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Acoustic velocities and refractive index of Si02 glass to 57.5 GPa by Brillouin scattering
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The hypersonic sound velocity and refractive index of Si02 glass has been measured to 57.5 GPa at
room temperature by Brillouin scattering in diamond cells. On compression, both longitudinal and tran-
verse modes exhibit an anomalous change in slope in the low-pressure region. Between 12 and 23 GPa,
the sound velocities increase rapidly. At higher pressures, the bulk velocity follows a trend similar to
that expected for coesite. At 57.5 GPa, the longitudinal velocity of Si02 glass is 11.85 (+0.51) km/s and
the transverse velocity is 6. 12 (+0.06) km/s. The refractive index increases monotonically with pres-
sure and reaches a value of 1.924 (+0.081) at 57.5 GPa. It decreases reversibly on decompression to 26
GPa, but displays an irreversible change when decompressed from 16 GPa to ambient pressure. The
pressure-density relation calculated from the measured sound velocities within the elastic compression
region is in good agreement with several previous determinations.

I. INTRODUCTION

As one of the best-studied amorphous solids, Si02 glass
has become a prototype system for understanding the
disordered state. This tetrahedral random network glass
is characterized by a number of anomalous properties.
Of particular interest in this regard has been the anoma-
lous behavior of the glass at high pressures. Early high-
pressure experiments demonstrated that the equation of
state of Si02 glass was unusual, exhibiting an initial in-
crease in compressibility with pressure. ' Further, early
studies documented that the material can be irreversibly
densified under pressure. ' Such compaction can be
released on heating the recovered material at ambient
pressure. The glass can also be densified by &hock loading
and neutron irradiation (e.g., Ref. 5). Under hydrostatic
loading at room temperature, this compaction begins at
8—10 GPa, below which the compression remains elastic.
In situ vibrational spectroscopic measurements reveal
significant changes in structure and dynamics starting as
low as a few gigapascals. Large pressured-induced
structural changes are also evident from in situ x-ray-
diffraction measurements. Because of relaxation effects,
the equation of state (as well as other properties) must be
characterized by a frequency dependence. Measure-
ments of the strength of the glass to 60 GPa suggest an
increase to -30 GPa followed by a monotonic de-
crease. '

Silica glass (fused silica) and quartz have also been ex-
tensively studied by shock wave methods. SiOz glass

behaves as a nonlinear elastic solid under shock compres-
sion to 9—10 GPa. "' Recovered samples from shock
compression at 10—16 GPa show evidence for permanent
densification. " Si02 glass begins to undergo a high-
pressure phase transition to a high-density structure at
about 16 GPa and this transformation is complete near
30 GPa. At pressures near 70 GPa, discontinuities in
shock temperature and sound velocity has been interpret-
ed as shock-induced melting. ' ' Above about 30 GPa,
the Hugoniot curves of silica glass and quartz overlap,
suggesting they both transform to the same high-pressure
phase, although the shock temperatures in the two ma-
terials are significantly different. The nature of the high-
pressure phase formed under shock compression has long
been the subject of controversy. While Hugoniot data,
release curves, and shock temperatures can all be con-
sistently described by the assumption of transformation
to stishovite, ' ' ' little or no high-pressure crystalline
material is found in shock-recovered samples. ' The lack
of recovered stishovite implies either the formation of a
dense, highly coordinated, amorphous phase at high pres-
sure with properties similar to the crystalline form, ' or
formation of disordered material from stishovite at rela-
tively low pressure upon isentropic release. '

Sound velocity measurements have provided crucial in-
formation on the unusual high-pressure behavior of silica
glass. Previous work carried out using ultrasonic
methods documented a change in pressure dependence of
the compressibility (bulk modulus), ' ' consistent with
the trend observed in the early direct volume measure-
ments of Bridgman. ' Kondo et a1. found negative
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pressure derivatives for both the bulk and shear moduli.
Sasakura and co-workers ' extended the ultrasonic
measurements of the glass to 6 GPa. Sound velocity mea-
surements to higher pressures can be carried out with
Brillouin scattering techniques in the diamond cell.
Indeed, previous Brillouin studies of the glass have
confirmed the trends observed in the ultrasonic experi-
ments, and have extended the measurements of sound ve-

locities into the densification regime (&8 GPa at 300
K). These studies reveal an increase in sound veloci-
ties in the recovered densified material. The first measure-
ments, carried out to 18.2 GPa, obtained only Brillouin
frequency shifts because the pressure dependence of the
refractive index was not known or measured directly.
More recently, measurements of sound velocity and re-
fractive index have been carried out to 25 GPa.

