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We describe the results of Monte Carlo simulations of SiO, glass based on a covalent-potential model
of tetrahedral Si-O bonding. The potential model has been shown to accurately reproduce the structure,
compression mechanisms, and phase stability of the corresponding crystalline and liquid phases. The
simulations are in good agreement with the measured equation of state of silica glass. We compare the
simulated structure with experimental data directly by performing “experiments” on the simulated
glass—determining the expected diffraction pattern based on our simulated structure—and find good
agreement with the observed structure. We show that, unlike the case in SiO, crystals, changes in the lo-
cal structure of glass are insufficient to account for its compression. Measures of the medium-range
structure, including cluster population and geometry and ring statistics, vary significantly with pressure
and indicate a significant topological component to the compression of glass. We use a simple model for
the effects of ring formation on density to analyze the topological changes and show that characteristic
ring size increases with increasing compression, consistent with the increase in ring size with increasing
density found previously in tectosilicate crystals and in simulations of SiO, liquid. We discuss prospects
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for experimental verification of the predicted pressure-induced structural changes.

1. INTRODUCTION

The last decade has seen considerable debate over the
atomic structure of SiO, glass.!"> Recently, however, pre-
cise neutron diffraction experiments’ and structural mod-
els, including one which agrees quantitatively with
diffraction data,* have apparently confirmed that SiO,
glass consists of a nearly perfect network of corner-
sharing SiO, tetrahedra, a structure proposed by Za-
chariasen® in 1932. Despite their success, Zachariasen’s
theory and its modern counterpart, the continuous ran-
dom network (CRN) theory,® remain incomplete. Al-
though the CRN provides a detailed description of the
distribution of nearest-neighbor-bond distances and an-
gles, it still falls short of being able to specify a model of
the atomic structure of glass. This is effectively illustrat-
ed by past modeling efforts which have adopted a wide
variety of protocols and assumptions in addition to CRN
precepts in order to construct tangible continuous ran-
dom networks. Among these are hand-built ball-and-
stick models,” their computer-generated analogs,® and
bond-switching algorithms.” These modeling efforts have
uniformly revealed a remarkably rich and complex struc-
ture, whose meaningful description, beyond the prescrip-
tions of the CRN theory, presents a considerable chal-
lenge.

Missing from the CRN theory is a detailed description
of the glass structure on length scales larger than the
basic bitetrahedral unit. The large class of tectosilicate
structures, of which SiO, glass is a member, shows the
importance of variations in this medium-range structure
in characterizing continuous tetrahedral networks.!® All
tectosilicate structures are based on a continuous frame-
work of corner-sharing TO, tetrahedra (where T is Si or
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Al). Despite large differences in composition and twofold
variation in framework density pg, the number of T
atoms per unit volume), local geometries among the
amorphous and the more than 80 topologically distinct
crystalline tectosilicates are nearly invariant: 7-O, O-O,
and T-T distances vary by no more than 10%. Medium-
range structure, however, is highly variable and measures
of its geometry and topology (such as ring statistics) ra-
tionalize the wide range of observed densities. '’

Although little is known experimentally about the
response of glass structure to pressure, variations in
medium-range structure may play a central role in the
compression of amorphous SiO,. Simulations indicate
that nearly twofold compression of SiO, liquid induces
large changes in medium-range structure but almost no
changes in nearest-neighbor distances.!! Here we analyze
the structure of SiO, glass and propose that although lo-
cal structure is also significantly affected, medium-range
structure changes substantially with pressure and con-
tributes significantly to its compression.

We combine Monte Carlo simulations with a simple
but accurate model of covalent Si—O bonding to investi-
gate the structure and compression mechanisms of SiO,
glass. We first describe the potential model and then the
simulations, paying particular attention to their conver-
gence characteristics. We show that the simulated glass
is in excellent agreement with the measured zero-pressure
structure of glass and the experimental equation of state.
We describe pressure-induced changes in glass structure
and show that changes in local structure alone are
insufficient to account for compression. We introduce
measures of the medium-range structure, including ring
and cluster statistics and cluster geometry, and show how
these help explain the structure and compression in SiO,
glass.
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II. THE POTENTIAL MODEL

We have designed!? a simple covalent potential model of bonding in four-fold coordinated phases of SiO,. The model
successfully reproduces the structure and equations of state of fourfold-coordinated SiO, crystals and the structure and
compressibility of SiO, liquid.'>!* The potential energy is given by
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where Ng; and N, are the number of Si and O atoms, re-
spectively, r; is the distance between atoms i and j, and
Q;j is the intratetrahedral O—Si—O angle. The values
of all parameters are given in Table 1.

The multiple summations in the first three terms in-
clude only the four nearest O atoms about a Si atom and
the two nearest Si atoms about an O atom. While the ap-
plication of this tetrahedral nearest-neighbor condition is
straightforward in crystalline structures, the more irregu-
lar structures encountered in simulations of liquids and
glasses require two supplementary conditions. Thus, we
require that among a Si atoms’s four nearest O neighbors,
it is bonded only to those which are not closer to two oth-
er Si atoms and, similarly, that among an O atoms’s two
nearest Si neighbors, it is bonded only to those which are
not closer to four other O atoms. With these conditions,
the potential energy [Egs. (1) and (2)] is unambiguously
defined for any arrangement of Si and O atoms. Al-
though no more than four Si—O bonds per Si atom, and
two per O atom are allowed, coordination numbers are
not otherwise restricted and a tetrahedral structure is not
imposed on the simulated glass. Further, there are no re-
strictions against bonds breaking and reforming and, in
fact, we show below that bond rearrangement is an im-
portant compression mechanism in silica glass.

