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Abstract: In this work, we use molecular dynamic (MD) simulation to study the structure
transition and crystallization of amorphous silica (SiO,) under compression. The structural
evolution of amorphous SiO, is explained through radial distribution function, coordination
number distribution, bond angle distribution and visualization. Simulation result shown that there
is a structural transformation from tetrahedral to octahedral network through SiOs units. In the 5-
15 GPa pressure range, structural transformation occurs powerfully and there are three structural
phases corresponding to SiOs-, SiOs-, and SiOs- ones. At 15 GPa, octahedral-network (SiQOg) is
dominant. It is the first time we showed that when pressure is higher than 20 GPa, octahedral-
network of amorphous SiO- has a tendency to transform to stishovite crystalline phase.
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1. Introduction

Structural phase transformation under pressure of SiO; is interesting that it is great importance in
technology and geophysics [1-5]. The wide range distribution of Si-O-Si bond angle and bond length
in silica gives rise to a rich variety of structures of phases in this system as functions of pressure and
temperature. The laxity of the structure is the important condition of existence of the glass state. It
accounts for the specific glass-forming properties of SiO, and for the very low ability of forming
crystalline of amorphous silica. The behavior of various high pressure silica phases has been
investigated by both theory and experiment for a long time [6-10]. For instance, using the first-
principles #Si NMR analysis, Mauri et al. [11] reported that the structural transformations at low-
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pressure are only accompanied by changes Si-O-Si bond angle without the change in local structure of
Si. The coordination change from SiO4 to SiOs is only observed experimentally at pressures beyond 8
GPa (700 K) by the formation of stishovite. Using MD simulation, Teter et al. [6] also reported that at
pressure beyond 50 GPa, stishovite transforms to a phase having the CaCl, structure type, which also
contains SiOs. Increases in Si coordination have also been observed from spectroscopic and diffraction
measurements of statically compressed silica glass/quartz at room temperature. Using MD simulations
with an ab initio parameterized potential, Liu et al. [12] revealed the transformation pathways leading
to a high pressure octahedral (HPO) phase. HPO phase has an O atoms hcp sub-lattice featuring and
some point defects. They also showed that the HPO phase formed via a continuous rearrangement of
the hcp sub-lattice. Meanwhile, the high pressure amorphous phases were described by an fcc and hcp
sub-lattice mixture. Based on X-ray diffraction and ab initio simulations, Bykova et al. [13] suggested
that SiO- liquid in Earth’s lower mantle has complex structures making them more compressible than
previously supposed. S. Petitgirard et al. [14] has used X-ray Raman scattering spectroscopy and MD
simulations to study of SiO, melts. They found that coordination higher than 6 is only reached beyond
140 GPa, corroborating results from Brillouin scattering. Network modifying elements in SiO; melts
may shift this change in coordination to lower pressures and thus magmas could be denser than
residual solids at the depth of the core-mantle boundary. Wu et al. [15] used x-ray Raman scattering
(XRS), Brillouin scattering and diffraction to study on SiO; glass. They found that the origin of the
‘two peaks’ pattern in the XRS was found to be the result of increased packing of O near the Si atom.
The compression mechanism connected the presence of 5- and 6-fold coordinated silicon. A slight
increase in the Si-O coordination higher than 6 was found to accompany the increase in the acoustic
wave velocity near pressure of 140 GPa. Most of the observed stable and metastable crystalline phases
of silica consists of either SiO4 or SiOs units [16, 17]. P.K. Hung et al. [19] has used MD simulations
to investigate the a-quartz under nonhydrostatic stress found evidence for a crystalline phase of SiO,
composed entirely of SiOs units. However, the network structure as well as the crystallization of
amorphous silica under compression is still in debate. We just found a few the publishing about
crystallization process of amorphous SiO,.

Therefore in this work, we focused on considering the structure transition and crystallization of
amorphous SiO; at 450 K and in pressure range from 0 to 30 GPa via analysis of RDF, coordination
number distribution, bond angle distribution, visualization, the characteristics and distribution of basic
structural units SiO4, SiOs and SiOs.

