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ABSTRACT

Raman and midinfrared spectra of MgSiO,, CaMgSi,O,, and CaSiO, glasses have been
measured to 45 GPa in a diamond cell. The principal pressure-induced changes in spectra
observed are reversible, so that characterization of the high-density states of these mate-
rials requires in situ measurements at high pressure. The dominant change in all three
glasses is a marked shift of the midfrequency Raman bands (at 625-650 cm™') to higher
frequencies with increasing pressure. This indicates that the main compression mechanism
is associated with a decrease in the average intertetrahedral Si-O-Si angles, as found in
other silicate materials. The intensities of high-frequency Raman and infrared bands at
900-1200 cm! decrease with pressure relative to those of lower frequency bands. This is
attributed to distortions of SiO, tetrahedra. However, the Raman and infrared spectra
provide no direct evidence for a distinct ISi to ©ISi coordination change at room temper-
ature in these glasses over the pressure range of this study. We present evidence that
pressure-induced structural changes in glasses, including changes in cation coordination,

can be affected by sample preparation and trace impurities.

INTRODUCTION

Information on the structure of molten silicates at very
high pressures is essential for understanding and predict-
ing the physical and chemical properties of deep-seated
melts within the Earth. It is now recognized that the den-
sities of basic to ultrabasic silicate melts at mantle pres-
sures can approach those of crystalline phases with which
they are in equilibrium (e.g., Rigden et al., 1984, 1988;
Heinz and Jeanloz, 1987; Knittle and Jeanloz, 1989). This
has important consequences for the formation of geo-
chemical mantle reservoirs and planetary differentiation.
The mechanism by which silicate melts can achieve high
densities is incompletely understood. It is possible that
the silicate liquids and glasses of these compositions un-
dergo pressure-induced changes in cation coordination
analogous to those documented for crystalline phases at
high pressure (Waff, 1975; Matsui and Kawamura, 1980).
These materials may also be compressed by angle bend-
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ing in the Si-O-Si chains, which can maintain a bonding
topology based on Si in tetrahedral coordination to high
densities (Hemley and Kubicki, 1991). In addition, there
may be topological rearrangements that preserve the ba-
sic ISi coordination. The relative contributions of these
different compression mechanisms are expected to con-
trol the densities achieved in molten silicates in the Earth’s
mantle.

Raman scattering and infrared absorption spectroscopy
have been particularly useful for obtaining structural in-
formation on silicate glasses (e.g., Hibben, 1935), leading
to insights into the properties of melts at higher temper-
atures. In recent years, these techniques have provided a
wealth of spectral information on the short- and inter-
mediate-range structure of these glasses (Sweet and White,
1969; Brawer and White, 1977; Mysen et al., 1980; Mc-
Millan, 1984a, 1989). One of the advantages of Raman
and infrared techniques relative to other methods (Wong
and Angell, 1976; Cusack, 1987) is the possibility of using
them in high-pressure studies with the diamond cell (Ja-
yaraman, 1983; Hemley et al., 1987; Mao, 1989). As a
result, structural changes in silicate glasses under deep
Earth conditions can be examined without recourse to
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pressure quenching, which may not yield structural states
that are representative of the high-pressure form of the
glass.

Vibrational spectroscopic measurements on silicate
glasses at high pressure in the diamond cell document
that significant changes in local structure occur above 10
GPa (e.g., Hemley et al., 1986; Williams and Jeanloz,
1988). The results indicate that large distortions of SiO,
tetrahedra, and possibly an increase in Si coordination,
occur at high pressure and room temperature in silicate
glasses. Furthermore, the principal spectral changes in-
duced by pressure are reversible and thus require in situ
high-pressure measurements to be observed (Hemley et
al., 1986; Williams and Jeanloz, 1988). There is a need
to examine this behavior for a variety of chemical com-
positions relevant to the lower mantle. These high-pres-
sure, vibrational spectra provide information on possible
short- and intermediate-range order in calcium magne-
sium metasilicate glasses under very high compression
and may be used to infer the structure of silicate melts in
the mantle.

