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Formation of triclusters in silica melt under high pressure
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Silica (SiO2) is the major glass-forming material, and the structures of silica glass and melt have been extensively
studied using X-ray and neutron diffraction techniques. The diffraction data of silica glass and melt show the
first sharp diffraction peak (FSDP) at Q ³ 1.5¡¹1, which is a signature of intermediate-range order. In this
study, we performed classical molecular dynamics (MD) simulations at 2000K and 5GPa to understand the
behaviour of the diffraction peak associated with the modification of intermediate-range order. The high-
pressure melt data obtained show the decrease in the height of FSDP with a shift of the peak position to the high-
Q side in X-ray diffraction data, although the average coordination number of four was maintained. In addition,
we observed the formation of OSi3 triclusters, which share an oxygen atom with a SiO4 tetrahedron. This
unusually dense packed atomic arrangement is the result of high pressure and is associated with the very sharp
principal peak observed at Q ³ 3¡¹1 in the O–O partial structure factor derived by MD simulation.
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Glass is abundant in nature and has been manufactured
by humans for more than 3000 years. Glass has evolved
from basic structural materials such as art objects and
window glasses to advanced electronic products, bio-
logical products, photon products, and functional materials
such as mass-produced window and fibre glasses. Silica is
the main oxide material for window, optical, and fibre
glasses. The atomic structure of silica glass has been ex-
tensively studied using quantum beam (X-ray and neu-
tron) diffraction techniques because the diffraction data
are very sensitive to the intermediate-range order.1–10)

Silica glass and melt exhibit a first sharp diffraction peak
(FSDP)1–5,11,12) at Q ³ 1.5¡¹1 in both X-ray and neutron
diffraction data. The FSDP is a signature of intermediate-
range order manifested by a periodicity of 4¡ and a co-
herence length of 10¡.5) The peak position and height are
significantly affected by temperature and pressure. Many
diffraction studies of silica glass under the conditions
ranging from ambient temperature/pressure to high pres-
sure,11–22) have been reported, but we are not aware of
diffraction data of silica melt under high pressure/tem-
perature due to experimental difficulties. The structural
changes of silica melt under compression have been re-
vealed by classical or first-principles molecular dynamics
(MD) simulations.23–25)

In this article, we report the results of classical MD
simulation of silica melt to understand the behaviour of
diffraction peaks associated with the modification of

intermediate-range order under high pressure in compar-
ison with previously reported X-ray diffraction12) and MD
simulation26) data of silica melt at ambient pressure and
hot-compressed silica glasses.22)

MD simulations of the SiO2 melt were performed using
the Large-scale Atomic/Molecular Massively Parallel Sim-
ulator code.27) The number of particles was 30000. We
employed the empirical force field developed by Guillot
and Sator28) with the NPT ensemble. The pressure was kept
at 5GPa and the temperature at 2000K. The atomic number
density was 0.08635¡¹3. Ewald summations were used
to evaluate long-range Coulombic interactions. Periodic
boundary conditions were imposed in the simulations, and
the time step was 1 fs. The simulations were started with
random configuration and velocity. We first ran calculations
for 50 ps at 5GPa and 3000K. The system was then cooled
to 2000K for 10 ps and relaxed for 50 ps.
Figure 1 shows the X-ray structure factor S(Q) of silica

glass at ambient pressure together with the X-ray S(Q) of
silica melt at ambient pressure and 5Gpa. Experimental
data of both silica glass (blue)29) and melt (cyan)12) under
ambient conditions show prominent FSDPs at Q ³
1.5¡¹1, although the peak height of the melt is smaller
than that of the glass owing to the high temperature. The
MD data reported by Takada et al. (red)26) is in very good
agreement with the experimental data (cyan) reported by
Skinner et al.12) Our simulation data (black) for the high-
pressure melt shows an FSDP at Q ³ 1.9¡¹1, which is a
higher Q value owing to the high pressure (27% densi-
fication), but the peak height of the high-pressure melt is
identical to that of the ambient-pressure melt.
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Figure 2(a) shows the partial pair distribution functions
gij(r) of silica melts obtained by MD simulation. Both the
ambient- and high-pressure melts show a prominent Si–O
correlation peak at 1.6¡, but the peak width decreases in
the high-pressure melt owing to the high pressure. Indeed,
the average Si–O coordination number for both melts is
approximately four. The Si–O correlation of the ambient-
pressure melt shows a zero-correlation region at 2.2–2.8¡,
but this region almost disappears in the high-pressure melt.
The O–O gij(r) of the two melts are identical because the
intratetraheral O–O correlation is dominant in real space,
whereas the Si–Si gij(r) of the two melts are significantly
different because the Si–Si correlation describes the corre-
lation of the centres of SiO4 tetrahedra, which is significant-
ly modified because of cavity squeezing22) by densification.