2. Computational Procedure

The periodic boundary conditions and the van Beest, Kramer, van Santen (BKS) potential are
adopted [18] because it is simple. It can produce amorphous silica models with structural properties,
density and thermal expansion that is in good agreement with experimental data [19-23]. It had
following formula:

G;q; 8 Cj
U(r.)=—L4+A i1
i (6;) " A - M

where, rjj is the distance between two atoms i and j; gi and g; are the charges of i and j,

¢

respectively; Ajj, Bij and Cj are constants. In expression (1), the first term(%}: describes the
i
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Coulomb interaction between ions. The second term( A, g Bifi ): describes the pushing interaction at a

distance close to the dominant electronic-electronic interaction and appears as the atoms come so close

that their electronic clouds overlap each other. The last term: {C_g] describes the interaction at a
I
ij
close distance derived from the distribution of electrons in the atom that make up the dipole - dipole
interaction. The BKS potential constants are determined by the optimization of the parameters in the
simulation so that the calculation results are more empirical; This helps the model to be built based on the
BKS potential close to the real system. The values of potential constants corresponding to the Si-O and O-

O atom pairs are listed in Table 1; disregard the near interaction potential between Si-Si atomic pairs.

Table 1. The parameters of BKS potential for SiO-

Pairs Ajj (eV) Bij (A1) Cij (eV A9 Charges (e)
0-0 1388.773 2.760 175.0 Jo=—12
Si-O 18003.757 4.873 33.538 Qsi =+ 2.4
Si-Si 0.0 0.0 0.0

The BKS models have played a significant role in numerous works of silica and related materials
in the area of Materials Science as well as Geophysics. Namely, the BKS models was used to build
silica models in different states, for example amorphous [21-23], crystals [24, 25 ] and liquid silica
[26, 27]. In ref. [24, 25] compared the silica crystal structure obtained from simulation using the BKS
potential with empirical studies with similar results. In addition, in ref. [27] calculated microstructure
and density with this interaction potential giving results close to the results obtained from the
experiment. The BKS models also have been applied in studies of amorphization of quartz under
compression [28], the structural phase transformation from o to p quartz [29, 30], the liquid-liquid
phase transition in silica [31]. Although it produces well structural properties for silica and has been
used widely, it exposes the quantitative deficiencies. Namely, in the work [32], the authors have shown
that: the S-L-C triple point occurs at 13.4 GPa in real silica, but at only 5.8 GPa in the model. Generally,
the pressure range of the crystal stability areas is significantly lower in the model. In spite of its
quantitative deficiencies, the BKS model describes the silica systems at the molecular level quite well.

The long-range Coulomb interactions are calculated with the standard Ewald summation
technique. We used the Verlet algorithm to integrate the motion equation. MD time step is equal to
0.41 fs. The initial configuration is generated by placing all atoms randomly in a simulation box and
heating it up to 5000 K to remove initial configuration. After that the model is cooled down from 5000
to 450 K. Then, a long relaxation has been done to get equilibrium state using NPT ensemble (in NPT
ensemble, number of atoms (N), pressure (P) and temperature (T) are conserved). The structural data of
considered models is determined by averaging over 1000 configurations during the last 5x105 time steps.

3. Results and Discussion

Firstly, as we have known, the radial distribution function (RDF) allows determining the average
number of atoms at any given atomic distance. The average coordination number, bond length and
bond angle will also determine via the RDF. Figure 1 displays RDF of contracted models. For Si-O
pair, we show that at zero pressure, the first peak of RDF is very sharp. This demonstrates that at low
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pressure, local structure in amorphous silica or short range order structure is more order. Position of
this peak located in 1.60 A which is in good agreement with the data reported in the experiment and
simulation works [19-20, 33]. At 5, 10, 15 and 20 GPa pressure, the height of the first peaks of RDF
strongly decreases and position shifts to the right. This indicates that the short range order structure is
slightly dependent on pressure and the Si-O bond length increases slightly with pressure. At 20, 30
GPa, the height of the first peak of RDF increases with pressure and the position shifts to the left. This
indicates that beyond 20 GPa, the degree of short range order increases and the Si-O bond length
decreases as pressure increases. We also show that beyond 20 GPa, the RDFs of Si-O pair have many
peaks which indicate the formation of crystal structure. It can be explained that amorphous silica tends
transforming to crystal structure under compression. For O-O pair, as can be seen that in the 0-30 GPa
pressure range, the height of the first peak of RDFs of the O-O pair increases and its position shifts to
left as pressure increases. It means that the O-O bond length decreases with the increase of pressure.
Similar to Si-O RDF, O-O RDF has many peaks at pressure of 20, 30 GPa. For Si-Si pair, it can be
seen that as pressure increases, the location of the first peak of Si-Si pair of RDF shifts to the left and
the first peak is splitted into two small peaks at 20, 30 GPa. At low pressure (0, 5 GPa), the Si-Si bond
length is 3.10 At high pressure (10, 15, 20, 30 GPa), there are two Si-Si bond lengths, one at about
3.06 and another at about 2.64 A. Like to Si-O RDF and O-O RDF, Si-Si RDF also has many peaks at
pressure 20, 30 GPa. This demonstrates one time again that the structure of SiO, tends to form
crystalline phases at high pressure (20, 30 GPa). From the above analysis, we can conclude that as
under compression, the Si-O bond length increases while the Si-Si and O-O bond lengths decreases.
This means that SiO; solid transform from amorphous to crystalline phase.
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Figure 1. Radial distribution functions (RDF) g(r) of models for Si-Si, Si-O and O-O pairs
at 450 K and different pressure.

