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Abstract

The structural transformation of Silica system under compression at glass transition temperature (1475 K) investigated by
molecular dynamics method. The structural features such as pair radial distribution function, coordination number, linkage
and cluster distribution analyzed systematically. The tetrahedral coordination (SiO,) maintained up to pressure of 5 GPa.
Under compression, the structure tends to transit gradually from tetrahedral- to octahedral- coordination (SiOg) via penta-
hedral ones (SiOs). At pressure beyond 30 GPa, most of Si cation have octahedral coordination. The structural transitions
at high-temperature models (1475 K) occurred at pressure higher than that at low temperature ones (500 K). In the 10-20
GPa range, the structure of model consisted of two large clusters of SiOs and SiOg revealing the structural homogeneity.
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1 Introduction

The relationship between the structure and physical proper-
ties of silica glass under pressure has always been of interest
because of its wide application in all fields of science, technol-
ogy, and life [1-5]. The glass transition temperature of silica
is of particular interest because all glass products undergo
this structural state transformation [6—8]. The essence of the
structural phase transition is the breaking of bonds and the
rearrangement of the atoms. Under the influence of tempera-
ture, the geometric structure such as distance and angle bonds
in basic units is almost no changes. A slight change in volume
corresponds to a change in the free volume region [9, 10].
At low temperature (500 K), under pressure up to 100 GPa,
the structural change from tetrahedral to octahedral is quite
abrupt in the pressure range of 10-20GPa [11]. Specifically, it
shows a very rapid change in the ratio of the basic structural
units SiO, to SiOg4. The structural change also reflected in
the change in the short order and intermediate order range,
the number of corner-, edge-, and face-shared links. That is a
very rapid increase in the number of corner- and edge-shared
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bonds in the 15-20 GPa range. In report [12], when compress-
ing amorphous SiO, at a pressure of 7.7 GPa and temperature
of 600 K, there is a structural phase transition from the low-
density phase to the high-density phase. This phase transition
happens fast at temperatures below 600 K. At temperatures
above 600 K, the density change is slow with increasing tem-
perature. Reports in [13] also show the structural phase tran-
sition in glass SiO, from four-coordinated to six-coordinated
structure in 15-50 GPa range. This phase transition is related
to the increase of the Si—O pair bond distance. In report [14],
the structural phase transition in liquid SiO, also occurs sud-
denly in the 10-20 GPa range. This change partly caused
by the decrease of the O—O bond distances under compres-
sion. The work [15] also shows an important role of O in
the process of structural change. Under compression, there
is a change in the size and topology of SiO, polyhedral. The
ring structure also performed by simulation method at room
temperature and at pressure up tol7.5 GPa [16]. The report
[17] shows that the higher the temperature, the more chemical
bonds broken and hence the slower the structural phase tran-
sition, which will result in a qualitative change of the newly
formed phase. The structural change predicted that, when the
bonds broken, there will be relaxation of configurations and
formation of clusters. However, understanding of structural
phase transitions at high temperature, especially the glass tran-
sition temperature region has not been fully studied and many
issues need to be elucidated.
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In this study, the structural phase transition process of
Si0, structure under compression at the glass transition tem-
perature of 1475 K investigated and clarified. The structural
changes and their characteristics under pressure analyzed in
detail. The visual method is also in this work to clarify the
glassy network and structural heterogeneity.

