86 2.66
25 3.32 2.85 2.64
30 3.33 2.84 2.64
40 3.34 2.83 2.62
60 3.36 2.81 2.58
80 3.35 278 2.56
100 3.35 2.76 2.55

the O—O distances that are calculated via equations (4a) and (4b) are about 2.20-2.30 A and
2.40-2.50 A corresponding to average O—O distance in SiO, and MgQO,, units. It can be seen
that the value O-O distance in SiO, (around 2.2-2.3 A) is very near to the O—O distance in
MgO, (around 2.40-2.50 A). That is why the two peaks of O—O PRDF merge into single peak
at high pressure.

3.3. Glassy network structure

Investigation shows that the glassy network structure of Mg,SiOy is split into SiO,-clusters.
The size distribution of clusters is strongly dependent on pressure. Table 6 shows the size
distribution of SiO,-clusters at different pressures.

It can be seen that at ambient pressure, the glassy-network structure consists of SiO,-
subets/clusters with size from several atoms to over two hundred atoms. The clusters with
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Figure 7. The O—O PRDF (left) and O—Si—O bond angle distribution (right) at different
pressures (the vertical line is added into the plot to show the change of peak position
under compression).

size of five atoms are the isolated SiO4 units. Similarly, the clusters with size of six and
seven atoms are the isolated SiOs5 and SiOg units. The largest SiO,-cluster at ambient pres-
sure consists of 249 atoms. Under compression, the small clusters tend to merge each other
forming larger clusters. The number of isolated SiO, (x = 4, 5, 6) units decreases strongly
with pressure. At 10 GPa, the largest SiO,-cluster consists of 2176 atoms. At pressure beyond
10 GPa, the size of largest cluster is over 3000 atoms. It means that most of SiO, units in
model link to each other. At pressure over 20 GPa, the glassy network of Mg,SiO4 consists
of a large one with size of over 3000 atoms and several small ones with size of several atoms.
The form of typical SiO,-clusters is showed in figure 9. The above analysis demonstrates that
the degree of polymerization of glassy network increases strongly with increasing pressure.
To more clarify the degree of polymerization under compression, the distribution of Q" units
(Q is SiOy units, n is the number of BOs belongs the SiO, units). Figure 10 shows the distri-
bution of Q" as a function of pressure. It can be seen that at ambient pressure, most of SiO,
units only have one or two BOs, the number of SiO, with three BOs is only about 10%. The
number of SiO, with more than three BOs is almost zero. Under compression, the number
of Q% Q' and Q? units decreases strongly, meanwhile the number of Q*, Q*, Q° and Q°
increases strongly. The number of Q® gets maximum value (about 26%-28%) at around 30
GPa. At pressure beyond 30 GPa, the number of Q°, Q!, Q? and Q® units decreases slightly
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Figure 8. The O—O PRDF (left) and O—Mg—O bond angle distribution (right) at differ-
ent pressures (the vertical line is added into the plot to show the change of peak position
under compression).

with pressure, meanwhile the number of Q*, Q% and Q° increases slightly with pressure. At
100 GPa, most of SiO, units have three, four or five BOs. The number of Q° and Q' units at
100 GPa is very small. Meanwhile the number of Q? units is about 10%, similar to the num-
ber of Q° units. This result again demonstrates that the polymerization increases as pressure
increases. The degree of polymerization of glassy network is dependent on the number of BOs.
To more clarify this issue, the distribution of BOs, NBO and FO is calculated and showed in
figure 11. It can be seen that the number of BOs is increases strongly with pressure in 0—40
GPa range. In contrast, the number of NBOs and FOs is decreases strongly with pressure.
At ambient pressure, the fractions of BO, NBO and FO are about 18, 65 and 17%, respec-
tively. At 40 GPa, the fractions of BO, NBO and FO are about 40, 50 and 10%, respectively.
At pressure beyond 40 GPa, it changes slightly with pressure. At 100 GPa, the fractions of
BOs, NBOs and FOs are about 46, 45 and 9%, respectively. This again demonstrates that the
degree of polymerization increases strongly with pressure in the 0—40 GPa range and increases
slightly at pressure beyond 40 GPa. The fraction of FOs is about 17% at ambient pressure. This
demonstrates that it exists Mg-rich regions in the Mg,SiO, glass. The analysis also shows that
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Table 6. Size distribution of SiO,-clusters at different pressure (0—100 GPa), where N
is the number of subnets/clusters; N, is the number of atoms per one cluster.

