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Pressure-induced structural transformation in SiO; glass is investigated with molecular dynamics. At
high densities, the height of the first sharp diffraction peak is considerably diminished, its position
changes from 1.6 to 2.2 A 7', and a new peak appears at 2.85 A ~'. At twice the normal density, the Si-
O bond length increases, the Si-O coordination changes from 4 to 6, and the O-Si-O band angle changes
from 109° to 90°. This is a tetrahedral to octahedral transformation, which was reported recently by
Meade, Hemley, and Mao [Phys. Rev. Lett. 69, 1387 (1992)]. Results for phonon density of states also
reveal significant changes at high pressures.
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Over the years, SiO; has been the focus of many inves-
tigations in solid state physics, microelectronics, geosci-
ences, materials science, and engineering [1-12]. In the
past decade, numerous attempts have been made to inves-
tigate the structure and dynamics of crystalline and
glassy states of SiO; at high pressures [11-24]. Brillouin
[11], Raman [11-13], infrared [12,14], neutron [15], and
x-ray [16] scattering techniques have been used to inves-
tigate pressure-induced effects in SiO; glass. At high
pressures, irreversible changes, indicating permanent
densification, have been observed in the Brillouin and Ra-
man spectra [11] of recovered SiO, glass samples. In-
frared absorption measurements [14], however, indicate
reversible changes in the SiO; glass at 20 GPa.

Recently Meade, Hemley, and Mao [16] have carried
out in situ high-pressure (8-42 GPa) x-ray diffraction
experiments on SiO; glass. These measurements reveal
significant changes in the short-range and intermediate-
range order (IRO). The position of the first sharp
diffraction peak (FSDP) in x-ray structure factor, the
fingerprint of IRO, changes from 1.55 A ! at 8 GPa to
2.37 A7! at 42 GPa. At the same time, there is a
significant decrease in the height and an increase in the
width of the FSDP. Furthermore, the pair correlation
function shows that the nearest-neighbor (nn) tetrahedral
coordination of Si-O changes to octahedral coordination
as the pressure is increased from 8 to 42 GPa. Raman
and infrared spectra at pressures greater than 28 GPa re-
veal the absence of tetrahedral vibrational modes [13,14].

In this Letter, we describe the molecular-dynamics
(MD) simulation results for the effect of high pressure on
structural correlations and phonon density of states of
SiO; glass. These simulations cover a range of pressures
over which the mass density of the system changes from
2.20 (normal density) to 4.28 g/cm?. This twofold in-
crease in the density produces a loss of the intermediate-

range order and a structural transformation from corner
sharing Si(Oy2)4 tetrahedral network at normal density
to a corner and edge sharing network of Si(Oy/3)¢ octahe-
dra at the highest density.

Molecular-dynamics simulations were performed with
interatomic potentials comprising two- and three-body
terms [9]. The two-body potentials combine steric repul-
sion, long-range Coulomb interaction due to charge-
transfer effects, and charge-dipole interaction due to
large electronic polarizability of O?~ ions. The three-
body covalent interactions include the effects of bond
bending and stretching [25]. The MD simulations were
carried out for 648-particle (216 Si and 432 O) systems
at normal mass density po=2.20 g/cm?, and at pressures
0.9, 5.4, 22.7, and 42.3 GPa, corresponding to densities
p=2.64, 2.94, 3.53, and 4.28 g/cm?, respectively. Period-
ic boundary conditions were employed and the long-range
nature of the Coulomb interaction was taken into account
by Ewalds’s summation.

The SiO;, glasses were generated by quenching well
equilibrated liquids at high temperatures (~4000 K) [9].
High-pressure SiO; glasses were also prepared in a simi-
lar fashion except that the length of the MD cell and
atomic positions were first appropriately scaled in high-
temperature liquid states. Low-temperature glasses were
further relaxed with the aid of the steepest-descent
quench [9]. At each temperature and density, structural
and dynamical correlations were calculated with MD tra-
jectories of at least 30 ps.

