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 A B S T R A C T

Oxide glasses have proven to be useful across a wide range of technological applications. Nevertheless, their 
medium-range structure has remained elusive. Previous studies focused on ring statistics as a metric of the 
medium-range structure, but this metric provides an incomplete picture of the glassy structure. Here, we 
use atomistic simulations and state-of-the-art topological analysis tools, namely persistent homology (PH), 
to analyze the medium-range structure of the archetypal oxide glass (Silica) at ambient temperatures and with 
varying pressures. PH presents an unbiased definition of loops and voids, providing an advantage over other 
methods for studying the structure and topology of complex materials, such as glasses, across multiple length 
scales. We captured subtle topological transitions in medium-range order and cavity distributions, providing 
new insights into glass structure. Our work provides a robust way for extracting the void distribution of oxide 
glasses based on PH.
1. Introduction

The most recent definition of a glass states that a glass is a nonequi-
librium, noncrystalline condensed state of matter that exhibits a glass 
transition. The structure of glasses is similar to that of their parent 
supercooled liquids (SCL), and they spontaneously relax toward the 
SCL state. Their ultimate fate is to solidify, i.e., crystallize [1]. The 
noncrystalline nature of glasses gives them many advantages over crys-
talline materials, such as superior mechanical behavior and defiance of 
stoichiometry rules [2–6]. However, this comes with drawbacks as well, 
as it is nontrivial to analyze the glass structure at a level larger than 
the short range (> 5 Å) [2,6–11], thus resulting in a lack of proper 
structure–properties relationship.

Early theories of glass formation and structure were developed at 
the beginning of the twentieth century [12–15]. In a seminal paper, 
‘‘The Atomic Arrangement in Glass [16]’’, Zachariasen showed that 
glasses and compositionally identical crystals share the same atomic 
interactions, leading to the proposison that glass is a random network 
of atoms with a short-range order. The focus on oxide glasses, whose 
high melt viscosity traps extra internal energy versus the crystalline 
state, has led to the finding that ionic crystals prone to vitrification have 
open frameworks in which small, highly charged cations sit in oxygen-
surrounded polyhedra that share corners with their neighbors [15,
16].

∗ Corresponding author.
E-mail address: achraf.atila@bam.de (A. Atila).

With the absence of the long-range order [2,16,17], oxide glasses 
still exhibit a definable structure at short (below 5 Å) and medium-
range (5–20 Å) levels [18,19]. The short-range structure—quantified 
by coordination numbers derived from diffraction experiments [20–25] 
or atomistic simulations [26–29]—extends into the connectivity of 
neighboring polyhedra and the formation of atomic clusters, which 
likewise can be characterized via both experimental [22,24,25] and 
simulations [26–31].

The medium-range structure is characterized by rings of varying 
sizes that form and evolve with composition and processing [8,10,
26,32], alongside voids or cavities arising from the change in the 
packing density, bond angles, and polyhedral connectivity. The size 
and distribution of these voids depend on network connectivity and 
the presence of modifiers (e.g., Na, Ca), which disrupt the network by 
creating non-bridging oxygens and thereby alter the number and size 
of void spaces [22].

Depending on the intended application, the presence of voids in 
oxide glasses may be either essential or undesirable. For example, voids 
are necessary in porous glasses that serve as filters for adsorbing gases, 
heavy metals, and organic compounds [33,34]. The interconnected 
voids and pores, which exist across different length scales, can provide 
pathways for fluid flow or allow reactants to access catalytic sites. 
The presence of large voids in aerogels is highly desirable for thermal 
insulation applications, where lightweight, low thermal conductivity is 
needed, such as in aerospace applications [35]. This is because heat 
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cannot be transferred efficiently in regions with voids [36]. On the 
other hand, voids are not desirable in structural applications or when 
enhanced mechanical properties are required, as they act as stress 
concentrators that lead to the initiation and propagation of cracks in 
the glass, ultimately resulting in catastrophic failure [2,15,37,38]. The 
tensile strength of defect-free silica glass fibers has been shown to 
nearly reach the theoretical strength [37,39]. Thus, having a robust 
method to detect and visualize these voids or cavities is necessary for a 
complete understanding of the structure–properties relationship, which 
is of utmost importance for the further development of oxide glasses 
with adapted properties and mechanical performance.

