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ABSTRACT 

Pressure-induced change in structure and properties of noncrystalline materials, such 

as liquids and glasses, is an important and challenging issue in condensed-matter 

physics. In this study, molecular dynamics (MD) was used to provide insight into the 

microscopic picture of changes in the structural correlation of densified SiO2 glass. 

The simulations are based on the effective interatomic potential. Changes in the 

position and height of the first sharp peak in the pair distribution function and bond-

angle distributions were investigated as a function of density. The pair-distribution 

function show that the average Si-O bond length at normal density is 1.62 Å, then 

linearly increases to 1.67 Å at high density. At high density where the glass reaches 

the stishovite density the Si-O coordination changes from 4 to 5.8 and the O-Si-O 

angle distribution is peaked at 90o with a full width at half maximum (FWHM) of 21o 

and the Si-O-Si angle distribution is peaked at 95o and 128o. The Si-O bond angle 

distribution becomes covalent-like and the O-Si-O bond angle distribution becomes 

broader upon densification. These results provide firm evidence that the system has 

transformed from a corner-sharing tetrahedral network to one in which there are 

corner-sharing and edge-sharing octahedral. 

 
INTRODUCTION 

Silica (SiO2) is a common material which is of great 

importance in chemistry, geology and industrial 

applications. It is the fundamental building block of 

three-dimensional framework structure found in 

minerals. Under ambient conditions, the structures are 

based on a relatively open arrangement of corner sharing 

tetrahedral units with four oxygen atoms surrounding a 

central silicon atom (Du, et al., 2022). Silica (SiO2), is 

particularly interesting due to its many polymorphs: 𝛽-

cristobalite (cubic), 𝛼-quartz (trigonal), and 𝛽-quantz 

(hexagonal), coesite and stishovite (Brazhkin, et al., 

2011; Klinger, 2013; Machon, et al., 2014) 

In crystalline state, silica exists in a variety of 

polymorphic form with varying densities. Experimental 

and theoretical studies (Grimsditch, 1986; Hong & 

Newville, 2020; Kapoor, et al., 2017; Polian & 

Grimsditch, 1990), have concluded SiO2 undergo a 

number of structural transformation with varying 

temperature and pressure. For example, low-temperature 

quartz (𝛼-quartz) undergoes a structural transformation 

into the high 𝛽-quantz. At room temperature, quartz 

changes into coesite with a slight increase in pressure. 

With further increase in pressure, coesite transforms into 

stishovite. In contrast to transitions in crystals, the 

structural order of amorphous SiO2 can be divided into 

intermediate-range order (IRO) i.e. through the alteration 

of the interatomic distance between silicon and 

surrounding oxygen atoms and short range order (SRO) 

in the glass.  

It is well known that at ambient conditions, silica glass 

exhibit corner-sharing Si(O1/2)4 tetrahedral in normal 

density (2.2 g/cm). Under pressure, the network structure 

of SiO2 glass changes significantly. Several experimental 

techniques such as Brillioun (Grimsditch, 1986), Raman 

(Hemley, et al., 1986), infrared (Williams & Jeanloz, 

1988), neutron and x-ray scattering(Meade, et al., 1992; 

Susman et al., 1991), have been used to investigate the 

influence of pressure on silica glass. Results obtained 

reveal an irreversible densified structure in glass samples 

recovered after being subjected to a pressure of 17 GPa. 

On the modelling side, atomistic molecular dynamics 

(MD) simulations demonstrated the existence of density 

maximum (Jin, 1995; Jin, et al., 1992; Kien, et al., 2020; 

Wu, et al., 2012). Molecular dynamics (MD) simulation 

is a computational technique used to study the behavior 

of atoms and molecules over time (Rapaport, 2004). In 

the case of silicon dioxide (SiO2) glass, MD simulations 

can provide insights into its structural properties, thermal 

behavior, mechanical properties, and other dynamic 

processes (Igwe & Batsari, 2022). It has been extensively 

used in many research studies on silica glass due to its 
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advantage in studying atomic structure and mechanical 

properties. Recently, Murakami, et al. (Murakami et al., 

2019), carried out MD simulation measurement of the 

static structure factor and pair distribution of SiO2 glass 

subjected to pressure. With increasing pressure, the 

height of the FSDP decreases and its position shifts to 

higher values of q. Around 42 GPa, the first sharp FSDP 

almost disappears. At a pressure of 28 GPa, a peak 

appears at 3.18 Å-1. This peak grows with an increase in 

pressure. The pressure has little influence on S(q) at 

higher values of q. 