In Fig. 1, we present the MD results for the density
dependence of the static structure factor, S(g). In the
normal density glass, the FSDP is located at 1.6 A L
With an increase in the density, the height of the FSDP
decreases, its width increases, and its position shifts to
higher values of g. Note that simple elastic compression
li.e., (p/po) '] cannot account for the observed shift in
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FIG. 1. (a) Molecular-dynamics results for the static struc-
ture factor, S(g), of normal and high density SiO; glasses at
300 K; (b) density dependencies of positions of the first two
peaks in S(g); (c) density dependencies of heights of the first
two peaks in S(g). In (b) and (c), open circles at normal densi-
ty are meant to indicate that the second peak is broad and has a
small amplitude. Triangles and crosses in (b) represent the ex-
perimental data estimated from Ref. [16].

the position of the FSDP. Elastic compression corre-
sponding to density increases of 20%, 33%, 60%, and 95%
would shift the FSDP to 1.71, 1.77, 1.88, and 2.01 A ™!
whereas the simulation results reveal higher values for
the position of the FSDP: 1.85, 1.94, 2.15, and 2.19
A ~'. The high-pressure x-ray measurements by Meade,
Hemley, and Mao [16] reveal similar behavior for the
FSDP.

Figure 1 also shows a new peak in the static structure
factor. It appears when the density of the normal system
is increased by 20%. Located at 2.85 A ™! the peak
grows with further increase in the density. However, its
position shifts only slightly at higher pressures [Fig.
1(b)]. These results are again well supported by the re-
cent x-ray measurements at high pressures [16].

Partial pair-distribution functions ges(r) at the normal
and the highest densities are shown in Fig. 2. The posi-
tion of the first peak in gsi.o(r) and the corresponding
Si-O coordination remain unchanged up to 3.53 g/cm?.
At a pressure of 42.3 GPa where the glass density (4.28
g/cm?) reaches the stishovite density, the first peak in
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FIG. 2. MD partial pair-distribution functions (solid lines)
and coordination numbers (dotted lines) for SiO; glasses at nor-
mal and stishovite densities at 300 K. Sharp peaks at 4.28
g/cm? correspond to pair-distribution functions for crystalline
stishovite.

gsi-o(r) occurs at 1.67 A instead of 1.61 A and the Si-O
coordination increases from 4 to 5.8. In stishovite, the
highest density crystalline phase of SiO;, Si-O bond
lengths are 1.76 and 1.81 A and the Si-O coordination is
6. In the glass at 4.28 g/cm?, the second peak in gs;.o(r)
is at 3.15 A, close to the next-nearest-neighbor (nnn) Si-
O distance (~3.20 A) in the stishovite.

Figure 2 also shows how the Si-Si pair-distribution
function changes upon densification. The first peak splits
into two peaks when the density increases to 4.28 g/cm?3.
One of these peaks is located at 2.59 A, close to the
nearest-neighbor Si-Si distance (2.67 A) in the stishovite.
The second peak appears at 3.07 A which is close to the
nnn Si-Si distance (3.24 A) in the stishovite. The area
under the first peak gives a coordination of 2 while the
area under the first two peaks is 10. At normal density,
the nn O-O coordination is 6. It increases to 10 at 3.53
g/cm? and to 12 at 4.28 g/cm3. In stishovite crystal, the
0O-0O coordination is 12.

Figure 3 displays the MD results for O-Si-O and Si-
O-Si bond-angle distributions in SiO; glasses at different
densities. As the density increases, the peaks in these dis-
tributions broaden and also shift to lower angles because
of increased distortions of Si(O;;;)4 tetrahedra. At nor-
mal density, the O-Si-O distribution has a peak at 109°
with a full width at half maximum (FWHM) of 10°.
With a 20% increase in the density, this peak moves to
107° and the FWHM increases to 12°. Further increase
of 40% in the density shifts the peak to 104° and in-
creases the FWHM to 17°. However, there is a dramatic
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FIG. 3. O-Si-O and Si-O-Si bond-angle distributions for
normal and high density SiO; glasses.

change in the distribution when the glass density reaches
the stishovite density: The O-Si-O distribution has a
broad peak at 90°. In the crystalline stishovite, on the
other hand, the O-Si-O angles are 81.35°, 90°, 98.65°,
and 180°.