Compared to other structural building blocks of glasses (e.g., poly-
hedra and rings), there are only a few studies investigating the voids 
in oxide glasses [22,38,40–45]. For instance, Crupi et al. [22] used 
neutron diffraction to investigate the effect of composition and pressure 
on the first sharp diffraction peak (FSDP) in alkali borate glasses. They 
linked the origin of the FSDP to the periodicity of void boundaries 
in the glass’s random network. Malavasi et al. [42] used Delaunay 
triangulation and Voronoi diagrams to investigate voids in models 
of silica glass. They also determined the solubility of noble gases in 
the glass and compared the results with known experimental data. 
Moreover, they leveraged their method to investigate the fracture of 
silica glass during tensile deformation [43].

Although similar distributions are reported, the results also show 
slight deviations from one another [44]. Thus, there is a need for a 
robust method for detecting voids and cavities. Recently, persistent ho-
mology (PH) has emerged as an effective tool for studying the topology 
of materials at different length scales [46–51]. PH has been applied 
to analyze the topological properties of a wide range of materials, 
including disordered systems, nanomaterials, and polymeric solutions. 
It is used to characterize geometric features such as holes, voids, and 
connectivity, which are essential for understanding material behaviors. 
This method has advantages over others, as it provides a less heuristic 
approach than probe methods for detecting the glass topology. It has 
been used to clarify the real-space origin of the first sharp diffraction 
peak [49], the origin of the mixed alkali effect on ionic conductivity 
of silicate glasses [52]. PH was also applied to analyze the topological 
signature of structural anisotropy in tensile-strained silica and sodium 
silicate glasses [32]. Under extreme pressures, combining PH with 
molecular dynamics simulations revealed compression-induced struc-
tural changes—namely the emergence of tetraclusters and increased 
atomic packing fraction [48]. At very high pressures, the resulting 
topology resembled that of a pyrite-type crystalline phase, despite 
tetracluster formation being prohibited in the crystal; this distinction 
underscores the glass’s tolerance for distortions in oxygen clusters [48].

Here, state-of-the-art analysis tools, namely PH, are leveraged to 
analyze the ring-size and void-size distributions, providing insight into 
the location and distribution of voids in the glass network. Hydrostatic 
compression is used solely to perturb the glass network topology, 
generating a series of distinct medium-range structures. This allows 
for a rigorous validation of the method, independent of any specific 
pressure-driven change of properties. The results of PH reveal hier-
archical topological shifts, loop collapse, and cavity annihilation in 
compressed silica glass, which are influential factors in understanding 
material behavior, including mechanical and transport properties.

2. Methods

2.1. Potential model

The interactions between atoms are modeled using the SHIK poten-
tial developed by Sundarararaman et al. [53] and yield good structural, 
mechanical, and vibrational properties when compared to experimental 
data [9,17,54–56]. In this model, atoms are treated as fixed charged 
points, with the oxygen charge composition-dependent, and interact via 
2 
Table 1
Parameter for SHIK potential with 𝑉 (𝑟𝑖𝑗 ) =

𝑞𝑖𝑞𝑗 𝑒2

𝑟𝑖𝑗
+ 𝐴𝑖𝑗 exp (−𝐵𝑖𝑗𝑟𝑖𝑗 ) −

𝐶𝑖𝑗

𝑟6𝑖𝑗
+ 𝐷𝑖𝑗

𝑟24𝑖𝑗
with 𝑞𝑆𝑖 = 1.7755e and 𝑞𝑂 = 0.88775e.
 𝑖–𝑗 𝐴𝑖𝑗 (eV) 𝐵𝑖𝑗 (Å−1) 𝐶𝑖𝑗 (eV Å6) 𝐷𝑖𝑗 (eV Å24) 
 O–O 1 120.5 2.893 26.1 16 800  
 O–Si 23 107.8 5.098 139.7 66.0  
 Si–Si 2 797.9 4.407 0.0 3 423 204.0 

a short-range Buckingham potential and long-range Coulomb interac-
tions. An additional repulsive r−24 term was added to properly treat 
the interactions at high temperature and pressure [54]. The short-range 
cutoff was set to 8.0 Å, and the long-range interactions were solved 
using the damped-shifted-force model [57] with 0.2 Å−1 as the damping 
coefficient and 10.0 Å as the long-range cutoff. Potential parameters 
and partial charges can be found in Ref. [53] and are summarized 
in Table  1.