TABLE I. Parameters of the interatomic force model [Eqgs.
(1) and (2)]. Note: the energy unit, E,=1071°7J.

No No

g
b

i=1j>i

(1

Parameter Value
D 7.33E,
B 20 A°!
ro 1.60429 A
g 3.89E, rad™?
a 109.47°
g 4.38E, A ~?
L, 3.0325 A
A 7.5X 10°E,
b 0.14 A
r. 2.5A
v 20 A7

We intend this model to describe only the bonding in
structures with fourfold Si—O coordination. This is
manifested not only in the limited number of bonds per
Si, but also in the form and parametrization of the poten-
tial, which must differ substantially from that necessary
to describe bonding in sixfold-coordinated structures.
Because it disallows coordinations higher than four, the
model can represent glass structure only up to the pres-
sure of the four- to sixfold-coordination change, which is
thought to be above 20 GPa (Ref. 14). We expect the
model to be accurate to at least this pressure and to pro-
vide a realistic picture of glass structure and compression
throughout the fourfold-coordinated pressure regime.

Several other potential models, based on the assump-
tion that bonding in SiO, is ionic, have been used to study
the fourfold to sixfold-coordination changes in amor-
phous silica.!> '8 While these simulations provide useful
insight into the nature of pressure-induced coordination
changes in ionic liquids in general, it is difficult to relate
the results to SiO, in particular. For most ionic models,
agreement with the compression of SiO, crystals is poor
and the equation of state of SiO, glass has not previously
been reproduced accurately over any pressure range.'®!?
Because ab initio calculations suggest that even the octa-
hedral Si—O bond is not ionic,? it seems likely that a
complete empirical model must include covalency and an
explicit description of how bonding changes with coordi-
nation. It is hoped that our model will provide a well-
characterized base line and a starting point for the con-
struction of such a generalized model.

III. MONTE CARLO SIMULATIONS

A. Procedure

The simulations were performed in the constant parti-
cle number, pressure, and temperature ( N-P-T) ensemble.
The model glass consists of 192 atoms repeated with the
usual periodic boundary conditions to minimize finite-
size effects. Although larger systems were not tested, the
primary cell was large enough (15 A on a side at zero
pressure) so that the radial distribution function fluctuat-
ed less than 2% about its long-range limiting value (uni-
ty) at half the cell size. The maximum allowable volume
fluctuation and atomic displacement were chosen so that
approximately 50% of new configurations were accepted.
The volume was allowed to change with each new
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configuration. The convergence characteristics of the
simulations were analyzed in detail (see below) and run
lengths of 4—12 million configurations were found ade-
quate to achieve stability. We make the standard as-
sumption that quantum effects are negligible, supported
in our case by the very small de Broglie thermal wave-
length compared with average interatomic separa-
tions.?H22

The entire course of the simulations described here is
summarized by a volume-configuration number diagram
(Fig. 1). The simulated glass was formed by using the
final configuration of the fully equilibrated 2000 K, zero
pressure liquid simulation (described in detail in Ref. 13)
to initialize the glass simulation at 300 K and zero pres-
sure. Simulations at each pressure consist of a stabiliza-
tion period of 4—12 million configurations followed by an
additional 4 million configurations for collecting average
physical properties. The resulting average values of
volume, { V'), are shown in Table II. Their uncertainties,
8, were estimated by the blocking method.?

B. Convergence

Estimation of converged values and their uncertainties
is contingent on one’s ability to identify the length of the
initial transient. Identification of the transient is also of
central practical importance since it determines the re-
quired length of a simulation and thus the requisite
amount of computer time. Despite its importance, no
generally acceptable method for identifying initial tran-
sients exists and it is usually done in a subjective manner
(by eye).?* While inspection of Fig. 1 certainly suggests
that the simulations attain convergence during the stabil-
ization period at each pressure, more objective assess-
ments of convergence are possible.

We have found the convergent trend in our simulations
to be systematic and easily identified. All the records ap-
proximate an exponential decay:

(t—1tg)

V)=V, +(Vy—V' Jexp -

, (3)

where the prime distinguishes the fit from the actual
simulation record ¥V (¢) (¢ is the configuration number and
t, is its initial value), ¥, is the initial volume and the lim-
iting value of V', V' , and the ‘“time” constant, 7 are
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FIG. 1. Summary of the Monte Carlo simulations showing
the progress of the molar volume. Each branch summarizes the
simulations at one pressure which consists of a stabilization
period, during which volume convergence is achieved, and an
averaging period. The pressure is incremented at the end of the
stabilization period resulting in a rapid decrease in volume.
Each dot represents a mean volume averaged over 200000
configurations for the stabilization period and 50000
configurations for the averaging period. The lines are exponen-
tial fits (3) to the simulations records which are used to analyze
the convergence of the simulations (see text and Table II).