2 Calculation Method

The models of amorphous SiO, containing 4998 atoms have
been constructed by molecular dynamic (MD) at tempera-
ture 1475 K an in the 0-100 GPa range. Periodic boundary
conditions and the van Beest-Kramer-van Santen (BKS)
potential applied in this simulation. The detail about the
simulation described in [18]. Initial configuration gener-
ated by randomly placing all atoms in a simulation box with
density of 2.22 g/cm>. Then the model heated up to 6000 K
and relaxed for 100,000 MD steps under constant pressure
and temperature. Then, the sample cooled down to 1475 K
at ambient pressure with the cooling rate of about 102 K/s.
Next, the system relaxed using isothermal-isobaric (NPT)
ensemble (in the isothermal-isobaric ensemble, moles (N),
pressure (P) and temperature (T) conserved) to reach equi-
librium state for 10° MD steps. Next, we keep the same
temperature and compress at different pressures from 0—100
GPa. Finally, these models relaxed for a long time to reach
the equilibrium at constant temperature and pressure for 10°
MD steps and the system reaches steady state with the lowest
energy. Finally, we obtained eight models for SiO, amor-
phous. The structural properties of each model calculated
by averaging over one thousand configurations during the
last 10® MD steps and compared with experimental data. To

clarify the structural phase transitions, the structural char-
acteristics and network structures calculated, analyzed, and
visualized in detail [11].

3 Results and Discussion

Figure 1 shows the pair radial distribution functions (PRDF)
Zsisi(1), Esi.o(r) and g (r) of glass SiO, at a temperature of
1475 K in the 0-100 GPa range. It also shows that there is
a structural phase transition from amorphous to crystalline
under compression. Specifically, at pressures below 30 GPa,
the structure of the model is amorphous, at pressures beyond
30 GPa, the system has a crystalline structure. At 0 GPa,
the first peak of PRDF of Si-Si, Si-O, O-O pairs locates
at 3.10, 1.60 and 2.60 A, respectively. These values are in
good agreement with the experimental data [19-21]. It can
be seen that the first peak position of the gSi-O(r) and gO-O
(r) changes significantly with the pressure (Fig. 2). When
increasing the pressure from 0-30 GPa, the Si—O distance
increases gradually from 1.60-1.70 A. In the 30 to 100 GPa
range, the Si—O bond distance tends to decrease from 1.70
to 1.64 A, respectively. Meanwhile, O—O pair bond distance
decreases from 2.60 down to 2.38 A with increasing pres-
sure from O to 100 GPa, respectively. This reveals that under
pressure, the O atoms tend to more densely arranged [14].
The Si—Si bond distance under compression showed in
the pair radial distribution function gg; ;. (see Fig. 1). The
first peak position of the gg; ;. function hardly changes in
the pressure range from 0—30 GPa but it decreases at above
30 GPa. The change in shape of the gg; g;, function with
pressure showed subpeak starting at 10 GPa. The subpeak
height increases with increasing pressure and becomes sharp
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Fig.2 The first peak of gSi-O 45 18
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at 30 GPa. At this pressure, the position of the sub-peak
locates at 2.62 A and the first peak position is 3.14 ATt
shows the first peak position is larger than 3.06 A that found
in [11]. The structural state of SiO, at ambient pressure can
be divided into 3 main states with temperature: glass (300-
1400 K), glass transition (range 1475-1900 K) and liquid
(above 1980 K). Experiments of Inamura et al. [22] have
shown that the Si0O, glass transitions to stishovite crystal-
line phase at a temperature of approximately 600 K when
compressed under a pressure of 19.2 GPa, and when the
temperature increased to 900 K the pressure is 11.9 GPa.
This proves that SiO, is in the glass state, the higher the
temperature, the lower the pressure of the stishovite crystal
phase transition. In the study of F. S. El'kin et al. [23] also
reported that the crystallization temperature of SiO, in glass
state (below 730 K) with increasing pressure. Our simula-
tion results at 500 K also show that the stishovite crystal
phase transition pressure at 20 GPa is in perfect agreement
with the experiment [22]. Ivan Saika-Voivod et al. shown
that liquid SiO, (3000 K) is crystallized completely (Si has
coordinate 6) at 44 GPa [24]. However, the phase transition
of SiO, from amorphous to crystalline at the glass transi-
tion temperature range (1475 K-1900 K) has not studied yet.
By molecular dynamics simulation method, we found that
the stishovite crystal phase transition pressure at 1475 K
is 30GPa. This result shows that the pressure—tempera-
ture dependence in the glass transition temperature region
is completely different from the temperature range below

r(A)