2.2. Glass preparation and cold compression

Silica glass (SiO2) was prepared using the melt-quenching tech-
nique, a method commonly employed for preparing bulk glasses in 
atomistic simulations [58]. Initially, 20001 atoms were randomly in-
serted in a cubic simulation box with periodic boundary conditions 
imposed in all directions. Unless otherwise stated, the time step was 
set to 1 fs in all simulations. The samples were equilibrated at a high 
temperature (𝑇  = 5000 K) in the canonical ensemble (NVT constant 
number of atoms, volume, and temperature) for 100 ps. Then, the sys-
tem was further equilibrated in the NPT ensemble (constant number of 
atoms, pressure, and temperature) for 1000 ps at the same temperature, 
with an imposed external pressure of 100 MPa, which was ramped 
down to 0 MPa during cooling. The equilibrated liquids were quenched 
from 5000 K to 300 K using a cooling rate of 1 K/ps. After cooling, 
a subsequent run in the NPT ensemble for 1000 ps was performed at 
300 K and 0 MPa. All simulations were performed using the LAMMPS 
code [59], and all atomic visualizations were done using OVITO [60].

The glass was subjected to a cold compression at 300 K by increasing 
the hydrostatic pressure continuously from 0 to 100 GPa for 10 ns 
at 300 K. Atomic configurations were extracted at selected pressure 
points (0, 5, 10, . . . 100 GPa). All subsequent structural and topological 
analyses were conducted on these configurations while they were still 
under the corresponding applied pressures, without any decompression 
step. The temperature and pressure were controlled using Nosé-Hoover 
chain thermostat [61,62] and a Parrinello-Rahman barostat [63]. The 
structure factors of the obtained glasses at different pressures were 
calculated and compared with available experimental data (See Fig. S1 
in the supplementary materials, SM). The positions of almost all peaks 
in the simulated structure factors are in good agreement with those ob-
tained experimentally, providing validation of the structures obtained 
using this model of silica glass.

2.3. Persistent Homology

The glass topology was analyzed within the PH framework using 
Homcloud (v4.4.0) [64]. The atomic positions in the glasses were used 
as input, with atomic radii assigned to each atom type. Then, the 
persistence diagram (PD) was constructed by progressively increasing 
the radii of each atom, with the assumption that each atom is a sphere, 
as schematically shown in Fig.  1(a). When the atoms touch each other 
in a closed loop, the radius at which this occurs is recorded and is 
referred to as the birth time. When the radii of the atoms increase 
and the loops disappear, that radius is re-recorded and is referred 
to as the death time of the loop. This defines a pair of birth–death 
coordinates of the loop. The same analogy applies to cavities. Further 
details about PH can be found elsewhere [7,47,50,64,65]. The atomic 
coordinates were analyzed using an alpha complex built from the 
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Fig. 1. (a) Schematic representation of the steps involved in the persistence diagrams construction. The steps involve having cloud points (left) and increasing 
of spheres’ radii. When the spheres touch and make a closed loop, the coordinates of the radius at which this event happens are recorded as the birth time. 
With further increase of the radius, this loop will eventually close, and the radius at which this happens is re-recorded as the death time of the loop. Both 
these birth–death pairs constitute a point on the persistence diagram (right), which is a histogram of the number of voids on the birth–death plane. Persistence 
diagrams that correspond to (b) H1 and (c) H1 showing the topological feature of silica glass at 300 K and with 0 external pressure. The region highlighted by 
the transparent red box corresponds to an island composed of chemically connected loops, later referred to as rings as well. The region highlighted in the yellow 
box is for the detected loops that are not chemically bonded. The insets in (b) and (c) show snapshots of loops and cavities detected in the glass. The silicon and 
oxygen atoms are colored in light brown and red, respectively.
atomic positions (with squared radii weighting), and the filtration scale 
was automatically. Periodic boundary conditions were applied in all 
directions. The persistence diagrams were binned on a 256 × 256 grid 
in birth–death space for statistical visualization.

The process described above is used to construct a persistence 
diagram, a 2D histogram that represents the birth and death of topo-
logical features. These persistence diagrams 𝐻𝑛 are categorized by the 
dimension of the features extracted: 𝑛 = 0 for clusters, 𝑛 = 1 for loops, 
and 𝑛 = 2 for cavities (see Fig.  1(b and c)). An example of a LAMMPS 
script to prepare the silica glass and a Python script to produce and plot 
the PH diagrams can be found in the GitHub link [66].

2.4. Analysis of the persistence diagrams

Several topological features can be extracted from the persistence 
diagrams, such as loops and cavities. By analyzing the one-dimensional 
persistence diagram, we probe the topology of holes or loops that exist 
in the glass. Only the chemically bonded rings are of interest, which are 
found in a separated island at 0 GPa (see Fig.  1a). An initial radius of 0 
was chosen for both Si and O atoms, which is nonphysical but allows for 
a clear separation between the chemically bonded loops and the other 
loops. This means that only the loops that have an equal number of 
Si and O atoms are considered to build the ring size distribution. The 
analysis was also performed using atomic radii extracted from radial 
3 
distribution functions, and the corresponding persistence diagrams are 
shown in the supplementary materials (SM, Figs. S2 - S13).