determined by a least-squares fit to V' (¢) (see Table II and
Fig. 1). The convergent trend is easily identified in part
because the overall change in volume is always much
larger than statistical fluctuations about the trend: the
standard deviation of the fit o does not exceed 1% of
(¥), and in most cases is an order of magnitude smaller
than the difference between V', and V. The fits confirm
that the simulations converge rapidly: 7 is typically 4%
of the total simulation length and V', is indistinguishable
from our estimates of average stable values (V') (they
differ by less than 28), for all pressures. We estimate the
length of the initial transient T by the value of ¢ after
which V’(¢) no longer changes significantly, that is, when

TABLE II. Monte Carlo volumes. Units of P are GPa. Units of (¥ ), V', and o are cm’/mol.
Units of 7 and T are millions of configurations. For (¥}, the uncertainty in the last digits reported (5)

is given in parentheses.

P (v V., T o T
0 27.933(29) 27.887 0.373 0.134 1.1
1 26.889(45) 26.863 0.479 0.160 1.5
2 25.790(31) 25.757 0.816 0.140 25
5 23.362(44) 23.358 0.326 0.100 1.3

10 20.507(58) 20.519 0.393 0.132 1.5

20 18.232(9) 18.241 0.291 0.089 1.7

50 15.641(17) 15.652 0.249 0.060 1.1
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V'(t) equals V', +8. For all pressures, T is much smaller
than the total simulation length and always well within
the stabilization period (Table II). Thus, it appears that
the simulations are well converged, and, hence, that aver-

age properties at higher pressures are unbiased by tran-
sients.

IV. COMPARISON WITH EXPERIMENTAL DATA

A. Equation of state

The equation of state of the simulated glass is shown in
Table II. The zero pressure volume of glass is overes-
timated by only 2% and the overall agreement with the
experimental equation of state is very good up to 10 GPa
(Fig. 2), the approximate upper limit of hydrostaticity in
these experiments.”> The average deviation between ex-
perimental and simulated volumes over this pressure in-
terval is similar to experimental uncertainties (1%). The
reason for the discrepancy between the highest pressure
data of Bridgman?® with both our simulations and the
later experiments is not clear but may be due to inaccu-
rate pressure calibration in Bridgman’s experiments.?
Because the model also reproduces the equations of state
of tetrahedral SiO, crystals to at least 20 GPa, we expect
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FIG. 2. Pressure-volume relations of SiO, glass and liquid
from our Monte Carlo simulations (solid lines) compared with
experimental data (symbols). The line farthest to the right
represents Monte Carlo simulation results for SiO, glass. The
neighboring line represents Monte Carlo simulation results for
Si0; liquid at 2000 K (Ref. 13). The larger volume of the simu-
lated glass compared with the liquid is the result of kinetic hin-
drances to pressure-induced structural change in the glass. The
triangles and circles are the results of static pressure experi-
ments (Refs. and 25 and 26) up to the approximate limit of hy-
drostatic pressure in the latter experiments. The crosses are the
results of shock wave experiments on silica glass (Ref. 27). The
fact that the shocked glass is much denser than the simulated
fourfold-coordinated glass suggests that the experimental glass
contains significant amounts of octahedrally coordinated Si.
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the simulations to provide an accurate picture of
compression over the entire pressure range of fourfold
coordination in the glass.

The simulated glass remains fourfold coordinated at
high pressure since the model disallows higher coordina-
tions. The greater experimental densities?’ above 20 GPa
are almost certainly caused by the presence of sixfold Si-
O coordination in the shocked glass, due either to the for-
mation of stishovite or to a gradual pressure-induced
coordination increase. Octahedral coordination in the
high pressure glass is also suggested by the similarity of
the densities of shocked glass and octahedrally coordinat-
ed stishovite?® above 40 GPa (Fig. 2). The slightly lower
density of shocked glass compared with stishovite may be
due to the high shock temperature.

B. Radial structure

The radial distribution function g(r) in a multicom-
ponent system is defined by

naB(R)zpcﬁfoRgaB(r)dr , (4)

where ¢, is the concentration of atom y (number of
atoms of type y divided by the total number of atoms), p
is the number density, and n,5(R) is the number of 8
atoms within a distance R of an a atom. The total radial
distribution function is

g(rN=3 3 cocp8ap(r) , (5)
a B

where the sums are over the different atom types. Figure
3 shows the g,g(7) for the simulated glass. The experi-
mentally determined quantity H'(k) is related to a convo-
lution of g (r) with the atomic form factors

H'(K)=3 'S cocsF sk g(k) , (©6)
a B

where 4 ,5(k) is the nondimensional Fourier transform of
hop(r)=guplr)—1:
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FIG. 3. Component radial distribution functions g z(r) (4) at
zero pressure from the Monte Carlo simulations.
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and F,g(k) contains the atomic form factors f,(k),
which, in general, depend on k, the type of atom, and the
type of radiation (neutrons, electrons, or x rays):

fol k) g(k)

F;B(k)zm .
14

(8)

The Fourier transform of H'(k) is

1
p(2m)?