Next, we will clarify the origin of the change of Si-O, O-O and Si-Si bond lengths under
compression. Figure 2, we can see that as pressure increases, there is a transformation in local
environment of Si ions from tetrahedral- to octahedral- coordination. This can be consequences the
decrease of O-Si-O bond angle. As can see Figure 3, the O-Si-O bond angle in SiOs units is smaller
than the one in SiO4 and larger than the one in SiOg units. Therefore, the bond length between O and O
ions in SiOs units is smaller than the one in SiO4 and larger than the one in SiOs. It means that the
increase of Si-O coordination number lead to the decrease of O-O bond length. This result in
increasing the Coulomb repulsion between O~ and O~ ions and the increase of Coulomb repulsion
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leads to elongation of the Si-O bond length. In the 0-20 GPa pressure range, the increase of
coordination of Si with pressure will lead to the increase of Si-O bond length. At 20 GPa, most of Si
has octahedral coordination (as can see Figure 2a). In the 20-30 GPa pressure range, the increase of
pressure will not lead to the increase of the Si-O bond length but lead to the decrease of the Si-O bond
length (see Figure 1). For the Si-Si pair, the increase of pressure will result in the decrease of Si-Si bond
length and the splitting of the first peak of Si-Si pair RDF. It can be explained as following, the increase of
pressure will lead to increasing coordination number of O atoms. At low pressure (0, 5, 10 GPa) most of O
is surrounded by two Si atoms while at high pressure (>10 GPa), most of O is surrounded by three Si atoms
(as can see Figure 2b). The increase of the coordination number consequences in the decrease of Si-O-Si
bond angle as can be seen in Figure 4. At low pressure, most of the Si-O-Si is around 140-145°. At high
pressure, the Si-O-Si bond angle distribution has two peaks. For OSi; linkage, the peaks locate at 105° and
143°. For OSis linkage, the peaks locate at 95° and 130°. The decrease of Si-O-Si angle leads to the
decrease of Si-Si bond length. This result in increasing the Coulomb repulsion and it one again leads to
elongation of the Si-O bond length. The distribution of Si-O-Si has two peaks this result in forming two Si-
Si bond distances. The Si-Si bond distance of 3.06 and 2.64 A corresponds to two peaks of Si-O-Si bond
angle distribution. Comparing to Si-O-Si and O-Si-O angles for amorphous SiO; as can be seen in
Figure 5, we show that bond angle distributions in SiO4, SiOs and SiOs units are quite close to Si-O-Si
and O-Si-O angles at low and high pressure. This also means that at high pressure, the structure of
SiO; solid has stishovite crystal.
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Figure 2. The coordination number distribution as a function of pressure: a) Si surrounds O; b) O surrounds Si.
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Figure 3. The O-Si-O bond angle distribution in SiOa4, SiOs and SiOs units at different pressure.
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Figure 4. The Si-O-Si bond angle distribution under pressure.