A similar approach was used to extract the void-size distribution, 
where the two-dimensional persistence diagrams were analyzed to 
extract only physical voids. By this, we mean that voids inside an 
SiO2 tetrahedron are not considered (no atom can be fit into a SiO4
tetrahedron), and voids with substructure are also excluded. This was 
done by extracting all detected voids and performing the filtration as a 
post-processing step. We emphasize that, for the cavity analysis, atom 
radii obtained from radial distribution functions are used.

Void identification and classification were based on the persistence 
lifetime, defined as the difference between the death and birth scales 
in the H1 persistence diagram. This lifetime quantifies the topological 
stability of each cavity, allowing a consistent discrimination between 
physically meaningful voids and short-lived, non-physical features asso-
ciated with local structural fluctuations. All voids with a corresponding 
equivalent radius smaller than 𝑟0 = 0.5 Å were excluded at each 
pressure. This cutoff, corresponding to the approximate radius of a 
hydrogen atom, removes transient features typically arising within SiO4
tetrahedra or numerical noise in the alpha-filtration. Tests with mod-
erate variations in 𝑟0 confirmed that the resulting pressure-dependent 
trends in void volume and median radius remain unchanged, ensuring 
robustness to the precise filtering threshold.
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Fig. 2. The density change during the cold compression at 300 K compared 
with the experimental data from Refs. [67,68].

Fig. 3. Pair distances as a function of hydrostatic pressure (a) Si–O and (b) 
O–O calculated by fitting the first peak of the pair distribution functions (See 
Fig. S14 in SM) to a skewed normal distribution [69]. Experimental values for 
the Si–O pair distances are also given as a Ref. [48,70–73].

3. Results

3.1. Glass structure evolution with pressure

The effect of hydrostatic pressure on the glass was first assessed by 
tracking the evolution of its density with pressure and comparing it 
with previous experimental studies [67,68]. Fig.  2 shows the density 
change with pressure up to 100 GPa and at room temperature. Initially, 
the density increases steeply with pressure. This increase is almost 
linear up to a pressure of around 18 GPa, followed by a curvature 
that spans between 18 GPa and a pressure of around 50 GPa. Finally, 
the density continues to increase, albeit at a lower rate than before. 
The rate of the change in density is almost identical to experimental 
measurements [67,68].

In Fig.  3, we show data for the Si–O bond length, which was ob-
tained by fitting the first peak of the partial pair distribution function to 
a skewed normal distribution [8,69]. Data from previous experimental 
works [48,70–73] are also included in the same plot. A very good agree-
ment is observed between the current simulation data and previous 
experiments. The Si–O bond length initially decreases with increasing 
pressure up to around 10 GPa and then increases. At around 60 GPa, 
the bond length begins to decrease again, highlighting three distinct 
domains of change as a function of pressure. This indicates the presence 
of different densification mechanisms, where different changes in the 
structure occur. The three domains can be explained by changes in the 
4 
Fig. 4. Pressure dependence of (a) mean Si–O coordination number SiO𝑛, (b) 
the SiO𝑛 species, (c) mean O–Si coordination number, and (d) oxygen species 
in the glasses during compression (bridging oxygen BO, non-bridging oxygen 
NBO, and tricluster oxygen TBO). The average experimental data of the CN of 
Si–O in (a), and CN of O–Si in (c) are from Refs. [74–76].

structure during densification and will be further discussed at different 
structural levels in the following sections. On the other hand, the O–O 
separation distance only decreased with increasing pressure, which is 
a sign of the change and distortion of the silicon-centered polyhedra.

By analyzing the coordination numbers of Si and O, one can gain 
further insights into the short-range structural changes that lead to 
the distinct densification regime of silica glass. Fig.  4(a) shows the 
mean coordination number of Si from our simulations and available 
experimental data [74–76], which is nothing more than the average 
number of O atoms in the first coordination shell of Si atoms. The 
mean Si-O coordination number increases with pressure and exhibits 
three distinct regimes, characterized by a change in the rate of increase. 
These changes in the Si–O coordination number are rationalized by 
probing the partial coordination number, which highlights that for each 
regime, a specific coordination number is dominant (see Fig.  4(b)). 
For pressures below 18 GPa, fourfold coordinated Si atoms are the 
dominant species in the network, and the number of five-fold and 
six-fold Si atoms also exists with a lesser percentage. With a further 
increase in pressure from 18 GPa to around 60 GPa, and entering 
the next regime, the four-fold Si decreases notably, and the five-fold 
coordinated Si becomes the dominant species, with a non-negligible 
fraction of six-fold Si. At pressures higher than 60 GPa, few to no 
fourfold Si atoms exist, and the sixfold coordinated Si atoms are the 
dominant type of polyhedra.