In this study, MD simulations were used to study the 

structural transformations in densified silica glass. The 

BKS potential was used because the potential could 

reproduce several high-temperature structural 

transformations of silica glass at reasonable densities 

when compared with experiment. The pair distribution 

function was calculated at varying densities. Next, the 

distribution of bond angle were analyzed at each point. 

Finally, we discuss the dominant structural mechanism 

occurring under high density.  

 

MATERIALS AND METHODS 

Computational Detail 

Interatomic Potential and Simulation Procedure 

To perform a molecular dynamics simulation, it is 

necessary to have a potential which is able to describe the 

geometry reliably. For the case of SiO2 glass, the widely 

used BKS (van Beest, Kramer, and van Santen) potential 

has proven to describe amorphous silica reliably. The 

formation of the BKS potential is shown as follows (van 

Beest, et al., 1990): 

𝑉(𝑟𝑖𝑗) =  
𝑞𝑖𝑞𝑗𝑒2

4𝜋𝜖0𝑟𝑖𝑗
 + 𝐴𝑖𝑗𝑒−𝑟𝑖𝑗/𝐵𝑖𝑗 −  

𝐶𝑖𝑗

𝑟𝑖𝑗
6        (1) 

where 𝑞𝑖 is the partial charge of atom 𝑖, 𝑟𝑖𝑗  is the distance 

between atom 𝑖 and 𝑗. 𝐴𝑖𝑗 , 𝐵𝑖𝑗 and 𝐶𝑖𝑗  are given in Table 

1.  

Equation (1) is given by the sum of a Buckingham and a 

long-range Coulombic terms. The presence of the 

Coulomb part makes the use of such potentials time 

consuming for large systems since they have to be 

evaluated by means of approaches like the Ewald 

summation (Allen & Tildesley, 2017). The code was 

implemented on Large scale LAMMPS uses reciprocal 

space fixes to compute the long range interactions, but 

even then the simulations are still very slow. One 

possibility to avoid this problem is to use the Wolf 

summation method proposed by Wolf et al. (Wolf, et al., 

1999), in which the Coulomb term is replaced by: 
𝑞𝑖𝑞𝑗𝑒2

4𝜋𝜖0𝑟𝑖𝑗
 →  {

𝑞𝑖𝑞𝑗𝑒2

4𝜋𝜖0
[(

1

𝑟𝑖𝑗
− 

1

𝑟𝑐
) +  

𝑟𝑖𝑗−𝑟𝑐

𝑟𝑐
2 ]  𝑟 < 𝑟𝑐      (2) 

          𝑟 ≥ 𝑟𝑐  

Where 𝑟𝑐  is a cutoff distance on Coulomb interactions. In 

this form the effective long-range potential becomes thus 

short ranged by smoothly truncating the potential and 

hence computationally much more efficient. The 

parametrization of the BKS model was based on Hartree–

Fock calculations of a single SiO4 tetrahedral, charge-

saturated by four hydrogen atoms 

 

Simulation Procedure 

The glass structure was obtained by the melt-quench 

method. The simulation started from a random 

configuration of 1000 silicon atoms and 2000 oxygen 

atoms confined in a cubic box. The size of the box is fixed 

to match the physical density of the glass.  The system 

was then heated up to 8000 K in NVT (constant number 

of atoms, volume and temperature) ensemble and 

equilibrated for 100 ps, then the sample was cooled down 

to 300 K by a temperature step of 2000 K in NPT 

(constant number of atoms, pressure and temperature) 

ensemble. The quenched sample was relaxed at 300 K 

and 0 bar for 150 ps to release the thermal stress. 

According to previous studies (Vollmayr, Kob, & Binder, 

1996), the cooling rate had a great influence on the 

structure properties and a slow cooling rate was 

considered to be a better option. Therefore, the cooling 

rate was set to be 0.2 K/ps in this study. The pair 

distribution function (PDF) and the bond angle 

distributions (BAD) were calculated after running for six 

picoseconds at 293K and were accumulated every ten 

timesteps for three hundred timesteps. 

 

RESULTS AND DISCUSSION 

In Figure 1 we show the pair-distribution functions, g(r) 

for SiO2 glasses at the normal (2.2 g/cm3) and high 

densities, 3.5 and 4.28 g/cm3. The first, second and third 

peak of g(r) represent the average Si-O, Si-Si and O-O 

bond distances, respectively. For the normal density 

glass, the first peak in g(r)si-o gives the Si-O bond length 

to be 1.61 Å. There is a gap in g(r)si-o between 1.80 - 2.98 

A, a small shoulder around 3.80 Å, and a broad peak at 

4.16 Å. As the density increases, the position of the first 

peak in g(r)si-o remain almost unchanged up to 3.53 

g/cm3. However the gap in g(r)si-o decreases as the density 

increases and the second peak shifts to 3.98 Å at 3.53 

g/cm3. At a pressure of 43 GPa where the glass density 

(4.28 g/cm3) reaches the density of stishovite, the first 

peak in g(r)si-o occurs at 1.68 Å instead of 1.61 Å. In 

crystalline stishovite, the Si-O bond lengths are 1.76 and 

1.81 Å. In the glass at 4.2 g/cm3, the second peak in g(r)si-

o is at 3.15 Å, close to the next-nearest-neighbor Si-O 

distance (3.20 Å) in stishovite.  



