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High-pressure densification of amorphous silica
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Molecular-dynamics simulations using a recently proposed two-body potential were employed to
study the structure of amorphous SiO, at ambient pressure and the densification that occurs at high
pressure. The structures obtained at ambient conditions are in good agreement with experiment. The
oxygen coordination number about silicon atoms in the network increases from 4 to about 5 in the ma-
terial taken to 15 GPa and reaches 6 at high pressures. A densification with a volume reduction of about
20% was calculated for samples subjected to pressures of 15 GPa and higher and then recovered at 1
bar. The transformation is primarily driven by the increased stability of the higher Si-O coordination at
high pressures. The oxygen coordination number of amorphous SiO, is calculated to be about 4.2-4.4
for samples recovered from 15-20 GPa. The calculations suggest that a new crystalline phase is formed

at about 100 GPa.

I. INTRODUCTION

Amorphous SiO, (a-SiO,) is an important prototype
material for the study of network glasses. The structure
and dynamical behavior are not yet fully understood,
however. The reason for the incomplete understanding
of this material is that it is experimentally difficult to
monitor the short-, medium-, and long-range order in
disordered materials using the common experimental
techniques. Infrared and Raman spectroscopy can yield
information about the short-range order and diffraction
methods also characterize short-range order, but it is
difficult to apply these techniques with high accuracy at
elevated pressures or on microscopic samples. To this
end, molecular-dynamics (MD) methods have been em-
ployed to model the structure of amorphous SiO, and to
further the understanding of the process of densification
in this material.

In the last 15 years, a number of MD and Monte Carlo
(MC) studies of amorphous SiO, have been reported.! ™’
The first was by Woodcock, Angell, and Cheeseman,!
who used an empirical two-body potential to obtain re-
sults which were in apparent agreement with experiment
at ambient pressure. These calculations and others re-
quired the assumption of the correct density and made
use of the (N, V,E) or (N,P,H) ensemble. Later investi-
gators indicated a two-body potential, because of the co-
valent nature of the bonding, is not adequate to give de-
tailed structural properties and that three-body forces are
required.'!! These potentials accurately reproduce the
structural properties of a-SiO, at moderate pressures and
provide important insight into the topological changes
occurring in the four-coordinated glass. In most cases
the three-body potentials used for simulations of amor-
phous SiO, were parametrized only for fourfold oxygen
coordination about the Si atoms and therefore were not
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appropriate to describe the densification that is observed
in this material. Very recently, two two-body potentials
based on quantum mechanical calculations have been
proposed which were shown to quite adequately describe
both the four- and six-coordinated structures in po-
lymorphic forms of Si0O,.'>!3 In particular, the potential
of van Beest, Kramer, and van Santen has been used to
obtain the structural changes in a-quartz and to yield the
mechanism for pressure-induced amorphization.'* This
advance has stimulated several recent studies on the
structure and dynamics of SiO, at ambient and high pres-
sure.’>”2* An outstanding problem is that of the amor-
phous form of SiO,, where a densification has been ob-
served and the dense amorphous material can be
recovered at ambient pressure. This is analogous in some
respects to the densification that has been observed in
amorphous ice, which can be prepared by pressurizing
the material made by vapor deposition of water or an-
nealing of high-density amorphous ice.?*?* In view of
the successes in the application of MD methods to the
mechanism for pressure-induced amorphization of a-
quartz and ice’® using two-body potentials, the
densification of a-SiO, has been examined with the goal
of obtaining an understanding of this phenomenon at the
atomic level. Recently, the structure of a recovered
densified a-SiO, has been studied by both MD calcula-
tions and neutron diffraction.?’” However, the MD calcu-
lations were performed on an amorphous structure ob-
tained by quenching a high-density melt from 3000 K. It
should also be noted that have been several other impor-
tant MD and MC studies on the structure and dynamics
of a-SiO, (Refs. 11 and 20-23) at high pressure. These
studies did not deal specifically with the densification
process and the structures of the recovered phase as a
function of applied pressure which are the main points
addressed in this study.
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II. COMPUTATIONAL METHODS