1400 K. This can explain as follows: At glass state, under
compressive pressure, the atoms are more tightly packed, the
bond length is shorter, the free volume region is narrower
so that the model structure becomes stiff and crispy. In the
glass transition temperature model, the thermal fluctuations
of the atoms increase, the bond length close to the Si—Si pair
bond distance of the model at room temperature and bound-
ary pressure (r g;_g;=3.12 A [21]). Viscosity of SiO, at near
the transition temperature is higher at the low temperature.
Therefore, glass transition models will need stronger com-
pression to break the bond. We also predict that in the glass
transition temperature region, the higher the temperature,
the higher the crystal phase transition pressure. It may be
necessary to investigate further for crystal phase transitions
under pressure at temperature range 1475-1900 K to clarify
this prediction.

Figure 3 also shows the difference in the glass transition
pressure threshold of the low (at 500 K) and high (at 1475 K)
temperature systems are 20 and 30 GPa, respectively. To
clarify the structural phase transition, we conducted a survey
of the coordination number distribution of the system.

Figure 4 shows the distribution of SiOx (x=4,5,6) and
OSiy (y=2,3) coordination units at 1475 K (solid line). It
shows that at low pressure, most of SiO, basic units are
SiO, and OSi,. At ambient pressure, the fraction of SiO,
and OSi, are all 99%. As pressure increases to 10 GPa, the
fraction of SiO, units decreases quickly while the fraction
of SiO5 and SiOg units increase rapidly, and it shows quite
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Fig.3 The first peak of gSi-
Si (r) under compression at
1475 K(a) and 500 K (b) in [11]

Fig.4 The distribution of basic
units SiOx (x=4,5,6) (left)

and OSiy (y=2,3) (right) at
1475 K(solid lines) and 500 K
(dashed lines [11]) under com-
pression
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stability in the pressure range 10-20 GPa. Next, the fraction
of SiOj units drops suddenly to only few percent while the
fraction of SiOg increases rapidly to 97% in about 20-30
GPa. Structural phase transitions also indicated in the frac-
tion of basic structural units OSiy. This is the change of
coordinate number of O with compression pressure. In the
pressure range from 0—10 GPa, the fraction of OSi, units
decreased from 99 to 44%, while the fraction of OSi; units
increased from 0.44% to 54%. In the pressure range of 10-20
GPa, the fraction of these units changes slowly by only few
percent. As the pressure increases from 20 to 30 GPa, they
change strongly. Specifically, the fraction of OSi, units
decreases from 36% at 20aGPa pressure to 3% at 30 GPa
while the fraction of OSi; units increases from 63 to 95%.
We call the structure in the range of 10-20 GPa consist-
ing of two types of basic structural units SiO5 and SiOg as
the intermediate structure. Thus, the phase transition from
the tetrahedral structure to the intermediate structure is in
the pressure range of 5—10 GPa, the intermediate state then
maintains in the pressure range of 10-20 GPa with slight
change in fraction of basic structural units. Increasing pres-
sure from 20 to 30 GPa, the structural phase transition from
the intermediate state to the octahedral structure takes place
very strongly. The 30 GPa is the critical pressure value of
the amorphous-crystalline phase transition. From the statisti-
cal survey of the distribution of basic structural units SiO,
and OSi, via pressure at temperatures 1475 K and 500 K
[11] (dashed line in Fig. 4), we show the difference in the
phase transition process of the system. The distribution of
coordination units of the 500 K sample is steeper, and the
SiO5 curve width is narrower than that of the 1475 K sam-
ple. This indicates that the fraction of SiO,, SiO5 and SiOg
basic structural units in the 500 K system is sensitive to
compression pressure [11, 14]. The amorphous-crystalline
phase transition in the model 500 K happen at critical pres-
sure of 20 GPa. The change in the proportion of the basic
structural units caused by the change of the bond angle and
the distance in each coordination unit and between the basic
structural units. As we have known, the works [11, 14, 25]
also show that the Si—O bond distance and O-Si—O bond
angle in the SiO, and SiO; coordination units do not change
with pressure. The main variation in SiOg units is the Si—O
distance at high pressures from 30—100 GPa (see Fig. 5) and
the Si—O-Si bond angle between two neighboring structural
units (Fig. 6).