In the present study, in situ Raman and midinfrared
spectroscopic measurements of MgSiO, (enstatite),
CaMgSi,0; (diopside), and CaSiO, (wollastonite) glasses
were made to lower mantle pressures. MgSiO, perovskite
is thought to be the dominant end-member phase in the
lower mantle (Liu, 1975; Yagi et al., 1978), and CaSiO,
perovskite may be a secondary constituent (Liu and Ring-
wood, 1975; Mao et al., 1989). An investigation of the
vitreous state of these compositions provides a starting
point for understanding the structure of mantle melts.
Substitution of Ca for Mg is also used to clarify the role
of the network-modifying cations of the structure in the
glasses. Because Raman and infrared spectroscopies de-
tect different vibrational modes in the material, the use
of both provides complementary information on the vi-
brations in the glass that can be related to the high-pres-
sure structure. These measurements are also compared
with results from molecular dynamics simulations of
compression in MgSiO, glass and melt.

EXPERIMENTAL METHODS

Glasses were prepared in our laboratory from spectro-
scopic-grade oxide and carbonate powders mixed in an
agate mortar and pestle under ethanol for 15 min. The
samples were then decarbonated at 1000 °C for over 4 h.
Sintered samples were melted in a Pt-wound furnace at
least 25 °C above the melting point for | h in a Pt capsule
with 5-mm diameter, quenched in H,O, ground, and re-
melted. Each sample was analyzed optically to ensure that
the glasses were free of crystallites. Compositions were
measured by electron microprobe to confirm the stoichi-
ometries and were within +0.2 wt% of the ideal com-
positions. A small amount of grinding in an agate mortar
and pestle was necessary to ensure that grain sizes of less
than 10 um were available for the diamond cell. We also
measured Raman spectra of two MgSiQ, glasses prepared
independently at 1620 °C (by H. S. Yoder) and 1650 °C
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(by J. Bass) and quenched in H,O at 0.1 MPa (1 bar).
Another MgSiO, glass, quenched at 0.2 GPa and 1650 °C
in a piston-cylinder apparatus (by F. R. Boyd and J. En-
gland) at the Geophysical Laboratory, was used in the
Raman experiments. All samples used for the high-pres-
sure experiments were free of crystallites, as determined
by optical microscopy and Raman spectroscopy.

Samples were compressed in megabar-type Mao-Bell
diamond-anvil cells using T-301 stainless steel gaskets
preindented to 10-20 GPa (Mao, 1989). No pressure-
transmitting media were used in most experiments in or-
der to achieve the strongest possible signal. This was im-
portant because of the very low Raman scattering cross
section of these glasses (particularly MgSiO,). Selective
measurements were performed on samples compressed
in Ar pressure-transmitting media to examine effects of
nonhydrostatic stress (e.g., Hemley et al., 1986, 1987).
Pressure measurements were made with the standard ruby
method (Mao et al., 1986). Precision was within +0.1
GPa on any given ruby grain in the sample. Six separate
pressure measurements were made for each spectrum to
determine the pressure variation in the sample. With ruby
dispersed throughout the sample, pressures were mea-
sured on a grid of points over the entire gasket opening
and averaged to obtain the quoted sample pressure. Stan-
dard deviations in the pressure measurements across the
sample were approximately 10% of the average pressure
at the maximum loads.

Raman spectra were measured with a micro-optical
system designed for diamond-cell samples with weak Ra-
man scattering cross sections (Hemley et al., 1986, 1987).
The spectrometer consisted of a triple spectrograph (Spex
Triplemate) and intensified diode-array detector (optical-
multichannel analyzer, Princeton Instruments). A win-
dow of 55 nm typically centered at 539.5 nm was used.
Raman spectra were excited with the 514.5-nm line of an
Ar* laser (Spectra Physics model 165) at a power of 5—
50 mW focused to a diameter of =3-10 um. An aper-
ture giving a sampling area of approximately 5 x 10 um
was used to discriminate against background signal from
the diamond anvils (Hemley et al., 1987). Spectra were
typically signal averaged from Y2 to 1 h. Resolution of the
spectra was approximately 10 cm~! with a grating of 600
grooves/mm. Overlapping bands in the several sets of
spectra were curve fitted with Voight profiles using least-
squares techniques.