On the other hand, the change in O–Si coordination number is 
also of interest. The mean coordination number of O–Si is plotted 
in Fig.  4(c) alongside experimental values from Lee et al. [76]. The 
experiments and simulations agree very well. The changes of O–Si 
mean coordination number follow the same changes and highlight three 
regimes, which can be explained through the partial O-Si coordination 
numbers (Fig.  4(d)). At pressures lower than 30 GPa, the structure is 
dominated by O coordinated by two Si atoms. From pressures above 
30 GPa, three-coordinated O is the dominant type of O atoms in the 
glass. At very high pressure (𝑃 > 70 GPa), the four-fold coordinated 
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Fig. 5. SiO𝑚–SiO𝑛 sharing modes (a) Corner, (b) Edge, and (c) Face per polyhedron calculated as a function of pressure.
O starts to be non-negligible in the system with a percentage reaching 
values of around 6-7 %, which is consistent with previous experimental 
data [76]. Since the silica glass is a fully connected network of Si 
tetrahedra at room temperature, there are no non-bridging oxygens 
(NBO) in the glass, which makes the average coordination number (CN) 
of Si–O equal to the network connectivity (NC) as well. The NC or CN 
increases from 4 to 5.8 with pressure for silica, due to the emergence 
of high fractions of Si5 and Si6 species.

To gain more insights into the change of the glass structure with 
densification, the connection modes between Si polyhedra are analyzed 
and categorized into three connection modes: corner-sharing, edge-
sharing, and face-sharing. These sharing modes are categorized based 
on the number of BOs shared between adjacent polyhedra: corner-
sharing (1 BO), edge-sharing (2 BOs), and face-sharing (more than 2 
BOs). Fig.  5 illustrates the connection modes between different SiO𝑛
polyhedra, which are corner-sharing (CS), edge-sharing (ES), and face-
sharing (FS). The data is plotted to show the number of specific sharing 
modes per Si polyhedron. At ambient pressure, the network is made 
exclusively through corner-shared Si tetrahedra, which was expected 
from the values of the Si–O coordination numbers. As the pressure 
increases, the changes in the Si–O coordination numbers translate 
into changes in the connection modes between Si polyhedra from 
being simple corner-sharing to more complex behavior (See Fig.  5). 
The number of corner-shared SiO4–SiO4 decreases and disappears at 
a pressure around 40 GPa. An observation worth mentioning is that 
the only connection mode between SiO4–SiO4 is corner sharing, even 
at elevated pressures. Other types of connection modes appear and 
disappear at different pressures, consistent with the abovementioned 
thresholds. Moreover, another noticeable result is that the fraction of 
face-sharing between polyhedra is very low, accounting for less than 
0.2 per Si polyhedron, and is almost all between SiO6–SiO6, which is 
consistent with previous ab initio simulations [77].

3.2. Glass topology

To gain a deeper understanding of the changes that occur during 
densification, the topology of the glass was analyzed using PH, as 
described in the Methods section. Key outputs of this method are 
the persistence diagrams, which are two-dimensional histograms that 
visualize various topological features such as clusters, loops/rings, and 
voids or cavities.

Fig.  6 shows H1 persistence diagrams of the silica glass, which 
describe one-dimensional topological features in the silica network, 
at different pressures during the densification. It is worth reminding 
that the dimensionality of the persistence diagrams is given in terms 
of Betti numbers, which are used to distinguish topological spaces 
based on the connectivity of 𝑛–dimensional simplicial complexes. In 
this notation, H , H , and H  are the persistence diagrams of connected 
0 1 2

5 
components, one-dimensional loops, and two-dimensional ‘‘voids’’ or 
‘‘cavities’’, respectively.

At 𝑃  = 0 GPa, the persistence diagram shows two regions or groups 
of loops. The loops with the early birth time (around 1 Å2) are the 
ones with an equal number of Si and O, making –O–Si–O– rings. This 
indicates that these loops are made through chemically bonded Si–O 
atoms. The other points on the H1 PD, especially the ones along the 
diagonal, are for the loops that are formed by Si and O atoms that 
are not necessarily chemically bonded. The loops can be classified into 
two categories. The first category, which is found at short birth times, 
represents rings of interest, whose histograms are shown in Fig.  7. The 
others, which are located near the diagonal of the PD are mainly the 
loops found within those rings ‘‘sub-loops’’.