0 GPa 10 GPa 20 GPa 40 GPa 60 GPa 100 GPa
N N, N N, Ny N, Ny N, N N, Ny N,
144 5 78 5 18 5 6 5 1 5 1 6
37 9 4 6 6 6 6 6 5 6 2 7
23 13 8 9 2 7 2 7 1 11 1 3296
8 17 5 10 2 9 2 11 1 3250
1 20 1 11 1 10 1 3168
2 21 1 13 1 14
1 22 4 14 1 17
1 24 1 17 1 29
6 25 2 18 1 3012
2 28 1 19
2 29 2 22
1 30 1 27
1 37 1 31
1 38 1 49
1 45 1 60
1 56 1 62
1 57 1 2176
1 61
2 69
1 73
1 75
1 71
1 81
1 101
1 114
1 249

it exists a lot of isolated SiO, units. It means that, the Mg-rich regions is rather large that
can contain one or several SiO, units inside. This reveals the structural and compositional
heterogeneity in Mg,SiO4 glass. Under compression, it forms edge- and face-sharing bonds
between adjacent Si atoms. The interconnection between SiO, relate to —Si—O— glassy net-
work and IRO structure. To clarify the issue, the distribution of clusters of corner-, edge-, and
face-sharing bonds and their size has been investigated and showed in tables 7-9. It can be
seen that at ambient pressure, it only exists corner-sharing bonds between Si—Si in —Si—O-
glassy network and this network is split into many subnets/clusters as shown in table 6 and
figure 9. However, in tables 7-9, we focus on the type of bonds between Si—Si. It can be seen
that at ambient pressure, the clusters of corner-sharing bonds have the size from three atoms
(forming Si—O-Si cluster, an isolated bond) to 125 atoms, see table 7. There are 37 clusters
with size of three atoms (Si—O-Si). It means that there are 37 clusters, each cluster consist
of only two SiOy units (two SiOy4 connects to each other forming a cluster with size of nine
atoms. As shown in table 6, there are 37 clusters with size of nine atoms). Figure 12 shows
typical corner-sharing bond clusters at ambient pressure. It can be seen that the clusters have
the form of chain- or tree-shape with one or several rings. Under compression, the small clus-
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Figure 9. Typical SiO,-clusters at ambient pressure: the clusters with size of 114 atoms
(left) and 61 atoms (right).
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Figure 10. Distribution of Q" units as a function of pressure.

ter of corner-sharing bonds tend to merge each other forming large one and the number of
isolated bonds (Si—O-Si) decreases strongly with pressure. At pressure beyond 20 GPa, most
of corner-sharing bonds connects to each other forming a large one and only remain several
small ones with size from three to nine atoms, see table 7. The edge- and face-sharing bonds
begin to form at pressure beyond 10 GPa. The edge- and face-sharing bonds are not uniformly
distributed in model, but they tend forming clusters. The size of clusters increases strongly
with pressure. At 100 GPa, the largest cluster of edge-sharing bonds has the size of 79 atoms.
While, the largest cluster of face-sharing bonds has the size of 15 atoms, see tables 8 and 9. The
typical clusters of edge-, and face-sharing bonds are showed in figures 13 and 14 respectively.
The above analysis reveals that the —Si—O- glassy network comprises three types of bonds
forming three types of subnets/clusters. It means that —Si—O- glassy network is the mixture of
three subnets/clusters: cluster of corner-sharing bonds, see figure 12; cluster of edge-sharing
bonds, see figure 13; cluster of face-sharing bonds, see figure 14. The face-sharing bond is
very stable. With small size and very stable, the clusters of face-sharing bonds can be consid-
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Figure 11. Distribution of BO, NBO and FO as a function of pressure.