To compare our simulations directly with data we per-
form diffraction “experiments” in which we calculate the
H'(k) that an experiment on our simulated glass would
measure. We calculate H'(k) from (6) by transforming
the & ,5(r) determined in our simulations and combining
them with the x-ray and neutron atomic form factors
f,(k) from standard references.?>3° The diffraction pat-
terns are compared with experimental data in Figs. 4 and
5. For k>2 A 7!, the agreement is good. For both neu-
tron and x-ray diffraction the differences between simula-
tion and data are comparable to the differences between
different experiments and in the case of x rays must be
due in part to our use of free-atom scattering factors,
which are universally adopted but probably unrealistic in
detail for a covalently bonded material such as silica.
The position of the peak at small k is reproduced but its
amplitude is underestimated by the simulations. While
an inaccurate simulated structure cannot be completely
ruled out, the finite range in r used to calculate the simu-
lated diffraction patterns will lower the peak height (see
also Ref. 31) and this alone may account for the disagree-
ment. The model’s ability to reproduce the remaining
structural features, as well as the zero pressure density
and the equation of state, also suggests that this single ex-
ception may be an artifact. Moreover, the simulations

H(r)=

[ H'(k)e " 7dk . ©)
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FIG. 4. Comparison between neutron diffraction data (Refs.
3 and 45) and the predictions of the Monte Carlo simulations.
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FIG. 5. Comparison between x-ray diffraction data (Refs. 43
and 45) and the predictions of the Monte Carlo simulations.

appear to match the data as well as many other empirical
structural models which were specifically optimized to
minimize disagreement with the observed struc-
ture.®31—3¢

In real space, the shape of the experimental H(r) is
affected not only by the f, (k) but also by the finite range
in k over which H'(k) is measured. Because sudden trun-
cation at a finite k,,, leads to unphysical oscillations in
H(r), a filter is often applied to the data by multiplying
the observed H'(k) by a modification function, M'(k),
which goes smoothly to zero at large k. To compare our
simulations directly with experiment we calculate H (r)
from (9), truncating the Monte Carlo H'(k) at the ap-
propriate experimental k. ,, and applying the same filters
that were used in the experimental data analysis (Figs. 6

5 T L] T L] T T T L] L) L] L] ¥ T
- NEUTRON DIFFRACTION A
4 4
; ——— MONTE CARLO
- || - — — GRIMLEY ET AL. .
3k ! J
7~ I (-]
=t Kuax=25.36 A~ 1
o FILTERED
2_
1F
0 N ,JVA’ N bl L P R B

1 i 1
3 o 4
r (A)

FIG. 6. G(r) calculated from the Monte Carlo simulations
(solid line) from (9) with a filter: M’(k)=sin(wk /K. )/
(k /K o), and K e =25.36 A 7!, compared with the G (r) cal-
culated in the same way from the data of Ref. 3.
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and 7). The overall agreement between experiment and
simulation is very good and is comparable to the agree-
ment in reciprocal space. The positions and heights of
the first five peaks (corresponding to Si-O, O0-O, Si-Si,
2nd, Si-O, and 2nd O-O, and 2nd Si-Si correlations) are
well matched by the simulations except the first Si-Si
peak which is somewhat too high and occurs at a dis-
tance 0.1 A smaller than experiment.

Although the experimental G (r) cannot be rigorously
separated into its component distributions, component
nearest-neighbor distances r,5, standard deviations oz,
and nearest-neighbor coordination numbers n,g4, can be
extracted by an approximate modeling procedure. These
approximate structural measures do not depend critically
on the details of the modeling or experimental parame-
ters (e.g., k., Or the type of radiation) and thus serve as
a useful additional test of our simulations. We calculated
Faps Oaps and n g from the simulations by averaging over
all bonded Si-O pairs and all linked O-O and Si-Si pairs
(pairs which are bonded to a common Si or O, respective-
ly) in five different configurations, spaced one million
configuration apart.

Table III compares the structural parameters deter-
mined from neutron and x-ray diffraction experiments
with the Monte Carlo values. The simulated Si-O and
O-O distances are approximately 1% larger than experi-
mental values while the simulated Si-Si distance is ap-
proximately 3% too small. The simulations predict a
somewhat sharper Si-O distribution than is observed and
a smaller Si-Si coordination number, although the latter
is probably the parameter least well constrained by exper-
iment. All the other predicted parameters fall within the
experimental range and, overall, the agreement is very
good.

Although the agreement of the simulations with the
observed properties of SiO, glass is generally excellent,
the discrepancy in the position of the first gg; ; peak may
indicate the need for a more complex functional form of
the Si-Si potential, or a model which includes Coulombic
forces, such as the CM.'? Nevertheless, the overall level
of agreement with experimental structure and compres-
sion is remarkable, especially considering that no glass
data were used to constrain our interatomic force model.
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FIG. 7. G(r)=H(r)+1 calculated from thg Monte Carlo

simulations (solid line) from (9) with k., =16 A ~!, compared

with the G (r) calculated in the same way from the data of Ref.
43.