Figure 2(b) shows the partial structure factors Sij(Q) of
silica melts obtained by MD simulation. The three Sij(Q)
have a positive peak at the FSDP position, which is in line
with the behaviour of the glass under ambient condi-
tions.5,22) They show the peak shifting to the high-Q side
under high pressure similarly to the FSDP of X-ray S(Q)
shown in Fig. 1, but show a sharp constant in the high-
pressure melt: both the heights of the Si–O and O–O
FSDPs decrease, whereas that of the Si–Si FSDP in-
creases. This behaviour is identical to that of hot com-
pressed glass as reported by Onodera et al.22) In addition, a
positive principal peak (PP)2) is found for Si–Si and O–O
Sij(Q), while a negative PP is found for Si–O Sij(Q) at
Q ³ 3¡¹1. According to Zeidler and Salmon, the PP ob-
served in neutron diffraction data reflects the packing frac-
tion of the oxygen atoms because neutrons are sensitive to
the O–O correlation.30,31) This behaviour suggests that a
large difference in the height of the PP in O–O Sij(Q) re-
flects the difference in the packing fraction of the oxygen
atoms associated with cavity squeezing22) by densification.
We also suggest that the negative PP in Si–O Sij(Q) reflects
the zero-correlation region in Si–O gij(r) in Fig. 2(a)
caused by the chemical difference between silicon (four-
fold) and oxygen (twofold) atoms.
Figure 3 shows the bond angle distributions (BADs) of

the silica melts obtained by MD simulation. O–Si–O BAD
shows the symmetry of SiO4 tetrahedra, suggesting that this
symmetry is maintained in the high-pressure melt. A peak
observed at 60° of O–O–O BAD reflects O–O–O triangles
in a SiO4 tetrahedron and intertetrahedral O–O–O correla-
tion.32) The difference between ambient- and high-pressure
melts is small. The profiles observed at angles greater than
80° reflect intertetrahedral O–O–O correlation, in which a
significant difference is observed. Si–Si–Si BAD reflects
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Journal of the Ceramic Society of Japan 133 [6] 242-245 2025 JCS-Japan

243



the symmetry of intertetrahedral Si–(O)–Si4 hypertetrahe-
dra.21,22,30) The symmetry of hypertetraheda of ambient-
pressure melt is far from that of the regular tetrahedra of
silica glass,22,32) and the symmetry is broken in the high-
pressure melt similarly to the glass under high pressure as
reported by Kono et al.21) Si–O–Si BAD reflects the
intertetrahedral correlation and has been extensively
discussed.33) The ambient-pressure melt has a peak at
³150°, whereas the high-pressure melt does not have a
well-defined peak. This behaviour is similar to the differ-
ence between pristine and hot-compressed glasses,22) and
far from the recent results obtained by machine learn-
ing MD simulation, which shows a large difference in peak
position between pristine and hot-compressed glasses.34)

O–Si–Si BAD also reflects intertetrahedral correlation, and
the peak heights observed at ³15° and ³105° decrease in
the high-pressure melt, which is consistent with the behav-
iour of the hot-compressed glass.22) O–O–Si BAD reflects
both intra- and intertetrahedral correlations, which shows
significant differences between ambient- and high-pressure
melts. The peak profile of the ambient-pressure melt is
identical to that of the hot-compressed glass reported by
Onodera et al.,22) but that of the high-pressure melt is very
different from that of the hot-compressed glass. The peak
observed at ³30° indicates the intratetrahedral O–O–Si
correlation, the peak height of which is smaller in the high-
pressure melt than that in the ambient-pressure melt.
However, the peak profile in the large-angle (>60°) region
of the high-pressure melt, which is considered to indicate
the intertetrahedral O–O–Si correlation, is far from that
of the ambient-pressure melt. This behaviour is similar
to that of O–O–O BAD, and understanding O–O–Si and
O–O–O BADs is important to understand the structure of
the high-pressure melt.

On the basis of the above discussion, we attempted to
analyse the intertetrahedral correlation. We calculated the

fraction of OSi3 triclusters in the melts and found that it is
only 0.3% in the ambient-pressure melt, but it is approx-
imately ten times higher in the high-pressure melt. The
typical local atomic arrangement of an OSi3 tricluster
combined with a SiO4 tetrahedron is illustrated in Fig. 4.
Note that the number of silicon atoms around the silicon
atom in the centre of the SiO4 tetrahedron is five, although
the number of bridging oxygen atoms around the silicon
atom in the centre of SiO4 tetrahedron is four. The forma-
tion of the tricluster is out of Zachariasen’s rule,35) where
oxygen atoms should be twofold, and we suggest that this
unusual atomic arrangement in silica melt is induced by
high pressure. It is also shown that this highly densely
packed atomic arrangement is associated with the very
sharp PP in the O–O Sij(Q) observed at Q ³ 3¡¹1 in
Fig. 2(b). In addition, this atomic arrangement is consis-
tent with the “zip model” proposed by Zeidler et al.18) for
silica glass under high pressure at room temperature.
In this article, we have presented the results of classical

MD simulation of the silica melt under high pressure.
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Fig. 4. Typical atomic arrangement formed by the combination
of a SiO4 tetrahedron and an OSi3 tricluster. Only the highlighted
oxygen atom forms a tricluster.
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The comparison with the ambient-pressure melt and hot-
compressed glass is very useful for understanding the
effect of pressure on the intermediate-range order of the
melt manifested by FSDP and PP in diffraction data. We
found a very unusually densely packed atomic arrange-
ment in the high-pressure melt, and it is likely that such
an arrangement is also observed in amorphous alumina
(Al2O3) because it has a large number of triclusters.36) We
also suggest that this atomic arrangement indicates the
onset of the transformation from four- to five- and sixfold
Si–O polyhedra through the recombination of Si–O bonds.
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