Understanding the microscopic basis for the high-
pressure properties of the glass has been the subject of a
number of recent studies. The reversible compaction
occurring under static pressures above 8—10 GPa is asso-
ciated with bond breaking of the tetrahedral linkages, but
no appreciable changes in Si-atom coordination. At
higher pressures (&20 GPa), Raman and infrared mea-
surements provide evidence for a destabilization of the
Si04 tetrahedra and an increase in Si coordination num-

ber from four to six. This has been confirmed by direct
structural measurements of the glass using synchrotron
x-ray-diffraction techniques. The first detailed theoreti-
cal study of pressure effects on the glass was that of
Woodcock, Angell, and Cheeseman, who carried out a
molecular-dynamics simulation of structural and dynami-
cal effects associated with densification. There has been
renewed theoretical interest in the behavior of the high-
density amorphous forms of SiOz, including those pro-
duced from compression of vitreous (melt-quenched)

glass and the disordered material induced from
metastable compression of crystalline polymorphs. '

Specifically, the calculations provide quantitative predic-
tions of changes in short- and intermediate-range order in
the material. As a result of the development of increas-

ingly reliable interatomic potentials, ' comparison
between theory and experiments provides new insight
into the properties of silica glass, and of amorphous
states in general.

Further understanding of the high-pressure behavior of
the glass requires extending static in situ measurements
to higher pressures. Recently, we have implemented new

techniques for measurements of Brillouin scattering with
diamond cells to achieve higher precision and higher
pressures than previous work. We report new results
which extend the static pressure range of sound velocity
and refractive index measurements as a function of both
compression and decompression. We also obtain the
pressure-density relation and Poisson's ratio. The results
are compared in detail with previous static and dynamic
compression data from a variety of experiments as well as
with recent theoretical calculations.

II. EXPERIMENTAL TECHNIQUES

Two Brillouin-scattering experiments were performed
on polished platelets (-10 pm thickness) of Herasil
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FIG. 1. 135 scattering geometry in the diamond-anvil cell.

qb and qf are the phonon propagation vectors for backscattering
and forward scattering, respectively. The 90 and 180 scatter-
ing geometries used in this study are described in Ref. 40.

type-II Si02 glass, the same material used in several pre-
vious high-pressure studies. One sample was loaded
into a large-opening Merrill-Bassett diamond cell and the
other into a Mao-Bell-type Brillouin-scattering diamond
cell. ' The former was used to a maximum pressure of 16
GPa with a T-301 stainless-steel gasket, and the latter
was used in the pressure interval of 16—57.5 GPa with a
rhenium gasket. A 4:1 methanol-ethanol mixture was
used as a pressure medium, and the pressure was mea-
sured with the ruby fluorescence technique. The pres-
sure difference between the region sampled by the Bril-
louin measurements and location of the ruby was estimat-
ed to be 1 GPa at the highest pressure. Brillouin spectra
were measured with a newly designed system employing a
six-path Sandercock-type Fabry-Perot interferome-
ter. ' To obtain both the longitudinal and transverse
sound velocities as well as the refractive index, we used
both symmetric 90' and backscattering geometries.

Above 40 GPa, the longitudinal wave of Si02 glass
overlapped the intense diamond transverse mode; as a re-
sult, we obtained only the transverse sound velocities for
the glass with the 90' symmetric geometry. This problem
was overcome by use of a 135 scattering geometry as
shown in Fig. 1. This was then combined with data ob-
tained using a backscattering geometry to invert for the
refractive index and the longitudinal sound velocities.
For the 135' scattering geometry (Fig. 1), the sound ve-

locity, V, and the half scattering angle, 0, for sample
backward scattering are calculated by the following equa-
tions:
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5v]35K Av] 8'V=
2n sin8 2n

~ ~v135
sinO=

V180
(2)

where A, is the wavelength of incident beam, n is the re-
fractive index of the sample, hv, 35 and hv, 80 are phonon
frequency shifts at 135' scattering and backscattering, re-
spectively. The above relations hold only for both opti-
cally and elastically isotropic materials as in the case of
liquids or glasses. Equation (2) holds only if there is no
velocity dispersion. The refractive index is obtained from
the relation:

decompression from 57.5 GPa. This may be related to
time-dependent changes in the sample over the long time
scale of this experiment.