V. STRUCTURE AND COMPRESSION

A. Local structure at P =0

Although the model does not impose fourfold coordi-
nation, the simulations produce a glass structure which is
a nearly perfect continuous random network of corner-
sharing SiO, tetrahedra. The predicted coordination
numbers are nearly ideal (ng =4, np.o =6, ng.g=4%);
the slightly smaller values indicate the presence of some
three coordinated Si atoms and one coordinated (non-
bridging) O atoms (12%) (Table III). Diffraction data,
which provide the best experimental measures of coordi-
nation number, also indicate slightly lower than ideal
values (Table III). Despite the presence of some nonideal
coordination environments, perfect coordination, a pre-
cept of the modern CRN theory (although not of
Zachariasen’s original model) is clearly a very good ap-
proximation and a useful idealization. Further, the ratio

TABLE IIl. Structural parameters.

P (GPa) "~ Tsico Tsi-o Nsi-o 700 00.0 no.o si-si Osi-si Nsisi
Experiment (P =0) Ref. 3 1.608 0.047 3.85 2.626 0.091 5.94 3.077 0.111 4.00
Ref. 43 1.595 0.051 4.00 2.629 0.099 5.94 3.077 0.111 4.13
Ref. 442 1.62 0.087 3.9 2.65 0.102 5.5 3.11 0.141 3.9
Ref. 44° 1.62 0.078 4.1 2.66 0.095 6.2 3.10 0.132 4.4
Simulations 0 1.634 0.032 3.875 2.666 0.093 5.609 2.996 0.116 3.719
1 1.634 0.032 3.875 2.666 0.092 5.609 2.988 0.118 3.719
2 1.630 0.031 3.875 2.659 0.092 5.609 2.973 0.118 3.719
5 1.631 0.044 3.878 2.658 0.106 5.619 2.944 0.132 3.725
10 1.629 0.050 3.897 2.651 0.128 5.675 2.908 0.149 3.763
20 1.621 0.040 3.894 2.632 0.135 5.666 2.859 0.155 3.756
50 1.607 0.038 3.906 2.599 0.174 5.703 2.798 0.180 3.781

#X-ray-diffraction data.
*Neutron-diffraction data.
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of ro.o to rsi.o has almost the value expected for ideal
SiO, tetrahedra, (£)'/? and the intertetrahedral distances
(rgi.s;) are both longer and more variable (larger o ,4)
than tetrahedral ones, consistent with the continuous
random network model.

Angle distributions Bz, (6) (Table IV and Fig. 8) can
also be understood in terms of a continuous random net-
work. These distributions, like the calculations of 7 ops
O.p and n,g, involve only bonded and linked pairs and
are compiled using five configurations spaced one million
configurations apart. The dominant peaks in the angular
distribution functions, B 5, (0), for which at least two of
the subscripts refer to O atoms, are due to tetrahedral
geometry. The O-Si-O distribution is peaked very near
the ideal tetrahedral angle, cos™'(—1)=109.47°, the
peak near 60° in the O-O-O distribution arises from the
equilateral triangles which form the faces of ideal tetrahe-
dra, and the O-O-Si distribution is peaked near
1(180--109.47)=35.26°. The O-O-Si and O-O-O- distri-
butions are bimodal, with broad features due to inter-
tetrahedral geometries in addition to the sharp intra-
tetrahedral peaks.

Angular distributions for which at least two atoms are
Si are much broader, largely because intertetrahedral
forces are much weaker than intratetrahedral forces. The
Si-O-Si distribution is broad and asymmetric with an
average value of Og;. o= 135°, approximately 5% smaller
than estimates from diffraction®® and NMR data,® due to
the small Monte Carlo value of rg; g noted above. The
Si-Si-O distribution has one peak at small angles near
1(180—65;.0.5)=23.5° due to Si-O-Si bridges, and a
broader feature corresponding to angles in which the O
atom does not bridge the two Si atoms. The Si-Si-Si dis-
tribution has two peaks, a broad one centered near the
ideal tetrahedral angle (109.47°) and a sharp one centered

GLASS 0 GPa

T T T

Bah(e)
(@]
&
g

[s] 20 40 60 80 100 120 140 160 180
8(deq).

FIG. 8. Angle distributions Bz, (8) from the Monte Carlo
simulations at zero pressure. All distributions are scaled to the
same (arbitrary) maximum height.

gy and 0 g, respectively. The distributions (Si-Si-O, 0-0-Si, 0-0-0) which

each with its own average and standard deviation. Units of P are GPa.

TABLE IV. Angle Distributions, B g, (). The first and second columns for each distribution are 6,

are clearly bimodal at all pressures have been subdivided into two subdistributions,
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at 60° which corresponds to three-membered rings. This
bimodal distribution has also been found in reverse
Monte Carlo simulations,* indicating that real glass, like
our simulated ome, contains a significant number of
three-membered rings (ring statistics are discussed fur-
ther below). All the angular distributions agree very well
with those found with the reverse Monte Carlo tech-
nique.

B. Local structure at pressure

Despite the nearly twofold variation in volume con-
sidered here, intratetrahedral geometries do not change
substantially. In particular, rg o and 7y decrease by
less than 2 and 3 %, respectively, over 50 GPa (Table III
and Fig. 9). Further, the intratetrahedral angle distribu-
tions Bgg.0 and the small angle components of By .o
and B g, change their average values by less than a de-
gree (Table 1V). Thus, although pressure-induced in-
creases in the corresponding o0, and o g, indicate that
intratetrahedral geometries distort somewhat with
compression, the glass remains a tetrahedral network up
to the highest pressure considered here.