Molecular-dynamics simulations were performed on a
model system containing 216 SiO, units. The potential
used is due to van Beest, Kramer, and van Santen!? and is
of the form

q’ij:qx‘qj'/rij+AijeXP("bij"ij)_Cij/’S‘ ’

where g; and g; are the atomic charges, r;; the interatom-
ic distance, and 4, b;;, and c;; are the force-field param-
eters. The Nosé isothermal-isobaric ensemble was used
for the calculation of the equation of state.?®?° Integra-
tion time steps of 1-1.5 fs were used and the long-range
electrostatic interactions were calculated using the Ewald
method.’® Amorphous SiO, was prepared by first melt-
ing an equilibrated a-cristobalite sample at 7000 K.*!
The sample was then cooled successively for 4 ps at 3000,
1000, 600, and finally to 300 K to yield an annealed
amorphous structure. The amorphous phases obtained at
ambient and higher pressures and 300 K were each an-
nealed for 5-40 ps. The x-ray-diffraction patterns were
calculated at each pressure from the density operator and
the coherent part of the structure factor. The atom-atom
radial distribution functions (RDF) and the distribution
of near-neighbor Si-O-Si and O-Si-O angles were also cal-
culated.

III. RESULTS AND DISCUSSION

A summary of the computational results is presented
as the pressure-volume equation of state (P-V EOS) and
compared with the experimental results>”** in Fig. 1.
The two-body effective potential employed here gives
very reasonable agreement with static pressure measure-
ments from 0 to 15 GPa. The discrepancy is somewhat
larger at pressures greater than 20 GPa where the experi-
mental results are obtained from less accurate shock
wave data. More significantly, the densification calculat-
ed at 15-17 GPa is consistent with the observed discon-
tinuity in the experimental P-V curve. As will be dis-
cussed later, the calculated structures of pressurized a-
SiO, are also in good accord with experiment. Before
embarking on the discussion of the densification process,
it is important to evaluate the performance of the poten-
tial model in reproducing the structure of a-SiO, under
ambient conditions.

A. a-Si0O, at ambient pressure

The calculated density of a-SiO, at 1 bar and 300 K
from the potential model of van Beest, Kramer, and van
Santen is 2.36 g/cm?® which is about 7% higher than the
observed value.’® The present value is among the best
obtained from first-principles MD or MC calculations. A
recent constant pressure-constant temperature (NPT)
MD calculation®! using an empirical three-body potential
gave a density of 2.92 g/cm® at 300 K. On the other
hand, a recent MC calculation'! using another three-body
potential gave a result comparable to that of the present
study. In spite of the success of the three-body potential
in giving correct densities at low pressures, this potential
is not applicable for high pressures since it is

<>

0.6
-1
—

JaquIny UOT}RUIPIOO) 1S

0.4

Pressure (GPa)

FIG. 1. Calculated (solid line) and measured (dashed line)
volume reduction and the Si-O coordination number of amor-
phous SiO, vs pressure at 300 K. The experimental volumes for
pressures up to 12 GPa are the results of static pressure experi-
ments (Refs. 32 and 33). The experimental volumes for higher
pressures are from shock wave data (Ref. 34).

parametrized specifically for four-coordinated silica units.
The three-body potential failed to reproduce the
densification of a-SiO, at about 15 GPa. In order to
make a direct comparison of structure obtained by the
simulation with that of the experiment, it is more ap-
propriate to compare the x-ray-diffraction patterns rather
than the customary atomic radial distributions, which are
derived from the experimental diffraction pattern subject
to several assumptions. The x-ray-diffraction pattern of
a-Si0, at 1 bar and 300 K is shown in Fig. 2 and com-
pared with experiment.*> The agreement is very satisfac-
tory. The calculated diffraction pattern is typical of that
of an amorphous solid having a broad distribution of
scattering intensity. In particular, the weak features ob-
served at about 6.5, 8.5, and 12.5 A~! are well repro-
duced by the calculation, indicating that both the long-
and short-range order are well represented by the two-
body potential. The atomic radial distribution functions
obtained from the calculations are shown in Fig. 3. The
nearest-neighbor Si-O, O --- O, and Si---Si distances
are 1.60(1), 2.61(1), and 3.11(1) A, respectively, which are
in excellent agreement with experiment. 36