Our data are compared with previous Brillouin scatter-
ing data in Fig. 4. Polian and Grimsditch reported ir-
reversible behavior for both the shear and longitudinal
modes upon decompression of the glass from 25 GPa
[Fig. 4(a)]. Some discrepancies are observed in the 10—17
GPa region. Differences between our results and those of
Schroeder, Dunn, and Bundy may be associated with
differences in starting materials. On the other hand, our
backscattering data are in good agreement with those of
Grimsditch, which are shown in Fig. 4(b).

n sing =sin45',

where the angle P is given by Pi2+8=90'. In the
present experiments no backscattering data were ob-
tained on compression between 40 and 57.5 GPa because
of anomalously strong elastic scattering in this regime.
Also, the intensity of the shear mode in this pressure
range on compression was relatively low. Measurements
were performed on decompression for both the 16- and
57.5-GPa experiments. In the lower-pressure experiment,
decompression measurements were carried out to am-
bient pressure. Decompression measurements from 57.5
GPa were interrupted at 26 GPa because of gasket
failure.
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III. RESULTS
so-

A. Sound velocities

Figure 2 shows the Brillouin spectra taken at the
highest pressure. This example shows that the longitudi-
nal peaks of Si02 overlapped the diamond peaks in the
90' geometry, but were well resolved in the 135' scatter-
ing configuration. Figure 3 shows the sound velocity of
SiOz glass as a function of pressure during compression
and decompression. All of the velocities were measured
with the 90' scattering geometry, which is independent of
the refractive index, except for the longitudinal veloci-
ties measured at 57.5 GPa and upon decompression from
this pressure which were determined from a combination
of 135' scattering and backscattering experiments. Be-
cause of the dependence on refractive index, these longi-
tudinal results have larger uncertainties. The uncertain-
ties for the rest of the data of this study are within the
size of the points.

At low pressures, the longitudinal and transverse
sound velocities of Si02 glass are close to those measured
by ultrasonic techniques. We confirm previous studies
in which the glass was found to exhibit an anomalous
minima in the longitudinal and transverse velocities
around 3 GPa. ' * On decompression from 16 GPa
to ambient conditions, the data show a large irreversible
increase in the acoustic velocities. By comparison, there
appears to be little hysteresis in the decompression data
measured at high pressures (57.5 —26 GPa). Also, we find
a large increase in the intensity of the shear wave on
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FIG. 2. Brillouin spectra of Si02 glass at 57.5 GPa. R, I', and
S represent Rayleigh, longitudinal, and transverse peaks, re-
spectively. The free spectral range for 135' scattering is three
times larger than that of 90 scattering, and no S wave for SiO&
glass was obtained with 135' scattering because it has low inten-
sity. In the 135 scattering spectrum, the diamond peaks close to
the central Rayleigh peak are produced by the laser beam
rejected from the diamond culet surfaces at a small scattering
angle.
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FIG. 3. Sound velocities in Si02 glass as a function of pres-
sure. Solid symbols, compression; open symbols, decompression.

B. Index of refraction

Figure 5 shows the pressure dependence of the refrac-
tive index for Si02 glass on both compression and
decompression. Our results show significantly reduced
scatter relative to previous work. Overall, the refractive
index of Si02 glass increases with pressure. A least-
squares fit to the data yields n = 1.459+ 1.147
X10 P —6.68X10 P, where n is refractive index (I'
is the pressure in GPa). The refractive index of the start-
ing sample was 1.463 (+0.001) as determined by the im-
mersion method, and is in excellent agreement with the
ambient-pressure value obtained from both the fit and
previous data. On decompression, the index decreases
reversibly at high pressures, but is almost Sat in the low-
pressure region leading to an irreversible increase at arn-
bient pressure. It is believed that the irreversible change
of the refractive index must be the result of permanent
structural densification. Because the densification pro-
cess mainly occurs between 10 and 25 GPa (e.g., Ref. 48),
the lack of irreversible changes at pressures higher than
26 GPa is perhaps not unexpected.