Samples for the infrared measurements were prepared
by crushing the sample between the diamond anvils into
a platelet of 1-2 um thickness (Hofmeister et al., 1989).
A layer of CsI was placed on top of the sample, and dis-
persed ruby grains were added for pressure calibration.
The infrared absorption spectra were measured over the
total sample area (i.e., diameter ~200 um), whereas in-
dividual Raman measurements were made on small por-
tions of the sample (i.e., <10 um). Infrared spectra were
measured on a Nicolet 7199 FT-IR spectrometer with a
liquid N,-cooled HgCdTe detector and a custom-de-
signed beam condenser (Hofmeister et al., 1989). Three
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Fig. 1. Raman spectra of MgSiO,, CaMgSi,0, and CaSiO,
glasses at 0.1 MPa (1 bar, 300 K). Spectra were measured on
diamond-cell sized samples with the micro-Raman spectrometer
prior to compression.

sets of 4000 scans were averaged for each spectrum, which
had a resolution of 2 cm~'. Background spectra were re-
corded using an empty diamond cell.

RESULTS
Ambient pressure spectra

Ambient pressure (0.1 MPa) Raman spectra of the
samples are presented in Figure 1. Peak positions of the
low- and midfrequency bands agree with previously mea-
sured spectra to within +2 cm~' (Mysen et al., 1982;
McMillan, 1984b). No temperature effects related to
sample preparation were apparent in the 0.1 MPa spectra
(within the present experimental resolution). However,
the high-pressure response of an MgSiO, sample prepared
in a piston-cylinder apparatus at 0.2 GPa differed mark-
edly from that of samples quenched at ambient pressure,
as will be discussed below. The spectra of CaSiO; and
CaMgSi,0, have broad bands at 350-370 cm~'. The in-
tensities of these bands increase with Ca content. In all
three compositions, a band of intermediate relative in-
tensity is observed between 600 and 700 cm~! at ambient
pressure. This peak has an asymmetric line shape, par-
ticularly in the spectrum of CaSiO, and is broadest in the
CaMgSi, 0, composition. A band from 800 to 1200 cm™!
is observed in all three spectra, with shoulders flanking
the most intense peak at approximately 900 and 1100
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Fig. 2. Mid-infrared absorption spectra of MgSiO,, CaMg-
Si,0,, and CaSiO, glasses measured at low pressures (<2 GPa)
in a diamond-anvil cell under nominal load (300 K). The aster-
isk denotes a peak due to ruby used for pressure calibration.

cm~. The shoulders are more highly resolved from the
main band for CaSiO, in comparison with the other two
compositions. Mysen et al. (1982) and McMillan (1984b)
have shown that this high-frequency band may be fitted
with contributions from five peaks at 870, 915, 970, 1060,
and 1150 cm™".

Midinfrared spectra of the glasses at low pressure are
shown in Figure 2. The spectra are similar and consist of
three broad bands at 400-600, 600-800, and 800-1250
cm~'. All three bands shift to higher frequency with in-
creasing Mg content of the glass. This shift is most pro-
nounced in the lowest frequency band, which varied from
480 cm~! in CaSiO, to 585 cm! in MgSiO, glass. The
spectrum of the glasses at low pressure is similar to those
reported previously (Williams and Jeanloz, 1988).