With increasing pressure, both the histograms of birth times and 
death times of the loops shift towards lower values, indicating the 
formation of fewer loops in general and smaller loops in particular. 
This significant change that occurs to the characteristic islands makes 
them coalesce and merge. We note that the ‘‘islands’’ refer to clusters 
of persistent features corresponding to the chemically bonded rings 
found at early birth times. In contrast, the ‘‘broad diagonal region’’ 
corresponds to transient loops formed by non-bonded atoms. At the 
same time, new regions emerge, including an island near the death axis, 
accompanied by a region containing 2-membered loops indicative of 
edge-sharing between polyhedra and consistent with increased edge-
sharing observed in Fig.  5(b). Concurrently, the broad diagonal region 
differentiates into three distinct distributions: a region near the origin 
containing O–Si–O entities, a high-birth region primarily composed of 
three-membered oxygen loops, and an intermediate region with mixed 
loop compositions. The insets in Fig.  6 highlight the different types of 
rings found in the glass at different pressures, including the edge shared 
polyhedra, which are not considered as rings.

Fig.  7(a–c) shows ring size distribution found from the H1 PD 
and compared to the one calculated using the Guttman algorithm, as 
implemented in sovapy [78], at selected pressures. At 𝑃 = 0 GPa, 
the ring-size distributions found from both methods are slightly dif-
ferent, where the rings extracted from the PD have larger sizes (8- 
and 9-membered rings) compared to the ones obtained from Guttman 
algorithm. The deviations persist at elevated pressures, and a noticeable 
increase of the population of small rings (3-membered rings) increases 
tremendously. This translates to a decrease of the mean ring size with 
pressure from values around 6 to values around 4 (See Fig.  7(d)). It is 
worth mentioning that the data of the mean ring size is consistent with 
the model suggested by Franzblau [79,80].

Since, at room temperature, the glass density is considerably lower 
than that of a SiO2 crystal (e.g., 𝛼−quartz has a density of 2.648 
g/cm3), there must be a type of free volume that exists in the glass. 
The latter is found in the form of voids or cavities that exist within the 
network. Similarly to the rings that we were able to extract from the 
one-dimensional persistence diagrams, the void size distribution will be 
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Fig. 6. One-dimensional persistence diagram of silica glass at (a) 0 GPa, (b) 30 GPa, (c) 60 GPa, and (d) 100 GPa. The insets show representative loops detected 
from the persistence diagrams with their birth–death coordinates, where Si atoms are shown in Brown and O atoms in Red. The persistence diagrams are calculated 
by setting the radius of both Si and O to 𝑟 = 0 Å. The elliptic region in red highlights the location of the chemically bonded loops.
extracted from the two-dimensional persistence diagrams at different 
pressures. The two-dimensional persistence diagrams H2 for selected 
pressures are shown in Fig.  8. These H2 diagrams reveal details about 
the behavior of the interstitial space within the glass structure.

At 0 GPa, the birth and death of the H2 diagram show a broad 
distribution ranging from 2.5 to 10 Å2. A very high density is found 
along the diagonal, where voids or cavities that have a very small 
life times are found, with the lifetime 𝑙 of a cavity is defined as (𝑙 =
𝑑𝑖 − 𝑏𝑖), where 𝑑𝑖 is the death time of a cavity 𝑖 and 𝑏𝑖 is the birth 
time of the same cavity. These small lifetime-detected cavities are not 
physically meaningful voids. They are either voids within polyhedra or 
voids that are not formed through chemically bonded atoms and are 
therefore not considered in further analysis. As the pressure increases, 
the distribution of birth and death times becomes narrower and shifts 
towards smaller values, and the lifetime of the cavities also decreases. 
At 100 GPa, very small to almost no cavities exist anymore. This trend 
of the H2 diagrams with pressure is consistent with the intuition that 
suggests that the voids will shrink and disappear with increasing pres-
sure. Moreover, new distinct domains emerge with increasing pressure, 
corresponding to the different regions related to the face-sharing mode 
between polyhedra.

