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A B S T R A C T

The anomalous behavior displayed by silicate liquid/glass is a long-standing issue in physics, earth sciences, and
glass technology. One such well-known unusual behavior is the contrary pressure dependence of silica-rich
liquids on transport coefficients in comparison to other liquids. To investigate the origin of this anomalous
behavior of silicate liquids, several analyses are newly developed and applied to molecular dynamics simulations
of sodium silicate liquids. The cluster analyses performed on an SieO network and simplex sphere reveals
obvious structural changes arising as a function of pressure and composition. At lower pressure and/or low silica
content, all simplex oxygen spheres containing the modifier cations are connected together, and multiple SieO
networks exist in the liquid structure. In contrast, at high pressure and/or high silica content, all SiO4 tetrahedra
belong to a single cluster, and the cluster of simplex oxygen spheres containing the modifier cations is split into
multiple clusters. The collective function, which is found to decrease with increasing pressure, reveals the
pressure dependence of the dynamic structure. This change represents a change in the diffusive motion from
large-group diffusion to small-group diffusion for the SieO network. The complexity factor enables us to analyze
the changes in the network structure. The decrease in the complexity factor of sodium disilicate liquids with
increasing pressure represents an increase in the complexity of the SieO network, mediated by the formation of
additional connections with other domains via ring-opening reactions. These analyses reveal the pressure- and
composition-dependent changes in the dominant network in silicate liquids. When the network of corner-sharing
SiO4 tetrahedra is the dominant species in silicate liquids, the SieO bonds become weaker as a result of the
SieOeSi angle bending, and the shear viscosity decreases with increasing pressure. In contrast, the transport
coefficients show normal pressure dependence when the cation domain is fully connected in silicate liquids.

1. Introduction

Silicate glasses/liquids exhibit various types of peculiar behaviors
that arise from their network structures, which comprise a corner-
sharing SiO4 tetrahedra. For instance, the velocity of shear and long-
itudinal acoustic waves in silica glass decreases with increasing pres-
sure up to 6 GPa [1]. Further, silica glass quenched at 10 GPa displays
different compression curve compared to that of silica glass quenched at
ambient pressure [2]. Wakabayashi et al. [3] reports that the plasticity
of silica glass is enhanced at 8–10 GPa. These phenomena occur in a
pressure region that is lower than the pressure region associated with
changes in the Si coordination number [4]. This type of “softening”
behavior also appears in the molten state. The pressure dependence of
the shear viscosities of silicate liquids with low basicity decreases with
increasing pressure, whereas the dependence of silicate liquids with
high basicity increases with increasing pressure up to certain threshold

value [5,6,7,8]. Till date, a number of experimental studies focusing on
the structural analyses of silicate liquids and glasses have been con-
ducted. X-ray diffraction studies reveals that the SieO distance remains
constant up to several GPa, whereas the SieSi distance decreases as the
pressure increases [4,9]. Nuclear magnetic resonance (NMR) spectro-
scopy studies of glass quenched under pressure showed that Si species
with a higher coordination number typically appear above 5 GPa
[10,11].

Recently, we proposed [12] a mechanism for the pressure-induced
softening of silicate liquids and examined the differences in pressure
dependence using force-field (FF) MD simulations. In this previous
work, structural transformation from an ionic to network liquid was
observed with increasing pressure or silica content. In the ionic liquid,
the network was relatively isolated and simple diffusion of large silicate
anions was the dominant process, although their motion was hindered
by compression. In the network liquid, in contrast, a small portion of
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the network comprising the corner-sharing SiO4 tetrahedra was able to
diffuse through bond exchange because of the developed network.

MD simulations are widely used to study silicate liquids
[13,14,15,16] because they allow the atomistic structure to be ex-
amined directly as well as the trajectory of all atoms. The Born–Op-
penheimer MD (BOMD) and the Car–Parrinello (CPMD) simulations are
physically convincing and transferable for various systems because the
inter-atomic interactions in these simulations are derived from elec-
tronic structures calculated using the Schrödinger equation. However,
both the number of particles in systems that can be examined and the
simulation time are limited because of the high calculation cost of these
simulations. In contrast, FFMD simulations can handle a larger number
of atoms (larger by several orders of magnitude) and nanosecond dy-
namics because FFMD simulations use model inter-atomic potentials. In
this study, I will present results that clarify the structural transforma-
tion from ionic to network liquid in a sodium silicate system obtained
using a newly developed analysis method.