High-pressure spectra

In situ, high-pressure Raman spectra are presented in
Figure 3. The Raman scattering cross sections of these
glasses are low, but spectral peaks are well above the
background signal from the diamond cell to pressures
above 30 GPa. The high-pressure spectra reveal large
pressure effects on several bands. The largest changes ob-
served occur in the 645-650 cm~' bands (0.1-MPa fre-
quencies). The positions of these bands shift linearly with
pressure up to at least ~30 GPa. Above this pressure, the
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peaks merge with the high-frequency bands and cannot
be traced to higher pressure. The low-frequency Raman
bands observed in CaSiO, and CaMgSi,O, (350 and 370
cm~!) have weaker, positive pressure shifts. In addition,
a decrease in the broad scattering intensity at low fre-
quency (<600 cm™') is observed initially with increasing
pressure. Weak shifts in the positions of the low-frequen-
cy bands and relative intensities are observed above 20
GPa (particularly in CaMgSi,04 and CaSiO;). The pres-
sure dependence of the high-frequency bands at 850-1100
cm~! are slight but weakly negative in MgSiO,; and
CaMpgSi,0q. This effect partially arises from the increase
in relative intensity of the lower frequency (860-885 cm™)
components. This is borne out by preliminary curve fit-
ting of the high-frequency bands as a function of pressure.
Notably, the structure of the high-frequency envelope
changes with pressure, which indicates that polymeriza-
tion of the SiO, tetrahedra is altered even at low pressures
(and 300 K). This is particularly marked in CaSiO;, glass.

High-pressure Raman spectra were similar for glasses
obtained from different sources (within experimental un-
certainty). An important exception was the MgSiO; glass
sample synthesized 0.2 GPa. The evolution of the spectra
measured for this sample with increasing pressure is shown
in Figure 4. The spectra were similar to those measured
for other samples up to approximately 25 GPa. At higher
pressures, however, a new band at approximately 400
cm~! was observed (Kubicki and Hemley, 1988). This
peak appeared reproducibly in this pressure range in three
separate experiments with this glass sample (two experi-
ments with no pressure-transmitting medium and one
with an Ar medium). With increasing pressure, the inten-
sity of the new peak increased and the bandwidth de-
creased. Upon decompression, the peak diminished in
intensity but remained detectable to 18 GPa. Similar re-
sults were obtained both with and without an Ar medi-
um, indicating that shear stresses have only a small effect
on the high-pressure spectral changes. Spectra measured
up to 45 GPa on the other samples of MgSiO, glass did
not show this feature (see below).

Midinfrared spectra of the three glasses are shown in
Figure 5. Changes in the spectra are continuous from 0.1
MPa to 25 GPa. Low-frequency infrared band shifts are
small (0.8-1.2 cm~!/GPa) in all three samples. All three

—

Fig. 3. High-pressure Raman spectra of (a) MgSiO, (glass A)
(b) CaMgSi,0q, and (c¢) CaSiO, glasses from 0.1 MPa to 35-45
GPa measured in the diamond cell (300 K). Measurements of
pressure from different ruby grains embedded in the samples
indicate that the variation in pressure across each sample is less
than 10% of the average pressure. However, the pressure varia-
tion across the portion of the sample probed by the laser for each
measurement is estimated to be of order 1% (neglecting possible
uniaxial stresses, which are unknown). The asterisks denote ex-
traneous Raman or fluorescence bands. The rise in intensity above
1200 cm™! is due to the strong T,, band of the diamond anvil
(peak position of 1333 cm~! at 0.1 MPa).
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Fig. 4. Raman spectra of MgSiQ, glass prepared by Boyd and
England under 0.2 GPa pressure in a piston-cylinder (glass B).
The high-pressure peak near 400 cm~! is identified by arrows in
the two highest pressure spectra. The spectral changes with pres-
sure are reversible but exhibited hysteresis on decompression.
The peak positions and relative intensities of the spectra below
25 GPa are similar to those observed in the other MgSiO, glass
samples (Fig. 3a). A larger amount of low-frequency scatter was
observed at 0.1 MPa as a result of the lower optical quality of
the starting sample, but the sample appeared homogeneous by
optical microscopy.

bands also decrease in absorbance with pressure. A sec-
ond low-frequency mode (~580 cm™') in MgSiO, and
CaMgSi,O; glasses shifts at 4.4 (£ 0.1) cm~'/GPa. Mid-
frequency infrared modes in MgSiO, and CaMgSi,0; (800
and 730 cm!, respectively) decrease in frequency with
pressure. In CaSiO, glass, the frequency of the 710-cm™!
band is nearly independent of pressure. A gradual de-
crease in absorbance between 900 and 1250 cm™! occurs
in each glass, and the region becomes flat with respect to
the background above 35 GPa. The high-frequency band
broadens and decreases in absolute and relative intensity
with increasing pressure. In each case, the frequencies
shift linearly with pressure (within experimental uncer-
tainty). The high-pressure infrared spectra of CaMgSi,O,
glass are comparable to that reported by Williams and
Jeanloz (1988), although there appears to be some differ-
ences that are likely associated with differences in the
method of sample preparation and loading (cf. Hofmei-
ster et al., 1989).
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DiscussioN