The bond-angle distribution for the Si-O-Si and O-Si-O
nearest-neighbor angles calculated with a Si-O cutoff dis-
tance of 2.0 A are shown in Fig. 4. At 1 bar the Si-O-Si
bond-angle distribution extends from about 120 to 180°
with a maximum at about 142° and a distinct broad
shoulder at 157°. Since the chemical shift of the *Si nu-
cleus is sensitive to the local environment, a distribution
of the Si-O-Si angle can be derived directly from the
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FIG. 2. Calculated and measured (Ref. 35) x-ray-diffraction
pattern of amorphous SiO, at 1 bar and 300 K.

analysis of the solid-state 2°Si line shape.?” The calculat-
ed distribution of the Si-O-Si angle is in substantial agree-
ment with the NMR results, which also show a bimodal
distribution. It is noteworthy that a similar angular dis-
tribution has not been reported in previously published
calculations on a-SiO,. At 1 bar, the calculated Si-O-Si
bond-angle distribution is considerably broader than that
calculated for a-quartz. The half width is almost three
times larger in the amorphous solid. In contrast, the cal-
culated O-Si-O angle distribution is nearly a single peak
similar to that of a-quartz except that in a-quartz there is
a distinct skew at high angles. The distribution max-
imum is at the ideal tetrahedral angle of 109.5° and it is
only slightly broader in the amorphous phase. This ob-
servation suggests that the SiO, tetrahedra in the amor-
phous solid are not severely distorted at 1 bar and that
the disorder in a-SiO, is a result of a large distribution of
intertetrahedral angles. The calculated density of vibra-
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tional states supports this observation in that the maxima
in the region dominated by internal vibrations of Si atoms
in tetrahedral units occur in the same frequency regions
as in a-quartz and are only broadened slightly.

B. a-SiO, at high pressures

The calculated density of a-SiO, at elevated pressures
is compared with experimental data in Fig. 1. The good
agreement between the calculated and observed density
at elevated pressures indicates that the two-body poten-
tial used is a substantial improvement over previously
tested potentials. The calculated densities at low pressure
( <15 GPa) are generally less than the observed values by
5-7 %. A densification is predicted at the pressure range
15-20 GPa and this will be discussed in detail in the next
section.

At even higher pressures > 100 GPa, the features in
the atomic RDF’s sharpen considerably (Fig. 3). At 140
GPa, the distribution of nearest-neighbor Si-O-Si and O-
Si-O angles also sharpens (Fig. 4) and the calculated x-
ray-diffraction pattern resembles that of a crystalline
solid. A block of atoms at the center of the simulation
box was selected to identify the translationally equivalent
units. The solid phase stable at 140 GPa could be
identified as monoclinic I2/a with cell parameters
a=4.24, b=4.60, and ¢c=11.70 A with $=99.9°. Upon
decreasing the pressure to 80 GPa, this phase reverts
back to the amorphous phase, indicating that the crystal-
line phase is nonquenchable. The conversion of the crys-
talline form to an amorphous form by decompression
may be analogous to decompression melting observed in
other silicates®® and high-pressure phases of ice.’® The
high-pressure phase is not recoverable, in agreement
with the experimental findings of Tsuchida and Yagi*® for
a post-stishovite phase of SiO,.

To obtain a better estimate of the cell parameters and
total energy of the new monoclinic phase, a separate cal-
culation employing 384 SiO, units starting with the ideal-
ized structure obtained as described above was performed
at 140 GPa. The I2/a structure remained stable. In
comparison with the other structures which have been
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FIG. 3. Calculated atomic radial distribution functions of amorphous SiO, at several pressures at 300 K.
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FIG. 4. Calculated bond-angle distributions for the nearest-neighbor Si-O-Si and O-Si-O bond angles in amorphous SiO, at various

pressures and 300 K.

suggested to be stable in this region, such as the rutile
(stishovite), or the cubic phase,*! the energy of the mono-
clinic structure is found to be competitive with the rutile
structure and is much more favorable than that of the cu-
bic phase. It should be noted that the alternative CaCl,
structure is not calculated to be stable below 250 GPa.*
A post-stishovite phase of SiO, has been observed experi-
mentally by x-ray diffraction at 120 GPa and the struc-
ture was identified as CaCl, from only four observed
diffraction lines. *? Incidentally, these diffraction lines are
also consistent with the novel monoclinic structure found
here by MD calculations. More theoretical and experi-
mental work is now needed to establish the physical ex-
istence of this calculated new phase.