Figure 12. Typical corner-sharing bond clusters at ambient pressure: clusters with size
of 125 atoms (left) and 39 atoms (right).

ered as rigid-clusters (the same as ‘hard particles’). Therefore, it can be considered that the
—Si—O- glassy network of Mg,SiOy4 consists of rigid-clusters embedding in the mixture net-
work of corner- and edge-sharing bonds. This one again shows the structural heterogeneity in
Mg,Si0y glass, see figure 15.

3.4. Mechanism of Mg ion incorporation into —Si-O- glassy network

To clarify the mechanism of Mg ion incorporation into —Si—O— glassy network, the distribu-
tion of OT), linkages (T = Si, Mg; y = 2-7) has been calculated and shown in figures 16
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Table 7. Size distribution of corner-sharing Si—Si bond subnets/clusters at different pres-
sures, where N is the number of subnets/clusters; N, is the number of atoms per one

cluster.

0 GPa 10 GPa 20 GPa 40 GPa 60 GPa 100 GPa
N N, Ny N, Ny N, N N Ny N, Ny N
37 3 16 3 6 3 2 3 1 3 1 3
23 5 3 5 4 5 1 1575 1 5 1 9
8 7 5 7 1 7 1 1581 1 1611
3 9 1 9 1 1431
1 10 1 12
6 11 1 13
1 12 2 17
3 13 1 19
2 14 2 25
2 17 1 26
1 21 2 30
1 27 1 35
1 28 1 910
1 29
2 33
1 35
1 37
2 39
1 49
1 60
1 125

and 17. It can be seen that the OT, linkages only exist at low pressure (p < 15 GPa)
and have small fraction. Meanwhile, the OT; linkages only exist at high pressure and have
very small fraction. Most of OT, linkages are O(2Si), it means that one O>~ ion links to
2 Si** ions forming Si—O-Si linkage. In this case, the O atom is BO. The number of
O(2Si) is about 8.5% at ambient pressure and it decreases strongly with pressure. The frac-
tion of O(2Si) is almost zero at pressure beyond 40 GPa. The number of O(Si, Mg) forming
Si—O—-Mg linkages is about 2.5% at ambient pressure and it decreases strongly with pressure.
The number of Si—-O—Mg linkages is almost zero at pressure beyond 10 GPa. The number
of OT5 linkages is very small and they only exist two types: O(7Mg) and O(Si, 6Mg). The
largest fractions of O(7Mg) and O(Si, 6Mg) are about 0.010 and 0.015%, respectively, (at
100 GPa). For OT3 linkages, most of them are O(Si, 2Mg) and O(2Si, Mg). The fraction of
O(Si, 2Mg) decrease strongly from 38% at ambient pressure to zero at 40 GPa. The fraction of
O(2Si, Mg) increase from about 8% at ambient pressure to maximum value of approximately
12% at 10 GPa then decrease gradually to about 2% at 100 GPa. The other OTj3 linkages
O(3Mg), O(3Si) is very small, see figure 17. For OT4 linkages, it can be seen that most of them
are O(Si, 3Mg), O(4Mg) and O(2Si, 2Mg). The fraction of O(Si, 3Mg) increases from about
25% (at ambient pressure) to the maximum value of approximately 35% (at 10 GPa) then it
decreases strongly to about 8% at (100 GPa). The fraction of O(4Mg) decrease from 11% (at
ambient pressure) to zero (at pressure beyond 40 GPa). The fraction of O(2Si, 2Mg) increases
from zero (at ambient pressure) to approximately 18% (at 25 GPa), then decreases slightly
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Table 8. Size distribution of edge-sharing Si—Si bond subnets/clusters at different pres-
sures, where N is the number of subnets/clusters; N, is the number of atoms per one