Computational Study of Structural…  Igwe et al. NJP 

25 

         NIGERIAN JOURNAL OF PHYSICS   NJP VOLUME 32(1)          www.njp.nipngn.org 

 
Figure 1: Si-O pair-distribution functions for SiO2 glasses at normal and high densities at 

300 K. Sharp peaks in the figure at 4.2 g/cm3 correspond to pair-distribution functions for 

stishovite. 

 

Figure 2(a,b) shows how the Si-Si and O-O pair-

distribution functions change upon densification. For the 

normal density glass, the first peak in g(r)si-si and g(r)o-o 

give the Si-Si and O-O distances to be 3.09 and 2.65 Å, 

respectively. The second broad peaks in g(r)si-si and g(r)o-

o give the Si-Si and O-O distances to be 5.03 and 5.06 Å. 

When the glass density increases to 4.28 g/cm3, the first 

peak in g(r)si-si splits into two peaks. One of these peaks 

is located at 2.59 Å, close to the Si-Si distance (2.67 Å 

A) in the stishovite. The second peak appears at 3.07 Å 

which is close to the Si-Si distance (3.24 Å) in the 

stishovite. At normal density. It increases to 10 at 3.53 

g/cm3 and to 12 at 4.28 g/cm3.  

 
Figure 2: Si-Si and O-O pair-distribution functions for SiO2 glasses at normal and high densities at 300 K. 

 

Figure 3 displays the MD results for O-Si-O and Si-O-Si 

bond-angle distributions in SiO2 glasses at normal and 

high densities. As the density increases, the peaks in these 

distributions broaden and also shift to lower angles 

because of increased distortions of Si(O1/2)4 tetrahedra. In 

the normal density SiO2 glass, the Si-O-Si bond-angle 

distribution has a peak at 142o with a full width at half 

maximum (FWHM) of peak is 26o (Fig. 3a). Both of 
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these results are in excellent agreement with NMR 

measurements. With a density increase of 33%, this peak 

shifts gradually to 137o. With 60% densification, the peak 

moves to 127o and a broad shoulder appears between 

135o and 150o. At the stishovite density, the Si-O-Si 

bond-angle in the glass has broad peaks around 95o and 

128o. These values are close to the Si-O-Si angles, 98.65o 

and 130.67o, in the stishovite crystal. Thus, the results for 

pair-distribution functions and bond angle distributions at 

4.2 g/cm3 contain strong evidence for distorted Si(O1/3)6 

octahedra in the glass, joined at corners and sharing edges 

as well. At normal density, the O-Si-O distribution has a 

peak at 109o with a full width at half maximum (FWHM) 

of 10o. With a 20% increase in the density, this peak 

moves to 107o and the FWHM increases to 12o. A further 

increase of 40% in the density shifts the peak to 104o and 

increases the FWHM to 17o. However, there is a dramatic 

change in the distribution when the glass density reaches 

the stishovite density: The O-Si-O distribution has broad 

peaks at 90o and 171o. In the crystalline stishovite on the 

other hand, the O-Si-O angles are 81.35o, 90o, 98.65o and 

180o. 

Figure 3: Bond-angle distributions for normal and high density SiO2 glasses. 

 

CONCLUSION 

The microscopic structures in densified SiO2 glasses was 

investigated using molecular dynamics simulations. The 

results of pair distribution functions and bond angle 

distributions show that up to 60% densification the 

Si(O1/2)4 tetrahedral structural unit remains intact and 

structural change is associated with bending and 

distortion of the tetrahedral. At high pressure where the 

glass density reaches the stishovite density the Si-O 

coordination changes from 4 to 5.8 and the bond length 

increases from 1.61 to 1.67 A. The O-Si-O angle 

distribution is peaked at 90o with a full width at half 

maximum (FWHM) of 21o and the Si-O-Si angle 

distribution is peaked at 95o and 128o. These results 

provide firm evidence that the system has transformed 

from a corner-sharing tetrahedral network to one in 

which there are corner-sharing and edge-sharing 

octahedral. 
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