One of the key observations of the present study is the
large difference between spectra measured at ambient and
high pressures (e.g., above ~10 GPa), particularly in the
Raman measurements. The changes induced by pressure
greatly exceed the differences due to Mg-Ca substitution
and differences in spectra measured at 0.1 MPa before
and after pressure cycling. In general, the bands become
weaker with pressure, partly as a result of sample thin-
ning. However, the low-frequency infrared bands are less
affected and, in some cases, become stronger with pres-
sure. In contrast, the higher frequency bands markedly
decrease in intensity with pressure. The intensity of the
broad, low-frequency (<500 cm ') Raman features ini-
tially decreases with increasing pressure. Generally, the
vibrational bands have positive frequency shifts with
pressure, though midfrequency infrared bands are an ex-
ception. The compositional effect on the magnitude of
these shifts appears slight.

The results indicate that significant changes in structure
occur in these glasses under pressures at room tempera-
ture. Although a quantitative interpretation of spectral
changes requires calculation of the optical response of the
glasses from accurate structural models, the observed fre-
quency shifts can be understood at a qualitative level in
terms of possible changes in bond lengths, bond angles,
and cation coordination with pressure. We begin such an
analysis with an examination of vibrational band assign-
ments and the available information on the structure of
the glasses under ambient conditions.

Vibrational band assignments

The low-, mid-, and high-frequency bands have been
associated with Ca and Mg coordination polyhedra, Si-
Q-Si tetrahedral linkages, and SiO, tetrahedra, respec-
tively. Etchepare (1972) has associated peaks in the fre-
quency range of 300-400 cm* with Ca and Mg in octa-
hedral coordination based on comparisons between glass
and crystal spectra. Eckersley et al. (1988a, 1988b) report
evidence from EXAFS and neutron-scattering experi-
ments that Ca has well-defined octahedral coordination
in CaSiO, glass. Analysis of X-ray diffraction results by
Yin et al. (1983) indicates that each Mg ion is surrounded
by four O ions at 2.08 A and two more at 2.50 A (see
also Waseda and Toguri, 1977). Hanada et al. (1988) also
conclude from X-ray emission spectra that Mg is in four-
fold coordination in amorphous MgSiO, films. As dis-
cussed below, molecular dynamics (MD) simulations
(Matsui et al., 1981; Kubicki and Lasaga, 1987, 1991)
predict that Mg coordination is ill-defined in MgSiO; glass
and ranges from tetrahedral to octahedral. The Raman
intensity of the low-frequency peak also decreases from
CaSiO, to MgSiO, in these glasses. These observations
may be taken as evidence for a decreasing concentration
of network-modifying cations in octahedral coordination
with increasing Mg content (e.g., Navrotsky et al., 1985).

Midfrequency Raman bands (600-700 cm™!) of a va-
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riety of metasilicate glasses have been assigned to vibra-
tional modes characteristic of Si-O-Si intertetrahedral
linkages (Furukawa et al., 1981; Matson et al., 1983; Mc-
Millan, 1984a). Specifically, these studies indicate that a
mode with contributions from bridging O symmetric
stretching and Si-O-Si angle bending gives rise to the Ra-
man intensity at this frequency. The high-frequency band
has been deconvoluted into five peaks associated with
symmetric stretches of Si-O bonds in different polymer-
ized species of Si tetrahedra [i.e., Q°-Q*, where the su-
perscript denotes the number of bridging O atoms in the
SiO, tetrahedra (McMillan, 1984b)]. By this analysis, in-
tensities of the individual contributions to this band are
related to the polymerization state of the sample.