To further analyze the data from the H2 diagrams, the coordinates 
of atoms at the edges of the detected cavities are extracted and filtered 
according to the criteria defined in the method section. It is worth 
emphasizing that we analyzed only the primitive voids, excluding 
those with child structures. This ensures the exclusion of both inter-
nal substructures, thereby isolating only interstitial spaces. Volumetric 
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quantification of these voids was performed using the ConvexHull 
algorithm (scipy module) [82], which determines the minimal convex 
polyhedron encompassing each void. A histogram of the void volume 
is then plotted in Fig.  9(a). The void volume at almost all pressures 
follows a skewed distribution with a long tail, indicating the presence 
of relatively large voids in the structure. The obtained void size distri-
bution is in fact in agreement with the void-size distribution obtained 
from the RINGS code [83] as shown in SM Fig. S16 and previous 
studies [42,84]. The differences that might be noticeable compared 
to previous papers stem from the methods used, which determine the 
void size distribution using a predefined criterion. However, the voids 
identified using PH are topologically grounded voids within the glass 
structure, and the filtering criterion is used only to remove nonphys-
ical voids. The volume distribution shifts towards smaller volumes as 
pressure increases, approaching a delta function at very high pressures, 
indicating that very few voids are present at such pressures and can 
be ignored. Moreover, for better comparison with data found in the 
literature, where the void-size distribution is usually reported as a 
function of the void radius, we plotted in Fig.  9(b) the mean void 
radius at different pressures. As intuitively expected, it decreases with 
increasing pressure. The mean void radius was calculated from the 
volume distribution, assuming that the voids are spherical, although 
in reality, they are not. Moreover, to add weight to the assumption 
of the sphericity of the voids, we quantified their shapes using the 
sphericity metric computed on cavities 𝛹 = 3

√

𝜋(6𝑉 )2∕𝐴, with 𝑉  and 
𝐴 being the convex-hull volume and the surface area. The closer the 
value is to 1, the more spherical the void is. The resulting 𝛹 values 
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Fig. 7. Ring-size distribution obtained using Guttman criterion [81] and the one obtained from persistence diagram H1 from three selected pressures (See Fig. S15 
in SM for the ring-size distributions at different pressures). (a) For the pressure-free silica glass model, (b) and (c) are for silica glass at pressures of 30 and 
60 GPa, respectively. (d) The mean ring size (MRS) variation as a function of pressure during compression.
cluster around 0.73 with a narrow spread, indicating compact though 
not perfect shapes. This level of compactness supports the use of the 
equivalent-sphere radius, which provides a consistent, low-bias scalar 
descriptor of cavity size. The spatial distribution of such voids is shown 
in Fig.  10 for four selected pressures and shows that the number of 
voids decreases with increasing pressure.

The data is further compared to the results obtained from the 
literature. Using statistical thermodynamic analysis of experimental 
solubility data, Shackelford and Masaryk [85] found a mean void size 
of 1.96 Å. This is found to be roughly 25% higher than the values 
found using the analysis of H1 diagram at 0 MPa. Moreover, previous 
simulations of Malavasi et al. [42] and Zhang et al. [86] found a 
distribution with a mean void size of around 1.1 Å (≈ 20% lower than 
our results at 0 MPa) for silica glass and 1.2 Å for silica melt at 4000 K, 
respectively.

4. Discussion

The structure and topology of silica glass subjected to cold compres-
sion were investigated at short- and medium-range orders. The results 
were compared to experimental data when available and showed a very 
good agreement. Significant changes to the glass structure and topology 
were caused gradually by the pressure. A transition from tetrahedral 
to octahedral glass network was observed with increasing pressure, in 
which the network becomes dominated by six-fold coordinated Si atoms 
instead of four-fold coordinated Si atoms at low pressures, leading to an 
increase in network connectivity and compactness of the sample. This 
transition is accompanied by a change of the Si–O bond length, which 
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decreases, then increases, and finally decreases again, which is in agree-
ment with previous simulations [8,28] and experiments [48,70–74,87]. 
The initial decrease of the bond length is due to the decreased size of 
SiO4 tetrahedra, which is supported by the fact that the network is still 
made out of ≈ 85% of SiO4. The transition regime is characterized by 
an increase in the population of the SiO5 and an increase in the Si–O 
bond length. The increased bond length is mainly due to the presence 
of SiO5 and SiO6 in the network, which have longer bond lengths than 
SiO4. At even larger pressure where the structure is dominated by SiO6
and SiO5, the bond length decreases with pressure, which is due to the 
shrinkage of the SiO6 and SiO5 polyhedra [88–90].

The pressure-induced changes at the scale in which two tetrahedra 
are involved (near medium-range order). For pure silica at ambient 
conditions, only corners shared tetrahedra are expected, however, as 
the pressure increases there will be changes to the electronic structure 
of the atoms (although not directly accessible from our simulations) and 
the nature of bonding between Si and O will be affected, where it will 
become more ionic as was highlighted before by Hasmy et al. [77] using 
ab initio-based calculations of compressed silica glass. These changes in 
bonding enhance the coordination of Si atoms, which in turn lead to a 
change in the connectivity type between SiO𝑛 polyhedra, from corner-
sharing to more complex edge- and face-sharing. These changes at the 
short-range and polyhedral connectivity have consequences on the ring-
size distribution. The ring-size distribution as plotted in Fig.  7 was, as 
intuitively expected, shifting towards lower values as the large rings 
will collapse into smaller rings with the increase of the pressure.