cluster.
0 GPa 10 GPa 20 GPa 40 GPa 60 GPa 100 GPa
Ny N, Ny N, N N, Ny N, N N, Ny N,
— — 20 4 59 4 63 4 58 4 47 4
— — — — 2 6 7 6 6 6 11 6
— — — — 6 7 11 7 14 7 8 7
— — — — 1 8 2 8 3 8 3 8
— — — — 1 14 4 9 3 9 4 9
— — — — — 4 10 5 10 5 10
— — — — — — 4 11 3 11 1 11
— — — — — — 1 12 4 12 1 12
— — — — — — 1 15 1 13 2 14
— — — — — — 1 18 1 14 1 15
— — — — — — 2 15 1 16
— — — — — — — — 1 17 2 18
— — — — — — — — 1 20 1 19
— — — — — — — — 1 21 2 20
— — — — — — — — 2 22 1 23
— — — — — — — — 1 27 1 26
— — — — — — — — 1 38 1 28
— — — — — — — — 1 52 1 38
— — — — — — — — — — 1 42
— — — — — — — — — — 1 72
— — — — — — — — — — 1 79

Table 9. Size distribution of face-sharing Si—Si bond subnets/clusters at different pres-
sures, where N is the number of subnets/clusters; N, is the number of atoms per one

cluster.
0 GPa 10 GPa 20 GPa 40 GPa 60 GPa 100 GPa
Ny N, Ny N, N N, Ny N, N N, Ny N,
— — 2 5 4 5 15 5 15 5 21 5
— — — — — — — — 1 7 1 10
— — — — — — — — — — 1 15

to approximately 16% (at 100 GPa). The fraction of other OT4 linkage types is very small.
The fraction of O(3Si, Mg) increases from zero (at ambient pressure) to about 3% (at 40
GPa). At pressure beyond 40 GPa, it is almost unchanged. For OTs linkages, most of them
are O(5Mg), O(Si, 4Mg), O(3Si, 2 Mg) and O(3Si, 2 Mg). The fraction of O(5Mg) increases
from zero (at ambient pressure) to 5% (at 10 GPa) then it decreases gradually to about 3%
(at 100 GPa). The fraction of O(Si, 4Mg) increases abruptly from about 1% (at ambient pres-
sure) to approximately 24% (at 25 GPa) then decreases slightly to 23% (at 100 GPa). The
fraction of O(2Si, 3Mg) increases from zero (at ambient pressure) to 18% (at 100 GPa). The
fraction of O(3Si, 2Mg) increases from zero (at ambient pressure) to approximately 2.5% (at
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Figure 13. Typical edge-sharing clusters at 100 GPa: clusters with size of 79 atoms (left)
and 72 atoms (right). The small sphere is O atom; the large sphere is Si atom.

Figure 14. Typical face-sharing bond clusters at 100 GPa: clusters with size of 10 atoms
(left) and 15 atoms (right).

100 GPa). For OTj linkages, it only exists three types: O(6Mg), O(Si, SMg) and O(2Si, 4Mg).
These linkages tend to increase with pressure from zero (at ambient pressure) to 5, 13, 5% for
O(6Mg), O(Si, 5SMg) and O(2Si, 4Mg), respectively (at 100 GPa).

The above analysis reveals that, the Mg?* ions tend to link with —Si—O— glassy network
via NBO. At low pressure, each NBO tends to link to one, two or three Mg ions. At high
pressure, each NBO can link to four, five or six Mg2+ ions. At low pressure, it also exists
a significant fraction of FO, and the Mg?* ions also tend to link to FOs forming the Mg-rich
regions. As pressure increases, the fraction of NBO and FO decreases, see figure 11. Therefore,
at high pressure, the Mg?* ions tend to link to —Si—O— glassy network via both NBOs and
BOs. At low pressure, the Mg?T ions tend to link to SiOy in —Si—O— glassy network via one
common O~ ion forming corner-sharing bonds between Si** ions and Mg?* ones). Under
compression, it forms the edge-sharing bonds and face-sharing between Si*t ions and Mg>*
ones, see table 4. The distribution of edge-sharing and face-sharing bonds between Si** and
Mg?* ions in model is not uniform but they tend to form cluster, see table 10. The typical
clusters of edge-sharing bonds are shows in figure 18. The clusters of face-sharing bonds are
shown in figure 19.