(a) (b)

Figure 5. Schematics of basic structure units of amorphous SiO; at low (a) and high (b) pressure. A clear
structural change that shows the phase transformation from tetrahedral to octahedral structure (stishovite crystal)
as pressure increases. It can be seen that Si-O-Si and O-Si-O angles are equal to 130°, 109° for low model and
90°, 90° for high model, respectively.

Finally, we use visualization to study atom arrangement distribution in amorphous SiO,. Figure 6
displays the snapshot of the atom arrangement distribution in the amorphous SiO, at 0 GPa and 30
GPa. It can be seen that at high pressure, atom arrangement is more order than ones at low pressure.
This again demonstrates that the crystallization has occurred at high pressure. We will also display the
modification number of structural units SiOg in amorphous SiO; system using 3D visualization. As we
can see on Figure 7, the order degree of SiOs units depends on pressure. At 30 GPa, most of structural
units are SiOs and they tend to form crystalline phase. Number of structural units SiOg at 0 GPs is
much less than ones at 30 GPa. Figure 7 also demonstrates that the structural units SiOs form
crystalline regions with different crystalline directions in model. In order to show more clearly, we
visualize the spatial distribution of SiO4, SiOs and SiOs in the amorphous SiO; at pressure of 0, 10, 20
and 30 GPa. It can be seen in Figure 8, the distribution of coordination SiOy units is not uniform but it
tends to forms separated clusters (subnets) of SiOs, SiOs and SiOe.
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Figure 6. Snapshot of the atom arrangement distribution in the amorphous SiO; at 0 GPa (left) 30 GPa (right):
the red (large) sphere presents Si atom, the blue (small) sphere presents O atom.
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Figure 7. (A) Snapshot of the spattial distribution of SiOg in the amorphous SiO; at 0 GPa (left) 30 GPa (right):
the red sphere presents Si atom, the blue sphere presents O atom. (B) The structure of stishovite crystalline (left)
and the model of amorphous SiO; that is compressed at 30 GPa (right)



20 G.T.T. Trang, P.H. Kien / VNU Journal of Science: Mathematics — Physics, Vol. 36, No. 2 (2020) 13-22

It means that the structure of amorphous SiO, comprises the mixture of SiO4, SiOs and SiOs
clusters. Namely, the structure of SiO; is the mixture of regions with different short range order. From
the structural difference amongst regions, we can see that the structure of SiO, consists of structural
phases is that SiOs-, SiOs- and SiOg-phases, where SiOx (x=4,5,6) phases are the phase formed by SiOy
units, respectively. It can be seen that at low pressure (0 GPa), the regions with SiO4-phase are linked
each to other forming a large region with the expanse almost whole model. The regions with SiOs- and
SiOg-phases are small and localized at different locations forming separated regions. As pressure
increases, the regions with SiOs-and SiOs-phases are expanded and the regions with SiOs-phase are
shrunk. At pressure of 30 GPa, the regions with SiO4- and SiOs-phases are shrunk, whereas the regions
with SiOg-phase are expanded almost the whole model. Especially, at pressure of 30 GPa, the structure
of SiO; is SiOe-phase with the high order degree (long order structure) and they tend to transformation
into crystal structure, namely it is stishovite crystal as above analyzed.

Dy

30 GPa v ‘;'
’-
.
L8
»
v %
20GPa L ¥ 4
¥ e
o MBS ¥.
3

15GPa

Figure 8. Spatial distribution of SiO4, SiOs and SiOg in the amorphous SiO; at pressure of 0, 15, 20 and 40 GPa:
Here Al), Bl)... D1) are SiO4 units; SiOs and SiOg units are A2), B2)... D2) and A2), B3)... D3), respectively;
Siand O atoms are in red and blue ball, respectively.
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4. Conclusion

The structure transition and crystallization of amorphous silica under compression have been
investigated. Several results are demonstrated as follows

(i) There is a structural transformation from tetrahedral- to octahedral- network through SiOs units.
In the 5-15 GPa pressure range, structural transformation occurs strongly and there are three structural
phases corresponding to SiO4-, SiOs-, and SiOg ones.

(i) At 15 GPa, octahedral-network is dominant. When pressure is higher than 20 GPa,
octahedral-network tends to transform to stishovite crystalline phase. Namely, the structural units SiOs
form stishovite crystalline regions with different crystalline directions in model. However, the
crystalline mechanism in amorphous SiO, will be focused on the next researchs.
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