C. Mechanism of densification

The analysis of the bond-angle distributions and atom-
ic RDF’s will give a clear picture of the densification pro-
cess in a-Si0,. For this purpose a series of calculations
by compressing a-SiO, gradually to 20 GPa and then
releasing the pressure in steps to 1 bar were performed.
The densification is calculated to take place over the pres-
sure range 15-20 GPa. The onset of densification at 15
GPa is accompanied by an increase in the oxygen coordi-
nation around the silicon atoms. The oxygen coordina-
tion within a sphere defined by a Si-O distance of 2.5 A
from a silicon atom (Fig. 1), remains at 4 up to about 14
GPa and then increases to about 5 at 15 GPa and rapidly
to 6 by 20 GPa. The atom-atom RDF’s in Fig. 3 show
that by 17 GPa the Si-Si RDF has broadened greatly.
The average number of Si atoms within a coordination
radius of 3.5 A increases from 4 at 1 bar to about 7 at 17
GPa. The nearest-neighbor Si-O distances increase
slightly over the same pressure range from 1.60 to 1.63 A
as the oxygen coordination increases to 5. The first peak
in the O-O atomic RDF integrated to 3.0 A gives six

neighbors at 1 bar and about ten at 17 GPa. On the other
hand, the O-Si-O bond-angle distributions (Fig. 4)
broaden considerably as the pressure is increased with the
half widths reaching 18° and 27° at 14 and 17 GPa, re-
spectively, with a concomitant decrease in the mean O-
Si-O angle by about 12°.

There are several similarities and distinct differences
between the effect of pressure on the structures of a-SiO,
and a-quartz. The distribution of the O-Si-O angles in a-
SiO, for pressures up to 14 GPa closely resembles that
found in a-quartz indicating that, upon compression up
to 14 GPa, the distortion of the SiO, polyhedra occurs in
a similar manner.'* The densification in a-SiO, above 15
GPa is accompanied by a large downward shift in the O-
Si-O angle distribution to yield two broad distributions at
80 and 95° by 17 GPa. After the densification a distinct
peak begins to develop at about 165°, where oxygen
atoms from neighboring SiO, tetrahedra begin to partici-
pate in edge sharing. This is in accord with the calculat-
ed increase in the average coordination number from 4 to
about 5 from 14 to 17 GPa. In comparison, in a-quartz
the O-Si-O angle distribution continues to broaden
beyond 14 GPa and eventually develops into two distinct
peaks at 103 and 115° immediately before its calculated
phase transition at 22 GPa. The reason is that in a-
quartz, the crystalline structure is maintained up to the
transformation. In contrast, the structure of a-SiO,
changes gradually from 15 to 20 GPa with increasing ox-
ygen coordination over this range. The Si-O-Si bond-
angle distribution in a-SiO, shows significant changes
with increasing pressure, the distribution shifts to lower
angles, and a distinct shoulder develops at about 118° by
14 GPa which becomes a dominant peak at about 100° by
17 GPa. On the other hand, the Si-O-Si distribution in
a-quartz remains as a single peak up to its phase transi-
tion at 22 GPa. This difference in behavior emphasizes
the fact that the already quite disordered packing of SiO,
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tetrahedra evolves more easily to a denser amorphous
material in @-SiO, with the application of pressure.
Above 30 GPa to the highest pressure studied here (140
GPa), a-SiO, is calculated to remain 6 coordinated. The
structural description of a-SiO, obtained from the present
calculations above the pressure range where densification
occurs are consistent with an earlier analysis using Voro-
noi polyhedra. The earlier results also showed that oc-
tahedra are the most abundant species between 30 and
135 GPa.?! It should be emphasized that the comparison
is not entirely appropriate since the previous calculations
were performed at substantially higher temperature and
therefore should reflect a more liquidlike behavior.