22



Modelling Simul. Mater. Sci. Eng. 28 (2020) 065007 N H Son et al

N i- I

-, 2

N = AN ALY \
‘s "‘\\-‘_‘; /’—e"-: X

N\ s

3

Figure 15. Spatial distribution of clusters in model: corner-sharing Si—Si bonds in black;
edge-sharing Si—Si bonds in blue; face-sharing Si—Si bonds in red. Mixture of corner-,
edge- and face-sharing bonds (left) and cluster of face-sharing bonds (right).
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Figure 16. Fraction distribution of oxygen atoms forming OT, and OT; linkages in
Mg, SiOy glass as a function of pressure.

4. Discussion

The local structure and network structure of Mg,SiO4 under compression (0—100 GPa) have
investigated in detail. The change of structural characteristics (SRO and IRO) and network
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Figure 17. Fraction distribution of oxygen atoms forming OT, (x = 3, 4, 5, 6) linkages
in Mg;SiOy4 glass as a function of pressure.

structure as well as the mechanism of Mg ion incorporation into —Si—O- glassy network have
been clarified.

Relate to local structure and topology of SiO, units, the results show that the Si—O bond
length in SiOg > the one in SiO5 > the one SiO4 units, see figure 3. In addition, the num-
ber of SiOs and SiOg units increases strongly with pressure in 0—40 GPa range, see figure 2.
Therefore, Si—O bond length in Mg,SiOy4 tends to increase with pressure. That is why the
first peak position of Si—O PRDF tends to shift to right with pressure in 0-40 GPa range.
At pressure beyond 40 GPa, the compression makes the Si—O bond length in SiO, decreases
strongly (see figure 3) meanwhile the increase of Si—O bond length due to the increases of
coordination is small (see figure 2). That is why the first peak position of Si—O PRDF tends
to shift to left with pressure in 40—100 GPa range. The O—Si—O BAD in SiOs and SiOg¢ units
almost does not change with pressure meanwhile the Si—O bond length in SiOs and SiOg units
decreases with pressure, see figure 3. This reveals that the form of SiOs and SiOg units is
almost not dependent on pressure, but their size decreases significantly under compression.
In contrast, the topology of SiO4 units is strongly distorted under compression (both form
and size change with pressure).

For Intermediate range order, the results show that the SiO, (x = 4, 5, 6) units can link to
each other via one, two or three BOs forming corner-, edge- or face-sharing bonds, respectively.
At low pressure (P < 15 GPa), most of SiO, units are SiO4 tetrahedra linking to each other
via corner-sharing bonds and the average Si—Si distance is around 3.10 A. Under compres-
sion, the SiOy4 tetrahedra tend to transform to SiOg octahedra via SiOs units. At high pressure
(P > 20 GPa), most of SiO, are SiOs and SiO¢ and they can link to each other via corner-,
edge- or face-sharing bonds. However, the number of face-sharing bonds is very small in
comparison to the other types. The average Si—Si distance of corner-, edge- and face-sharing
bonds are around 3.10, 2.80 and 2.55 10\, respectively. The existence of the corner-, edge- and
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Table 10. Size distribution of corner-, edge and face-sharing Mg-Si bond sub-
net/clusters at different pressures, where N is the number of subnets/clusters; N, is the
number of atoms per one subnet/cluster.