Figure 5 explains clearly why there is a change in the
first peak position in the gg; o, function with pressure (see
Fig. 2). The Si—O bond distances in SiO receive values of
1.72, 1.70 and 1.64 A at pressure ranges of 0-30, 60 and
100 GPa, respectively. While the Si—O distances in SiO4
and SiOs have values of 1.62 and 1.66 A, respectively. The
increase of the Si—O distance is due to the increase of the
high coordination number in the intermediate state.
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Fig.5 The Si—O bond length distribution in SiOx (x=4,5,6) under
compression and temperature 1475 K

Figure 6 shows that the Si—O-Si bond angle decreases
with pressure and increases the coordinate number of O from
2 to 3. The Si—O-Si bond angle of two-coordinated oxygen
decreased from 150° to 140° with increasing pressure from
0-20 GPa [11, 26]. Fraction of three-coordinated O also
increases in the range of 10-30 GPa. Thus, when compress-
ing to 5 GPa, the tetrahedral structure of the system main-
tained and there is a slight change in the Si—O-Si bond angle
[27]. This change leads to an increase of coordination num-
ber O atoms. The process of breaking bonds and rearranging
atoms happens strongly when the model compressed to 10
GPa. In the range 10-20 GPa, the system exists as an inter-
mediate state when it is little affected by compressive pres-
sure. When the compressive pressure reaches a sufficiently
high value of about 20-30 GPa, the considerable number
of bonds broken and rearranged by atoms in a higher order
degree. To clarify the bond distribution, we quantitatively
calculate the vertex-, edge-, and face-shared links between
neighboring structural units in the system. The calculation
results shown in Fig. 7.

The visual images of vertex-shared (0 GPa), vertex- and
edge-shared (10 GPa), face-shared (20 GPa) links presented
in Fig. 8. Solid lines indicate the vertex-, edge-, face-shared
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Fig.6 The Si-O-Si bond angle distribution in OSiy (y=2,3) under
compression and temperature 1475 K

Fig.7 The average vertex-,

in this study, the dashed line is the result calculating in [11].
It shows that the basic structural units linked together by
vertex- and edge-shared links.

The number of vertex- and edge-shared links increases
rapidly with increasing pressure. The rate of increase
described by the slope of the pressure dependent function
and shows the strongest increase between 5-10 GPa and
20-30 GPa. In the 10-20 GP range, the number of these
linkages change little, but the number of face-shared links
is a maximum value, and they are 1.5 times higher than the
number of face-shared links found in [11]. Face-shared links
broken only when the compressive pressure is greater than
20 GPa. That is the cause of the sharp increase in the number
of vertex- and edge-shared links in the pressure range of
20-30 GPa. From Fig. 4, it reveals that at pressures below
30 GPa, the number of vertex-, edge-, and face-shared links
changes strongly with the pressure, while for the sample of
500 K it completes the structural phase transition at 20GPa.
This is useful information to elucidate the predictions of
phase transitions under pressure of the high temperature
system given in reports [12, 17].

This again confirms that at high temperature, the increase
in the number of face-shared links helps the intermediate
state to be more stable with pressure. It causes a slower
amorphous-crystalline phase transition because the face-
shared links are more difficult to break than other link types.
In report [25], it shown that SiO, has a tetrahedral structure
at low pressure and an octahedral structure at high pres-
sure. Structural phase transition is the change of the fraction
of the basic structural units from SiO, to SiOg through the

edge- and face-shared link dis-
tribution on one Si atom under
compression and temperature
1475 K (solid lines) and 500 K
[11] (dashed line)
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Fig.8 The visual images of vertex-shared (left), vertex- and edge-shared (medium), face-shared (right) links

intermediate structural units SiOs. Under the influence of
compressive pressure, the fast or slow structural phase tran-
sition is completely dependent on the bond strength inside
the basic structural units. Table 1 also shown that at the pres-
sure range of 5-10 GPa, the tetrahedral structure is broken
simultaneously and has a rearrangement of atoms to become
a mixed structure consisting of two the main subnets are
Si05 and SiOg clusters at 10 GPa.