D. a-SiO, recovered from high pressures

It is found that a-SiO, compresses elastically when the
pressure is below 14 GPa, that is, the ambient pressure
structure is recovered once the pressure is relieved.
Above 15 GPa, a densified structure is maintained.
When the pressure was removed on samples taken to 14,
15, 17, and 20 GPa, the ratio of the densities of the
recovered samples to that of the initial density at 1 bar of
each sample after 4 ps of annealing at 300 K and 1 bar
were 0.99, 0.80, 0.76, and 0.74, respectively. The
recovered densified structures obtained from the calcula-
tions may not be fully relaxed within the time scale of the
simulation. To investigate this possibility a sample that
was pressurized to 17 GPa and recovered at 1 bar was al-
lowed to anneal at 300 K for an additional 40 ps, and the
density was found to decrease gradually further by 1%.
Nonetheless, the volume reduction of the recovered
densified a-SiO, at 20 GPa of 20% is consistent with the
18-20 % observed experimentally.** The coordination
number of the material recovered at 1 bar was about
4.2-4.4 for samples recovered from 15-20 GPa. This is
in good agreement with experiment, which shows no
significant change in coordination number.3® The bond-
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angle distribution for Si-O-Si and O-Si-O angles differs
significantly from that of the starting material (Fig. 5)
when the applied pressure is 15 GPa or greater. In par-
ticular, the broad distribution of O-Si-O angles is re-
tained, indicating that the SiO, tetrahedra remain highly
distorted in the densified material. The maximum in this
distribution moves upward by about 14° almost to the
tetrahedral angle indicating considerable recovery of
many of the SiO, tetrahedra. The Si-O-Si angle distribu-
tion retains the shoulder at about 100° which is a remnant
of the edge-sharing feature characteristic of the high-
pressure structure. The small shoulder that remains in
the O-Si-O angle distribution also reflects the fact that
some features of a five- or higher coordinated structure
are being retained.

The MD calculations reported here are for
densification at room temperature and therefore can be
compared directly with the recent neutron-diffraction re-
sults of Susman et al.?’ on samples that had been
compressed at room temperature to 16 GPa. The report-
ed densification of 20% is in excellent agreement with
that reported here. In addition there are several features
of the RDF’s which indicate the potential used here is
quite reliable. The first maximum in the O-O RDF of the
material recovered from 17 GPa is substantially higher
than that for the starting material with the half width
[full width at half maximum (FWHM)] broadened by
about 0.1 A. These observations are in substantial agree-
ment with the experimental weighted pair correlation
function. The small peaks calculated at ca. 90° in both
the O-Si-O and Si-O-Si distribution (Fig. 5), which reflect
the retention of some higher coordination features, are
not present in the previous MD calculations on the
quenched melt. This discrepancy is probably due to the
fact that the structure obtained from quenching of a
densified liquid is not a good representation of the disor-
dered structure obtained by pressurization. Previous ex-
perimental and theoretical studies on the pressure-
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FIG. 5. Calculated bond-angle distribution for the nearest-neighbor angles in samples recovered from 14, 15, 17, and 20 GPa.



5938

induced transformation in ice,* a-quartz,*® and a-
berlinite*’ have clearly shown that the densified struc-
tures do not resemble that of the corresponding dense
liquids.

There are several features of the pressure-induced
densification of a-SiO, which appear to be found in other
materials such as ice.** The densification occurs with an
increase in coordination number and with an elongation
of near-neighbor bond lengths. The densified material
can be recovered at ambient pressure. In addition, the
densification of a-SiO, occurs at significantly lower pres-
sures than is observed in a-quartz. This is analogous to
the behavior found in low-density amorphous ice
prepared by vapor deposition or by annealing high-
density amorphous ice. It undergoes densification at
significantly lower pressures than crystalline ice. It
should be emphasized that the amorphous forms made
with different methods did not have the same structures.
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In ice the densities differed by about 10% at pressures
just after densification. Although there are no similar
measurements for SiO,, the calculated radial distribution
functions differ significantly.

In summary, classical MD calculations using a two-
body potential obtained from a quantum calculation of a
cluster and then optimized with empirical data for crys-
talline phases of quartz show the observed densification
of amorphous quartz and yield a detailed picture at the
atomic level of this phenomenon. In addition, a metasta-
ble monoclinic crystalline form is predicted to occur at
pressures near 1 Mbar. Further theoretical and experi-
mental work is required to verify this result. These re-
sults suggest that MD methods with accurate two-body
potentials should be an increasingly important tool for
the study of densification and order*” in amorphous
solids.
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