The densified sample recovered from 16 GPa has a re-
fractive index of 1.528 at ambient pressure; this corre-
sponds to the refractive index at 6.25 GPa during
compression. If we assume the densified sample has the
same density as that at this pressure during compression,
the increase in density is 19.6% above the starting densi-
ty. This is compared with the results reported by Ref. 49,
where a 20%%uo increase in density was measured for a bulk
sample recovered from 16 GPa in a large-volume press.
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C. Equation of state

Below 8-10 GPa, the compression of SiOz glass is elas-
tic under hydrostatic stress (allowing for sufficient relaxa-
tion time). We can use the present data to constrain the
density of Si02 glass from the formula:

2.0 ~

1.8—

E
V

+ 1.6—

jA

Vc
O 1.4p

CFI
LL

1.2

I I I I
I

I I I I
I

I I

This work

~ Compression
o Decompression

1i0 4 ~
~~s s I I I i I i I

0 5 10

Pressure (GPa)
15 20

I
~~
V
tg

I
K

1.8—

1.6-
C,

=(3

jI- .I/V-
jjI &I'='-

j I.-
1.4--

jt ji
C3--

I I ~ I
/

I I I I
I

I I I I ] I I I20a%@
I

I
I I I I ) I I I I

I
I I I I /

I I I I
I

I I I I I I I I I I I I I I [ I I I I

T
j&

o

e Compression
o Decompression (from 57.5 GPa)
o Decompression (from 16 GPa)
a 0.1MPa—Fit

FIG. 4. Comparison of Brillouin data from this study in the
lower pressure range and previous work: (a) longitudinal ( Vp)
and shear ( V&) velocities. Solid circles (compression); open cir-
cles {decompression), this study. Pluses (compression) and
crosses (decompression), Polian and Grimsditch (Ref. 26). Tri-
angles (compression), Schroeder et al. (Ref. 23). (b) Brillouin
frequency shifts measured in backscattering mode.

1 ~2 itis ~ ~ Ii ) is

0
I I s s ~ I I I I i I s I i i I s i s ~ I i i I I I I s i i I i s I I I i ~ s I I I i i i I I

0 20 30 40 50 60

Pressure (GPa}

FIG. 5. Pressure dependence of refractive index in Si02 glass

on compression and decompression. The triangle shows the

one-bar refractive index.



~ ~ ~~ s ~ s ~ ~~ s ~ ~ s I~ assi

OF Si02 ~ ~ .FRACTI~CITIES AND REACOUSTIC V ]3 109

~ s ~ ~ I ~ ~~ ~~ ~ s s II
~ ~ ~ ~ I

50

(4)
p

dp /p'pp «po

(5)p
2 =y —4ys/

O gla» at P'ressu« ~the density o
is bul& soun

w ere pp «a
p respectively, a

'fic heats

'
nt ressure 0

of the sPeci
and ambient p -1 is the ratio o .

11 isotropic

a
= CP/Cv=

e. For elastica y i
velocity r —

d,olume-at constant pressure an
materials

E

r~

IO
N

~~
C
0
0-

34-

32-

30-I~~
It

28 —. It

It

26 —.

24" '''

transverse sooundo gan s udinal an r
i 1teddensitlesasa uThe ca cu a

us static co
velocities. ' "" p"""u

2s9s22s23 pi 6) i h recent ultra
o the presenG ai o to

he 10 GPa,
rreversi

'
n occurring. ' '

relaxed sound
ifica y h t measured yificant y

sit to 10 GPa, wetive index and den
'

y
bl f SOcan calculate

t'on:Lorentz-Loren qze uai

n —1 4 N
+2

olariza i' y,o
' b'lit Avogadro's

1 Th lt re
weea, N, an

th ol
u be a

g.Fi. , w
'

stic cornith reg ass1 decreases w' h p

I ~ ~ s ~~ a I ~ s ~ ~ I s a ~I ~ ~ ~ ~ ~ I s ~ s s I s ~ I ~ ~ s ~

10 12

Pressure (GPa)

0.19values start fromi. g, t e eau d e

. With increastn
close to typical valu

" "h

essures. i
esformea .

l ductility of amorp

h tthsh ar str tporte d decrease in s e

f olariza i
'

bility for SiO, glasssure dependence o p
'

i
'FIG. 7. Pressure e

within eth elastic compression

D. Poisson's rabo IV. DISCUSSION

m the mea-d directly fromratio, cr, is obtaine
ities by the equation,sure d sound velocities y

2~s2P

2(V —Vs)

itudinal sound veloci-1 wefin o gg
in ressure

Overall, the a gvelocities.
and23 G a.b 12

permanent
cities occur

from p

sound veloc' '

as arising
1 increase inh' "d-A h p"--.,densification.