In the normal density SiO; glass, the Si-O-Si bond-
angle distribution has a peak at 142° and the FWHM of
this peak is 26° (Fig. 3). Both of these results are in ex-
cellent agreement with NMR measurements [7). With a
density increase of 33%, this peak shifts gradually to
137°. With 60% densification, the peak moves to 127°
and a broad shoulder appears between 135° and 150°.
At the stishovite density, the Si-O-Si bond angle in the
glass has broad peaks around 95° and 128°. These
values are close to the Si-O-Si angles, 98.65° and
130.67°, in the stishovite crystal. Thus, the results for
pair-distribution functions and bond-angle distributions
at 4.28 g/cm® contain strong evidence for distorted
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FIG. 4. Partial and total phonon density of states for normal
and high density SiO, glasses.

Si(0y/3)6 octahedra in the glass, joined at corners and
sharing edges as well.

The ring statistics in SiO; glass has been calculated to
gain insight into network topology. For a given Si atom,
the shortest closed path of Si-O bonds defines a ring. In
the normal density SiO; glass, there are no twofold rings
(edge sharing tetrahedra) and the distribution is nearly
symmetric with a peak at sixfold rings. As the density in-
creases, there is a decrease in the number of sixfold rings
and an increase in the population of smaller rings. At the
stishovite density, there are only twofold, threefold, four-
fold, and fivefold rings in the glass, similar to the ring dis-
tribution in stishovite crystal which has only twofold,
threefold, and fourfold rings.

Based on the structural information, i.e., bond lengths,
coordination numbers, bond-angle distributions, and stat-
ic structure factor, as a function of density it is clear that
our MD results at the density of 4.28 g/cm? are con-
sistent with a “highly defective stishovite.”

Finally, let us examine the effect of pressure on the
phonon density of states (DOS) calculated with the
knowledge of eigenvalues and eigenfunctions of the
dynamical matrix. Figure 4 shows that the total DOS of
SiO; glass at normal density has a broad band between 5
and 110 meV and a narrow band between 120 and 180
meV. The lower band has broad peaks at 20, 48, 66, and
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93.9 meV while the higher band has narrow peaks at
139.5, 149.8, and 155.7 meV, in agreement with inelastic
neutron scattering [6], infrared [14], and Raman [12,13]
measurements. With an increase in the density, both
bands shift to higher energies. When the glass density
reaches the stishovite density, the two bands merge into a
single broad band centered around 90 meV [Fig. 4(c)].
Similar changes have been observed in infrared and Ra-
man spectra of SiO, glasses at high pressures [12-14].

At normal glass density, phonon modes between 5 and
100 meV are extended while the high-energy modes are
localized. This is evident from the participation ratio [3],
which is ~0.3 for phonons with energies between 5 and
80 meV and decreases sharply for high-energy modes. In
the densified glass near the stishovite density, phonon
modes remain extended up to 160 meV and localized near
the band tails.

In conclusion, MD simulations provide a microscopic
picture of changes in the short- and intermediate-range
orders in the SiO, glass at high pressures. Under pres-
sure, the FSDP decreases in height and moves to larger g
values which cannot be accounted for by elastic compres-
sion. At a density of 2.64 g/cm?>, a new peak appears in
S(g) at g =2.85 A ~!. This peak grows as the density in-
creases. At very high pressures, when the glass density
reaches the stishovite density, the Si-O coordination in-
creases to 5.8. The glass undergoes a transition from a
corner sharing Si(Qj/;)4 tetrahedral network to a net-
work of Si(Oy/3)¢ octahedra jointed at corners and edges.
This is in agreement with the recent high-pressure experi-
ments on SiO, glass [16].
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