The weaker intertetrahedral forces allow the corre-
sponding geometrical parameters to deform more with
pressure. Thus, the pressure-induced decrease in rg;g; is
more than twice that of rg. and rg_o (Table III and Fig.
9). Further, the intertetrahedral angle distributions, in-
cluding Bg; g;.si» Bsi.o-si» Bsisi-o» and the large angle com-
ponents of Bg g and Bg.g.o, are affected strongly by
pressure (Table IV). The approximately 11-degree de-

P (GPa)
1 2 5 10 20 50
T T T
20}
- LOCAL STRUCTURE
o)
re 16
A4 .
2 [ ]
= Mo o
E 12+ Si—Si A
—
o .
(@] .
x
" gl
x
[ 2]
0 10 20 30 40
COMPRESSION (%)
FIG. 9. Pressure induced shortening of
¥op (—300In[7,5(P)/r,5(0)]) vs percent volume change

(—100In[ V(P)/V(0)]). The corresponding pressure is indicat-
ed on the upper horizontal axis. The change in 7,5 is multiplied
by a factor of 3 to permit comparison with the change in
volume. The pressure interval where the 7,5 change the least,
2-10 GPa (rg.o actually increases slightly over this interval),
coincides with the interval of greatest topological change in the
glass (Fig. 11).
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creases in O o.5; and Og; g and the complementary 5.5-
degree increase in the small angle component of Og; ¢
are a direct result of the decrease in rgg. 0g.0.0 and
Os; si.0» Which are also affected by torsion about the bridg-
ing oxygen, show somewhat smaller changes with pres-
sure. Og; ;5 also decreases and all the distributions grow
broader with pressure, indicating distortion of the
tetrahedral framework.

Although intertetrahedral geometries vary significantly
with pressure, the changes are less than expected by anal-
ogy with crystalline phases.!* The compression of SiO,
crystals can be explained almost entirely by decreases in
Osi.0.si O, equivalently, in rg.g. Specifically, crystalline
volumes scale with rgg so that the nondimensional
quantity (r3;g; /V) is approximately independent of pres-
sure (Fig. 10). In the glass however, rg g changes more
slowly than V''/3, causing the ratio to increase 20% over
the pressure range considered here (Figs. 9 and 10). Al-
though there are no measurements of glass structure at
pressure, our results are consistent with a zero pressure
x-ray diffraction experiment on an irreversibly compacted
sample which shows that a 16% densification leads to
only a 2% change in rg.g (Ref. 37). Thus, decreases in
intertetrahedral distance cannot completely account for
the compression of SiO, glass and an additional compres-
sion mechanism must be operating. We have observed
similarly unusual compressional behavior, although even
more pronounced, in Monte Carlo simulations of SiO,
liquid.'! The liquid compresses without substantial
changes in rg g by rearranging the bonding topology of

50 Y T T Y T T
[ SCALED]
40 4
- LIQuUID .
?30— J
g | _
020} .
| GLASS
10+ .

16 30 24 28
V' (em”/mol)

FIG. 10. Scaled equation of state— pressure vs scaled volume
V*=V][rgs(0)/res(P)P—for crystalline and amorphous
phases of SiO,. If volume scales with Si-Si distance, V'* is con-
stant and the scaled EOS is a vertical line, which approximates
the behavior of the crystals. If Si-Si distance is independent of
pressure, the scaled EOS is identical to the standard EOS (P vs
V) which approximates the behavior of the liquid. The glass
falls in between these two extremes.
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its tetrahedral framework, specifically, by increasing the
size of its rings, a counterintuitive result which is never-
theless explained by a simple cluster model for the effects
of ring formation on density. We now show that this
model helps account for the compression of glass as well.

C. Medium-range structure: Clusters

We use a simple cluster model of tectosilicate struc-
tures to relate changes in medium-range structure to the
compression of the glass.!® We think of the glass as being
composed of only T atoms, each linked to four others
through a shared O atom. Each cluster consists of a cen-
tral T atom, the four T atoms linked to it (the first linked
neighbors) all the 7 atoms linked to these four (the
second linked neighbors) and so on. For illustration, in
the fourfold-coordinated Bethe lattice, the number of T
atoms in the Qth linked neighbor shell, Ny, and the num-
ber of T"atoms in a cluster of size Q, M,, are given by

No=4x3271, (10)

MQ:1+§N,.=2><3Q—1. (1
i=1

For each pressure we have measured mean values of Ny
and M, by averaging over all Si atoms in five different
configurations, spaced one million configurations apart.
In the same way we have also measured DQ, the average
distance from a central atom to atoms in its Qth neighbor
shell.