2. Computational methods

MD simulations of Na2O･nSiO2 liquids (n = 1, 2, 3, and 4) were
performed using MXDORTO code [17]. Hereafter, we denote
Na2O･SiO2, Na2O･2SiO2, Na2O･3SiO2, and Na2O･4SiO2 liquids as NS1,
NS2, NS3, and NS4 liquids, respectively. Utilizing well annealed
structures comprising approximately 8000 atoms, constructed by Nor-
itake and Kawamura [12], the production runs were performed under
microcanonical ensemble with a time interval of 0.5 fs for 2 ns in the
pressure range of 0.1 MPa to 10 GPa (every 1 GPa) and temperature of
1873 K. The runs were performed using a potential model, which pro-
vides semi-quantitative reproduction of the structures of various silicate
crystals and the qualitative reproduction of the pressure dependence of
transport properties obtained by experiments. The inter-atomic poten-
tial form for two body interaction is written as follows:
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where rij is the distance between atoms i and j. The first term is the
Coulombic interaction, where z is the formal charge, ε0 is the dielectric
constant of vacuum, and e is the elementary charge. The second term is
the short-range repulsion term, where ai and bi are parameters, and f0 is
a force constant. The third term is for the van del Waals interaction with
parameter ci. The fourth and fifth terms are the radial part of covalent
interaction, with the parameters D and β. In addition to the two-body
term, the following three body term for Si–O–Si angle was also used and
written as follows:
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where θkij is the angle among the atoms k-i-j, f, θ0, gr, and rm are the
parameters. Precise information for the potential model and parameters
has been reported previously [12,17]. The lengths of the unit cell sides
were in the range of approximately 46–51 Å.

In this work, I perform cluster analysis of simplex sphere and SieO
network. The simplex sphere, based on the Delaunay triangulation, is
defined as the sphere that passes through four atoms of the same ele-
ment type, and contains no other elements of the same type within it
[18]. The simplex cluster is defined as the set of connected simplex
spheres, where the simplex connection is defined by the sharing of in-
cluded atoms. In this study, I focus on the simplex sphere that comprises
sodium atoms that are surrounded by oxygen atoms. Hereafter, I denote
this simplex sphere as the NaO simplex sphere. The SieO network

cluster is defined as the set of connected SiO4 tetrahedra with shared
oxygen atoms. The cutoff length for the analysis of the SieO network
was set to 2.5 Å.

To analyze the collective motion of atoms, I define the collective
function, gcl(r, t) as follows:
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where r is radius, t is time, δ is Dirac's delta, r is position of atom at
certain time, t0 is initial time and symbols< and> indicate inner
production. Parameter gcl will be larger when the two atoms at a certain
distance r apart move in a similar direction after certain time t. The
parameter gcl will converge to zero when the two atoms move in-
dependently from each other. In other words, the large values of gcl
indicate collective motions (see Fig. 5 of [19]). In this study, gcl is
calculated with respect to the SieSi pair.

Network complexity of the SieO network, c(i) is defined as follows:
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where i is the number of steps to the next Si via bridging oxygen atoms,
PA is number of the total path after i steps, and PR is number of the
returning path to the initial Si atom. Cutoff distance for SieO bonding
was set to 2.5 Å.

3. Result and discussion

Fig. 1 displays the snapshot of MD simulations showing exclusively
Si and O atoms. Only atoms that have fractional coordinate of axis
perpendicular to the paper larger than 0.7 are shown. The SiO4 tetra-
hedra are colored differently according to the cluster to which their
central Si atom belongs. Interestingly, sub-networks were observed in
the NS1 liquid, whereas no sub-networks were detected in NS3 and NS4
liquids. Few sub-networks were observed in sodium disilicate liquids.
Fig. 2 shows NaO simplex spheres color-coded by their clusters. Only
simplex spheres those were located at positions with fractional co-
ordinates of axis perpendicular to the paper larger than 0.7 are shown.
The results showed that only a single main cluster exists in NS1 liquid at
ambient pressure. Similarly, such main clusters dominated the popu-
lation in the NS1 liquid at high pressure and NS2 liquid at ambient
pressure. With increasing pressure and/or increasing SiO2 content,
however, the main clusters were torn into sub-clusters. Statistical data
obtained for the NaO simplex sphere cluster analysis are summarized in
Fig. 3. Fig. 3a shows the cumulative relative frequency of the product of
the size of cluster, Scl, and the number of the cluster, N(Scl), versus the
size of the cluster, Scl, as a function of the SiO2 content. All NaO simplex
spheres were connected with each other in the NS1 liquid, whereas the
SiO2-rich liquids contained sub-clusters. The proportion of sub-clusters
was found to increase with increasing SiO2 content. This analysis sup-
ports the 2D modified random network model for oxide glass proposed
by Greaves [20], where the domain structure is composed of modifier
cations. The analysis showed that the domain of the modifier cations
was fully connected in the NS1 liquid. However, the domain was dis-
connected when the SiO2 content increased. Pressure dependence of the
cluster distribution in the NS2 liquid is shown in Fig. 3b. The proportion
of sub-clusters in this case was found to increase with increasing
pressure. The rate of increase was saturated up to 4 GPa but increased
continuously above 4 GPa. Finally, the distribution observed at 8 GPa
was similar to that determined for NS3 at ambient pressure.

Fig. 4a and b show the collective function, gcl(r, t), for the SieSi pair
of the NS2 liquid as a function of radius, r, at ambient pressure and
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