The size distribution of voids and their spatial distribution in the 
glass network are crucial aspects of the structure that are not widely 
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Fig. 8. Two-dimensional persistence diagram of silica glass at (a) 0 GPa, (b) 30 GPa, (c) 60 GPa, and (d) 100 GPa. The insets show representative enclosed 
voids detected from the persistence diagrams with their birth–death coordinates. Si atoms are shown in Brown and O atoms in Red. The persistence diagrams 
are calculated by setting the radius of both Si and O to 𝑟 = 0 Å.
Fig. 9. (a) Voids-size distribution extracted from the H2 diagrams. (b) The 
mean void radius as a function of the pressure. The inset of in (b) show the 
average sphericity of the voids in the system with the shaded area being the 
standard deviation of the distribution.

discussed in the literature, except for the few papers introduced in 
the introduction. The void-size distribution was calculated from the 
persistence diagrams by filtering for only physical voids, as described 
above. As intended, the void size distribution decreases with increasing 
pressure until no statistically significant voids remain in the sample. 
This is a direct consequence of the densification and the compactness 
of the network. Moreover, the void radius calculated from the H2 PDs is 
consistent with the void radius found experimentally using positron an-
nihilation [84,91], estimates from gas solubility experiments [85,92], 
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and previous MD simulations [42,86,93]. The discrepancies between 
the simulations and the experimental data can be attributed to the 
fact that in experiments, glasses are usually not defect-free, as large 
voids can form during cooling. In simulations, the high quenching rate 
leads to a higher fictive temperature and greater local disorder than in 
experiments. However, the creation of extended voids is restricted by 
the small system size of the MD samples compared to the experimental 
ones.

It is worth stressing that PH calculations for MRO analysis are 
sensitive to the initial weight parameters [65,94]. In our analysis of 
chemically involved loops, we made the nonphysical assumption of 
equal radii (0 Å) for Si and O atoms, which resulted in an isolated 
island of chemically bonded loops (both reducible and irreducible) at 
0 GPa, which made it easy to detect such an island visually. However, 
even when choosing proper radii, as those obtained from the radial 
distribution function, the ring size distribution is not affected and can 
also be extracted. Moreover, this study demonstrated that PH can be 
used to extract voids directly from atomistic configurations of oxide 
glasses. Although the focus was not on providing a fully optimized 
methodology, we established the feasibility of mapping topological 
signatures to physically interpretable cavities. By bridging PH with 
geometric reconstruction, we show that it is possible to identify voids 
and quantify their properties beyond indirect descriptors such as free-
volume fractions or pore-size distributions. These PH-based descriptors 
(loops and cavities) are ideal features for machine learning algorithms, 
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Fig. 10. Spatial distribution of the cavities detected from the H2 diagrams at different pressures. 
which can be utilized for high-throughput screening of multicomponent 
glasses with targeted medium-range structures for specific applications, 
such as energy storage.

5. Conclusions

In conclusion, PH was used to extract the void-size distribution 
using a model network of glass. The pressure was used to tailor the 
topology of the glass and to alter the voids in the network, providing a 
test for validating the method used.

The ring-size distribution was also extracted from PD diagrams, and 
a major change to the distribution of ring sizes is observed with varying 
pressures. With increasing pressure, the glass network becomes mainly 
made through small-ring sizes, which was observed by the reduction of 
the lifetime of the rings, suggesting that the densification of silica glass 
is dominated by ring size reduction, which could be general for other 
silicate glasses as well [48].

Our analysis extended to H2 diagrams to statistically determine 
the distribution of cavities in silica glass. This approach yields better 
results compared to conventional methods in the literature, which 
often lack standardization due to their reliance on inserted initial 
spheres for estimating void radius distributions and their inability to 
account for varying coordination numbers in ionic radii calculations. 
The PH calculation circumvented these limitations, though at the cost 
of increased computational time, which can be improved with proper 
parallelization. Only cavities meeting specific criteria were selected for 
analysis and discussion. These cavities were the ones that we speculated 
about in a realistic glass model. This work not only validates the 
application of topological data analysis in materials science but also 
opens new avenues for investigating the relationship between topology 
and physical properties in glass systems under extreme conditions. This 
is enabled by our successful extraction of cavities from the persistence 
diagrams, complementing coordination numbers and ring statistics, 
which can be used to extract the void location, shape, and void-size 
distribution in other amorphous samples such as glassy metal–organic 
framework (g-MOF) [95] and allow for accelerated rational design of 
new amorphous materials.
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