To relate cluster topology (Ng,My,) and geometry
(Dg) to macroscopic density, we assume that the glass
structure is composed of clusters of size Q. If we assume
that only 7" atoms in the outermost shell are shared, and
that these are shared on average by two clusters, then we
can write the macroscopic framework density as

pF=—= (12)

where the star distinguishes the model value from the ac-
tual pg, 'y is the cluster population (average number of
T atoms in a cluster)

Fp=M,_+1iN,y (13)
and Vg is the cluster volume
_ 47D}

The accuracy of the model increases with increasing Q
and for Q=8 a comparison of pj with the actual pp
shows that this simple model reproduces macroscopic
densities remarkably well (within 6%). More important-
ly, the compression predicted by (12), that is, the
difference in density between compressed and zero pres-
sure volumes, is reproduced very accurately (within 1%).
This permits us to separate the compression of the glass
into topological (changes in I'y) and geometric (changes
in  Vy) components. Defining for simplicity
AX=In[X(P)/X(0)]:

ApE=ATy,—AV, . (15)
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Although AV, is larger than ATy, the topological
component of compression is substantial, accounting for
25% of the density increase over the entire pressure
range considered here (Fig. 11). Most of the topologic
compression is concentrated in a narrow pressure interval
between 5 and 10 GPa. This contrasts with the room-
temperature behavior of SiO, crystals which show no evi-
dence of topologic change below 20 GPa, (Ref. 38). Al-
though, at higher temperatures, crystals undergo topolo-
gic compression by way of phase transitions, these are ki-
netically hindered at 300 K so that quartz, for example,
exists up to 22 GPa, tenfold the equilibrium quartz-
coesite transition pressure. Thus, topologic change is ap-
parently much more difficult in crystals than in the glass.
The presence of undercoordinated ‘‘defects”-—three
coordinated Si atoms and nonbridging O atoms—which
are rare in crystals, helps facilitate topologic change in
the glass, accounting for its different compressional be-
havior. Detailed examination of the simulated structures
shows that bonding topology is rearranged either by de-
fect healing, in which a nonbridging O atom approaches
and finally bonds to a threefold-coordinated Si atom, or
by bond switching, in which a bridging O atom ap-
proaches and bonds to a threefold-coordinated Si atom,
at the same time breaking one of its two original bonds.

On the other hand, the topologic component of
compression in the glass is much smaller than in SiO,
liquid which compresses mostly by topologic change.!’ A
comparison of liquid and glass equations of state shows
that despite the competing effect of thermal expansion

P (GPa)
10

so COMPRESSION

50
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~»n

60

10
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Ap. (%)

FIG. 11. The change in framework density predicted by the
cluster model [Ap}, Eq. (12)] vs the actual change in framework
density (Apy). The corresponding pressure is indicated on the
upper horizontal axis. Also shown are the topological [Al,,
Eq. (13)] and geometric [AVj,, Eq. (14)] components of the
pressure-induced increase in density. Changes in T'y and ¥V,
are complementary—the pressure interval of greatest topologi-
cal change coincides with the interval of least geometric change
(5—-10 GPa). Changes in r,g are also unusually small over this
pressure interval (Fig. 9).
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(the liquid simulations were performed at 2000 K), the
liquid is denser than the glass at all pressures (Fig. 2).
The more efficient compression of the liquid suggests that
kinetic hindrances play an important role in glass
compression as well, limiting (but not eliminating) topo-
logic change, and forcing the glass to compress mostly
geometrically.

Although the high pressure changes in I’y occur con-
tinuously above 5 GPa, the sudden onset of change and
the large initial change compared with changes induced
by higher pressures are all reminiscent of a pressure-
induced phase transition in SiO, glass, proposed by
Grimsditch® on the basis of high pressure Brillouin spec-
troscopic measurements. A phase transition is a useful, if
approximate, picture for glass structure’s response to
pressure since it evokes reconstruction of the tetrahedral
framework. The topologic changes in our simulations are
mostly quenchable (preserved on the release of pressure),
which accounts for the idea of a phase transition in glass
(see also Ref. 40).

D. Medium-range structure: Rings

Measurements of the fundamental ring statistics in our
simulated glass, using a new definition of a ring!'® which
removes the ambiguities of previous definitions, are
shown in Table V. We use these measurements to further
elucidate the topological component of compression in
the glass with a simple model for the effects of ring for-
mation on framework density. We assume that the rela-
tive effects of forming different sized rings is independent
of framework type, which allows us to focus on a particu-
larly simple framework, the fourfold coordinated Bethe
lattice. Because of the constraint of fourfold coordina-
tion, ring formation reduces density by pruning an exact-
ly calculable number of T atoms from the Bethe lattice.
The basic result, the relative ability of different sized
rings to reduce framework density, is given by the prun-
ing efficiency, P*(K), the number of T atoms pruned by a
K-membered ring in an infinite Bethe lattice, normalized
to the number pruned by a three-membered ring:

1
3 1/2K —1) odd K
P*(K)= ) (16)
Jiak—n Ve K.
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Thus, the model predicts that small rings are exponential-
ly more effective at reducing density than large rings and
that some measure of average ring size which takes this
into account will increase with increasing density. We
define a characteristic ring size, K*, a weighted average
in which P*(K) is used to take into account the greater
importance of small rings:

SKf(K)P*(K)
T (17)
S f(K)P*(K)
K

where f(K) is the average number of K-membered rings
passing through a 7" atom.