~ ~ ~ s I s ~ s s
I

s ~ ~ ~ I ~ sQP + ~ ~ ~ sIs ~ s& ~ s s ss s s s
I

~ s ~ ~~ s
I

~ ~ ~ ~ I s s s s ~ s ~ ~ I s s s s
I

~~ ~ ~ ~ I s ~ s ~
I

~ ~ ~ ~ I ~ ~ s s I s ~s s I s ~ s ~
I

s s J

~ ~ I ~ s s ~
I

~ s ~ I s ~ ~ s I s s ~0.40 +' s ~ ~ ~ I ~~ ~ s ~s s s s~ ~ s ~ I s ~ ~ s I ~ ~ s I
~ s s s s s ~ +

2.8— 0.35—

E
ch

2.6—
O~
COcI4

2.4—
k

Jeanloz(1987)
(1948)

der et al. 1990)
al.(1992

0.30—
0
C
K
IO

0.25—0
IO
CO

~~0 c)
0.20

-I

0.15—

~ Compression
o Decompression

2.2 '+a

0
s ~ ala ~ asl ~ s ~ s ~ I ~ ~~ ~ ~ I ~ s ~ ~ I ~ ~ ~ s Is ~

4 8 10
Pressure (GPa)

I ~ ~ ~ ~ Is ~ s~ ~ I ~ ~ ~ s

12
~ lan
14

s ~ ~ I s ~ ~ s I ~ s ~ ~s I

0 10
~ ~ s ~ I ~

20
~ ~ ~ I s ~ ~ s I ~ s

30
~ ~ I ~ ~ s ~ I s I ~ s ~ ~ I a s ~ ~ I ~ ~ s ~ I

50 60

Pressure (GPa)

r - n
'

y lation for Si02nsity re io
ime with those ethe elastic compr ime wglass in

experiments.by static comp ression e

unctionun
' of pressure.n's ratio of Si02 glassasa un

en circles are onon de-1 are increasing pressSolid circ es a
creasing pressure.



ZHA, HEMLEY, MAO, DUFFY, AND MEADE 50

Si coordination observed b x-r
Over the en

'
e y x-ray diffraction begins.

e entire pressure range studied, the ion i
sound velocity changes banges y more than a factor of 2

y ges by somewhat less

Our longitudinal velocit at thy a the highest pressure is
m s, w ich is close to that ofstis"

pressure whe
a o stishovite at ambient

, w ereas the transverse velocity is lower
that of stishovite at amb' t

oci y is ower than
am ient pressure. Thus the s

e ig est pressure of this stud
is presumably much lower tha

' ' '
arneer an stishovite at the same

pressure. Figure 9 shows the bulk soun

qu rt d
2 n possi e a re a

a z an coesite at high ressure
gg g te sound velocities of

e . . It is of interest to note that the bulk soun
ocity profile of glass is 't

fo o it b 23 GP
wi in t e ran e of th

---p.l"d--. d h
ve a. e note, however that

d b
ve an t at coesite un

an ecomes amor h
range. ' N

phous in this higher

ass was anisotropic as a result of the uniaxial

sures and h
amp e a so experienced n

, an we t erefore ex ect ela
p

'
ed nonhydrostatic pres-

isotro
p e astlc (and structural) an-

opy exists in our sam lesp quenched from these condi-

Sound velocities for quartz and silica l
otd d h ks oc compression too pressures between 8

a. ' These are compared to the
data for silica glass in Fi . 10

e present

transforation regions (bl, u
in ig. . In the low- ressur

sound velocities in quartz

'
ns cow 40 GPa), the Huugoniot

uar z an si ica glass are corn ar
to 300-K compressional and bulk
ca la

an u sound velocities of sili-

g ass at these pressures. In the hi h- ressu
there are considerabl d'fF

locities reported in d'fF
ra e i erences in Hu oni
in i erent studies for quartz starting

Quartz Nlelting

O.

P
gd

)k
VP ~

OO

0 10—

,+ '
sik

++ ~
8 ~ b,~

Silica Glass
U ~ -I Melting

m

~

~

~

~

41 Trans-
Low p form~ion High P

Region Region
2' I

0 20
I I

40 60 80 100

Pressure (GPa

I

140120

80

t
ls)ssalialsslssssissss slslialss lass sassassai » ssi » ss)s « sisssslsassi~

Shock Data

60— Stixrude &
Bukowinski (1991)

)

FIG. 10. Sound vve ocities in silica glass and
shock compression c d p

'
n compared with corn re

er s attic compression (solid s uaq ).

boundaries under shoe
a show the a roximpp

'
ate location of melt

H
un er s oc compression for silica las

oniot ata for silica lassg
e . and diamonds {Ref.56), other s

for quartz starting m t
'

lma erma pluses) (Ref. 55)' o e
, o er symbols are

(Ref. 54); open squares (Ref. 57); open

solid triangles show the ambient rep o p
u soun velocities for stishovite (Ref. 52).