Specifically, it also shows that the amorphous SiO, struc-
ture consists of the largest SiOj cluster containing 3469 atoms
and the largest SiOg cluster containing 2498 atoms. There are
a lot of small clusters SiO,, SiO5 and SiOg that besides the
two largest clusters. There are small clusters of SiO, iso-
lated and inserted with SiO5 clusters, so when compressed,
it combines with SiO35 structural units to form SiO4 through
vertex- or edge-shared links. This statistically increases the
number of vertex- and edge-shared links with the Si atom.
Because of this, the number of face-shared links increases
and maximum at 20 GPa. The increase in the Si—O distance
leads to a decrease in the O—O distance, which causes the O
atoms to increase in linking with the neighboring structural
unit, so that the SiOg cluster expands while the SiO, and SiO;
clusters shrunk. At above 20 GPa, there is a fast expansion of

the largest cluster SiO4. Now, the system has an octahedral
structural network containing 99.4% atoms at 30 GPa. This
result compared with data in [11, 27-29] and it reveals that
at the glass transition temperature, the tetrahedral structure is
quite stable under 5 GPa. The intermediate structure mostly
affected by pressures in the 10-20 GPa range. The structural
phase transition takes place strongly in two pressure ranges of
5-10 GPa and 20-30 GPa. This has influence with the phase
transition at the low temperature model. At the glass transi-
tion temperature, the crystallization process under compres-
sion happens more slowly, the lifetime of the intermediate
state is longer, and the bond strength is also stronger than
that of the low temperature system.

4 Conclusion

The structural phase transition at glass transition temperature
clarified through bond length, bond angle, coordination num-
ber distribution, links. The Si—Si bond distance is related to
the phase transition pressure range of the investigated system.

The process of structural phase transition from amor-
phous to crystalline under compressive pressure depends on

Table 1 Distribution of the
number of clusters and their

0 GPa 5 GPa

10 GPa 15 GPa 20 GPa 30 GPa 60 GPa

size at different pressures at Nc Na Nc Na

Nc Na Nc Na Nc Na Nc Na Nc Na

temperature 1475 K under

compression. Nc and Na are Sio4 1 4983 7 5-13
the number of cluster and the 4322
number. of atoms in one cluster, SiO5 12 6-10 82  6-201
respectively
Si06 33 720
SiO07

125 5 113 5 60 5 6 5 3 5
49 937 15 9-17 2 9
11 6-15 20 6-11 26 6 15 6 4 6
1 3469 1 3131 12 10-33 4 11-15
1 2740
17 7 4 7 2 7 1 4955 1 4978
10 11-25 1 3443 1 3875
2498
2 8 9 8 15 7-15 8 8-14 11 8-14

The number in bold indicates the number of atoms in a maximum cluster under pressure. For example, at
a pressure of 5 GPa, the SiO, structural units connect together to form the largest cluster containing up to
4322 atoms. At 30 GPa the SiOg structural units connect together to form the largest cluster containing
4955 atoms. This is a demonstration of the phase transition from tetrahedral to octahedral structure under

compression
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temperature. The intermediate structure consisting of two
large clusters of SiO5 and SiOg is quite stable in the pressure
range 10-20 GPa because they have more face-shared links
than the ones at low-temperature systems.

The critical pressure value for crystalline-amorphous
phase transition is determined at 30 GPa for high-tem-
perature (1475 K), and at 20 GPa for the low-temperature
(500 K) model. The structural phase transition is related
to the process of change in the number of vertex-, edge-,
and face-shared links as well as the change in coordination
number under the compression.
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