We have shown!®!! that K* increases upon compres-
sion of SiO, liquid in our Monte Carlo simulations and
with increasing framework density of crystalline tectosili-
cates, including silica polymorphs, zeolites, and other
aluminosilicates. Figure 12 shows that K* increases with
compression of SiO, glass as well. The changes in K * are
small compared with those found in the other materials,
corresponding to the comparatively small changes in the

TABLE V. Ring statistics. The standard deviation in f(K) among five different configurations is given in parentheses for the last
digits reported. If none appears, the quantity is invariant. Rings larger than 12-membered (up to 17-membered rings were found) are
not listed since they have a negligible effect on K * (see text).

f(K)

P K* K=3 K =4 K=5 K =6 K =7 K =3 K =9 K =10 K=11 K=12
0 4.54 0.61 0.69 1.09 0.63 0.55 0.47 0.83 1.13 0.78 2.25

1 4.54 0.61 0.69 1.09 0.63 0.55 0.47 0.83 1.13 0.78 2.25

2 4.54 0.61 0.69 1.09 0.63 0.55 0.47 0.83 1.13 0.78 2.25

5 4.55(2) 0.61 0.69 1.09 0.64(1) 0.57(4) 0.47 0.85(4) 1.09(8) 0.79(2) 2.26(2)
10 4.60(1) 0.61 0.69(5) 1.12(4) 0.68(4) 0.62(5) 0.48 0.96(1) 1.1(2) 0.9(1) 2.4(2)
20 4.60(1) 0.61 0.64(2) 1.17 0.66(4) 0.64(4) 0.48(1) 0.97 L.0(1) 1.03(1) 2.3(1)
50 4.65 0.61 0.69 1.09 0.75 0.77 0.61 0.81 1.20 0.64 3.02
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topological component of density (I'y). We attribute the
positive correlation of K* with p; observed in crystalline,
liquid, and vitreous states to the greater pruning
efficiency of small rings and their consequent tendency to
form sparse low-density frameworks. Thus, our theory il-
lustrates the close relation between ring statistics and
density for a wide variety of materials and under a wide
variety of pressure-temperature conditions, and rational-
izes the topological component of compression of SiO,
glass.

Experimental observation of topological change,
specifically the pressure-induced increases in cluster pop-
ulation (13) and characteristic ring size (17) predicted
here, remains a significant unsolved challenge. Approxi-
mate calculations have suggested a link between Raman
spectroscopy and topology.? Specifically, the Raman
“defect” lines, D; and D, have been assigned to vibra-
tional modes of four- and three-membered rings, respec-
tively. Thus, the observation that D, intensity increases
with increasing pressure has been interpreted as an in-
crease in the number of three-membered rings and a de-
crease in average ring size with compression.*! This is in
sharp contrast to our results which show that if the aver-
age ring size changes with compression, it will increase.
However, recent, precise calculations of the Raman spec-
trum of SiO, glass suggest that the vibrational mode as-
signments may be incorrect.*> These calculations repro-
duce the observed D, line and its increase with pressure,
even though the model contains no three-membered
rings.

Perhaps the most likely prospect for experimentally
confirming our predictions of topological change involves
reverse Monte Carlo simulation.* This technique, which
is similar to Rietveld analysis common in the solution of
complex crystal structures, is simply a nonlinear inver-
sion of diffraction data for the (x,y,z) coordinates of Si
and O atoms. The result is complete structural informa-
tion, from which topological parameters such as ring and
cluster statistics can be determined. Although the ability
of spherically averaged data to uniquely resolve various
features of the complete structure would have to be care-
fully assessed, in principle topological differences between
normal and compressed glass could be detected by invert-
ing accurate diffraction data on the two samples. The
technique might first be applied to irreversibly compacted
samples, for which a diffraction experiment would be free
of the limitations of in situ high pressure experiments.
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VI. CONCLUSIONS

The model accurately predicts nearly all of the
structural features of vitreous SiO,, even though no ex-
perimental data on glass were used as constraints. The
simulations include the structural elements which are
most important for understanding the compression of
glass. The predicted combination of medium-range
geometrical and topological change leads to excellent
agreement with the observed equation of state. The
simulations exhibit a rapid, quenchable topological
change in medium-range structure between 5 and 10 GPa
which supports the idea of a phase transition in glass and
readily explains its irreversible compaction. This success,
combined with our results for SiO, liquid and crystals us-
ing the same potential model, indicate that our simula-
tions contain the basic physics of glass compression
within the pressure regime of fourfold coordination, to at
least 20 GPa.

The simulations predict that the response of SiO, glass
structure to pressure lies in between two extremes
represented by SiO, crystals and liquid. While nearest-
neighbor interatomic distances shrink with pressure,
changes in the network topology of the glass, due to bond
breaking and reformation also contribute substantially to
compression. Like the compression of SiO, liquid, the to-
pological component of compression in the glass is
caused by an increase in characteristic ring size, a trend
which is mimicked by the positive correlation of ring size
and framework density in tectosilicates. We suggest that
the most likely prospect for experimental confirmation of
the predicted topologic changes involves the analysis of
diffraction data with the reverse Monte Carlo technique.
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