I I I s
I 'I I II I I I i I I I I I I I s I i I I I I I I I I I I s I

i
I l I I s I I I I I sI I I I

I
I s s I / I s I I

10—

~~
Vo 8
I
Qc

IXI

Coesite

I ~ s s a c s i I I s s

0 10
s s s a I I s i c II I I I I I I ~ I I I I I I I I I I I I I I 1 I I I I I I I I I I I

20 50 60

Pressure (GPa)

FIG. 9. Pressure dependence of bulk sound velocit f
glass, quartz, and coesite. Solid s m

'
u y .i e. o i symbols, SiO, glass (this study).

CO

L.
U

I 40—I
COI

CL

a

a

a

a

a

l

a
a
a

a

a
a

's

Tse et al. (1992)

I

Jin et al. (1993

sass sass ssaalssss aasalsas ~ Iss ~ alssaslaa est e

12 14 16
a a s a I a a i s a s a s l s a a slYs s'a

18 20 22 24 28

Yolume (cm mol

FIG. 11. P. Pressure-volume relations for SiO lass i

shock-wave results (Ref. 60 a
e present study extrapolated to hi ho igher pressures,

s e . , and theoretical calculations.



50 ACOUSTIC VELOCITIES AND REFRACTIVE INDEX OF SiOq. . . 13 111

material. The measured compressional velocity at 57.5
GPa in this study is very similar to that reported in silica
glass shocked to 58 GPa. ' The shock temperature in
SiOz glass at 59 GPa is 4950 K. ' At about 70 GPa for
silica glass and about 110 GPa for quartz, the sound ve-
locities decrease and abrupt changes in emitted thermal
radiation are observed; both these phenomena are con-
sistent with shock-induced melting. ' Above these pres-
sures, the measured Hugoniot velocity corresponds to the
bulk sound speed. The Hugoniot sound velocities in sili-
ca glass above. the melting point are broadly consistent
with the trend defined by the measured bulk sound veloc-
ities of this study. Thus, within the pressure regime of the
shock-induced high-pressure phase of silica glass,
compressional and bulk sound velocities appear to be
similar under both static and dynamic loading, despite
temperature differences of 4500 K or more.

We compare the pressure-volume relations determined
from the present study with theoretical calculations (Fig.
11}.As discussed above the comparison is strictly valid
only below 10 GPa, where relaxation effects are not ap-
preciable. In this pressure range, the calculations of Tse
et al. are particularly close to the experimental curve.
These calculations were carried out using the effective
two-body potential of van Beest, Kramer, and van San-
ten, which is similar to that proposed by Tsuneyuki
et al. The calculations predict a large volume collapse
beginning at -10 GPa, which results from the pressure-
induced 4-6 Si-atom coordination change. A coordina-
tion change is also responsible for the volume collapse
predicted by Jin et al. The results of Stixrude and
Bukowinski are also close to experimental curve in the
elastic compression regime. The potential used in these
calculations requires the Si04 tetrahedra to be main-
tained over the entire pressure range (i.e., no coordina-

tion change is allowed}. The experimental curve extrapo-
lated into the densification region follows the trend pre-
dicted in Ref. 28. As discussed above, experiments docu-
ment that the coordination change is spread out over a
wide pressure interval. Further, it is important to em-
phasize that there is spectroscopic evidence for the per-
sistence of some Si04 tetrahedra to -20 GPa, although
at higher pressures the population of tetrahedral groups
decreases. The spectroscopic evidence for the per-
sistence of the tetrahedra to high pressure may therefore
be consistent with the closeness of the bulk sound veloci-
ty profile of the glass to that calculated for coesite. There
is also evidence from vibrational spectra for tetrahedral
Si at pressures well above 20 GPa when lower-pressure
crystalline phases (e.g., a-quartz) are compressed to pres-
sures well beyond their stability fields.

In conclusion, we suggest that there are a variety of
metastable states —and a range of Si coordinations-
available to the amorphous solid at high pressures which
may be accessed by different pressure-temperature-time
paths. We further speculate that these states include crys-
talline approximants (i.e., poorly crystallized or disor-
dered crystalline phases). Indeed, the extent to which the
high-density amorphous material resembles stishovite (or
its closely related higher-pressure orthorhombic
formss ss) remains an open question for further experi-
mental study.
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