Size distribution of corner-sharing bond clusters

0 GPa 10 GPa 20 GPa 40 GPa 60 GPa 100 GPa
Ny N, Ny N, Ny N, Ny N, Ny N, Ny N,
1 4234 1 4357 1 4434 1 4360 1 4363 1 4355

Size distribution of edge-sharing bond subnets/clusters

65 4 1 4 1 3851 1 4195 1 4291 1 4343
24 5-10 1 6

16 11-20 1 2961

8 21-40

5 41-60

1 68

1 114

1 184

Size distribution of face-sharing bond subnets/clusters

1 5 26 5 33 5 10 5 1 5 1 2638
3 7 16 6-20 1 7 1 2194
2 8 1 24 1 14
1 9 1 27 1 21
4 10 1 31 1 27
2 16 1 53 1 29
1 18 1 64 1 1577
1 20 1 106
1 133
1 223

face-sharing bonds with different bond length is the origin of the first peak splitting of Si—Si
PRDF [44].

The Mg ions tend incorporate into —Si—O— glassy network via NBOs (at low pressure)
and via both NBOs and BOs (at high pressure). The results also show that the Mg ions can
link to SiO, via one, two or three O atoms forming corner-, edge- and face-sharing bonds,
respectively. The average Mg—Si distance of corner-, edge- and face-sharing bonds are around
3.30, 2.80 and 2.60 A, respectively. This explains why the PRDF of Si—Mg pair having the
peak at around 2.6-2.80 A and a peak or shoulder (peak at low pressure, shoulder at high
pressure) at around 3.30 A.

The structure of Mg,SiO4 comprises SiO, and MgQO,, units. At ambient pressure the aver-
age Si—0 and Mg—-O coordination number are around 4.0 and 4.75, respectively, see figure 2.
The O-O distance in SiO, units is dependent on O—Si—O bond angle. Similarly, the O-O
distance in MgO, is dependent on the O—Mg—O bond angle. In other word, the O-O dis-
tance in SiO, and MgO,, units depends on the Si—O and Mg-O coordination number. Under
compression, the Si—O and Mg—O coordination number increases accompanying the decrease
of O—Si—0 and O—Mg-O0 bond angle. This results in the decrease of O—O distance. At low
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Figure 18. Typical clusters of edge-sharing bond between Si and Mg. The cluster of 60
atoms (left) and 184 atoms (right). The spheres from small to large are O, Mg and Si,
respectively.

Figure 19. Typical cluster of face-sharing bonds between Si and Mg. The cluster of 133
atoms (left) and 223 atoms (right), the spheres from small to large are O, Mg and Si,
respectively.

pressure, the O—O distance in SiO, and MgO,, is significantly different (around 2.40-2.60 A
and 2.90-3.00 A corresponding to O—O distance in SiO, and MgO,,). This is the origin of
first peak splitting of O—O PRDF at low pressure, see figure 8.

The results also reveal a tight correlation between PRDFs and BAD at different pressures.
The Si—Si, Mg—Mg, Mg—Si, O-O0 distance can be determined by using the equations (1), (2),
(3) and (4a), (4b), respectively. Under compression, the structure (SRO and IRO) of Mg, SiO4
changes that results in the change of Si—-O-Si, Mg—O-Mg, Mg—0-Si, O-Si—0O and O-Mg-O
bond angle. This leads to the change of Si—Si, Mg—Mg, Mg-Si, O—O distance. It means that
the characteristic change of PRDFs under compression in the relationship with microstructural
change can be clarified via equations (1)—(4b).

Relate to network structure, it can be seen that at ambient pressure, the —Si—O— glassy
network in Mg,SiO, glass is split into subnets. Under compression, the polymerized degree
of —Si—O- glassy network increases strongly and subnets tend to merge each other forming
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larger ones, see table 6. At low pressure, the SiO, units in —Si—O- glassy network tend to link to
each other via corner-sharing bonds. Under compression, the number of BOs in —Si—O- glassy
network increases and it forms edge- and face- sharing bonds between SiO, units. The spatial
distribution of corner-, edge- and face- sharing bonds is not uniform. This reveals the structural
heterogeneity of —Si—O- glassy network in Mg,Si04 glass under compression, see figure 15.

For mechanism of Mg ion incorporation into —Si—O— glassy network, the results reveal
that the Mg?* ions tend to link with —Si—O— glassy network via NBOs. At low pressure, each
NBO tends to link to one, two or three Mg?* ions. At high pressure, each NBO can link to
four, five or six MgZJr ions. At low pressure, it also exists a significant fraction of FO, and
the Mg?* ions also tend to link to FOs forming the Mg-rich regions. As pressure increases,
the fraction of NBO and FO decreases, see figure 11. Therefore, at high pressure, the Mg+
ions tend to link to —Si—O- glassy network via both NBOs and BOs. At low pressure, the
Mg?™ ions tend to link to SiO, in —Si—O— glassy network via one common O~ ion forming
corner-sharing bonds between Si** ions and Mg?* ones). Under compression, it forms the
edge-sharing and face-sharing bonds between Si** ions and Mg?* ones, see table 4. The dis-
tribution of edge-sharing and face-sharing bonds between Si** and Mg?* ions in model is not
uniform but they tend to form clusters, see table 10. The typical clusters of edge-sharing bonds
are shows in figure 18. The clusters of face-sharing bonds are shown in figure 19.

5. Conclusion

The form of SiOs and SiOg polyhedra is almost not changed under compression. However, the
Si0y tetrahedra is distorted as pressure increases.

At ambient pressure, the —Si—-O- glassy network in Mg;SiO4 glass is split into sub-
nets/clusters. Under compression, the subnets/clusters tend to merge each other forming larger
subnets/clusters. The degree of polymerization of —Si—O— network increases with pressure.

There is a tight correlation between the PRDFs and corresponding BADs, BLDs. The
Si—Si, Mg—Mg, Si—-Mg and O-O0 distances can be determined via corresponding BADs and
T-O BLDs. The formation of edge- and face sharing bonds between SiO, units at high
pressure is the cause of the first peak splitting of Si—Si PRDF. The correlation between the
microstructural characteristics (BAD, BLD) and the peaks of PRDFs support us a method to
determine the microstructural change of Mg,SiO4 glass under compression.

The number of corner-, edge- and face sharing Si—Si bonds increases as pressure increases.
They are not uniformly distributed in model but forming clusters. The clusters of face-sharing
Si—Si bond clusters are small and very stable. These face-sharing Si—Si bond clusters are
considered as rigid-particles (or hard particle). The —Si—O- glassy network comprises the
rigid-particles of face-sharing Si—Si bonds embedding in mixture network of corner- and edge-
sharing Si—Si bonds.

The Mg?* ions tend to link to —Si—O— glassy network via NBOs (at low pressure) and via
both NBOs and BOs (at high pressure). Mg?* ions can incorporate in —Si—O— glassy network
via corner-, edge- and face sharing Mg—Si bonds. These bond types are not uniformly dis-
tributed but forming clusters. It also exists the Mg-rich regions in model of Mg, SiO, glass. This
demonstrates the structural and compositional heterogeneities in magnesium silicate glass.
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Table A1. List of abbreviations.

Abbreviations Definition Abbreviations Definition
PRDF Pair radial distribution function CSBL Corner-sharing bond length
BAD Bond angle distribution MD Molecular Dynamics
SRO Short range order BLD Bond length distribution
IRO Intermediate range order ESBL Edge-sharing bond length
NMR Nuclear magnetic resonance FSBL Face-sharing bond length
RMC Reverse Monte Carlo N, The average number of corner
-sharing bonds per one atom
BO Bridge oxygen N. The average number of edge
-sharing bonds per one atom
NBO Non-bridge oxygen N¢ The average number of face
-sharing bonds per one atom
FO Free oxygen Ny The number of subnets/cluster
Na The number of atoms per one
subnet/cluster
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