Infrared bands in the low-frequency region (below 600
cm~!) have been attributed to combinations of O-Si-O
bending modes with Si in tetrahedral coordination
(Moenke, 1974). A mode of asymmetric Si-O-Si angle
bending and bridging O asymmetric stretching vibrations
causes the midfrequency absorption. High-frequency
bands in the midinfrared have been assigned to asym-
metric Si-O stretching modes in SiO, tetrahedra (e.g.,
Velde and Couty, 1987; Dowty, 1987).

Principal compression mechanisms

The largest effect of pressure is observed for the mid-
frequency Raman bands at 600-700 cm~'. The pressure
shift for these bands is generally linear, with large positive
dv/dP of 5-6 cm~'/GPa. This frequency region has been
assigned to modes associated with bridging O stretches,
with some contributions from Si-O-Si angle bending (Fu-
rukawa et al., 1981; Matson et al., 1983; McMillan et al.,
1989). Furukawa et al. (1981) studied the relationship
between the intertetrahedral angle and vibrational fre-
quency for a mixed mode of bridging O stretching and
Si-O-Si angle bending in model Si,04 chain units. Their
results showed an inverse relationship between vibration-
al frequencies and Si-O-Si angles. Decreasing the Si-O-Si
angle from 180° to 105° increased the calculated vibra-
tional frequency from 490 to 650 cm~'. Molecular orbital
calculations on HSi,0, (Lasaga and Gibbs, 1987, 1988)
show that the curvature of the potential well rises steeply
for an intertetrahedral angle below 140°. This increase in
curvature causes an increase in the associated vibrational
frequency. Hence, the observed behavior in the glass
spectra indicates that the average intertetrahedral angles
decrease appreciably with pressure.

The inverse relationship between the intertetrahedral

—

Fig. 5. High-pressure midinfrared absorption spectra of (a)
MgSiQ,, (b} CaMgSi,0;, and (¢) CaSiO, glasses up to at least 24
GPa measured in the diamond-anvil cell (300 K). In each case
the standard deviation in pressure is approximatety 10% of the
total average pressure. Peaks marked with asterisks are from
ruby grains used for pressure calibration.
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TaeLE 1. Si and Mg ion coordination as a function of density
for an MgSiO; glass at 300 K from the molecular
dynamics simulations™
Pres- : it o,
Density  sure* Cation coordination number (%)}
(g/cm®  (GPa) Cation 4 5 B 7 8
2.54 —-6.0 Sitr 99.0 1.0 0.0 0.0 0.0
Mg* 66.3 28.6 5.1 0.0 0.0
2.75 0.0 Si++ 100.0 0.0 0.0 0.0 0.0
Mg2* 674 302 4.7 0.5 0.0
3.00 9.0 Sie+ 96.0 4.0 0.0 0.0 0.0
Mg?* 275 4241 27.7 1.9 0.0
3.40 29.0 Si*+ 91.2 8.0 0.0 0.0 0.0
Mg?* 57 340 445 145 1.3
3.88 60.0 Si¢* 728 26.6 0.6 0.0 0.0
Mgz 0.0 122 428 38.1 6.9
4.25 93.0 Si*+ 345 511 14.4 0.0 0.0
Mgz 0.0 11 193 429 36.6

* Kubicki and Lasaga (1991).

** Densities at a given pressure are calculated from a second-order Birch-
Murnaghan equation of state for MgSiO, glass with K, = 88 GPa (K; = 4
assumed) and an experimental ambient pressure density of 2.75 g/cm?
(Yoder, 1976; J. Bass, unpublished data).

+ Coordination numbers defined with maximum bond distances of 2.0
and 2.8 A for Si-O and Mg-O bonds, respectively.

angles and the frequency of the symmetric Si-O-Si
stretching mode in SiO, polymorphs was pointed out by
Sharma et al. (1981). Matson et al. (1983) observed sys-
tematic shifts in frequencies of midfrequency peaks in
glasses of other compositions and connected the changes
in the average intertetrahedral angle. They noted that the
average Si-O-Si angle in crystalline lithium disilicate sheets
is 137° and for « sodium disilicate it is 149.5°. A corre-
sponding increase in the frequency of the 500-cm~! peak
also occurs in the spectra of glasses of the same compo-
sitions. In addition, Sharma et al. (1981) and Matson et
al. (1983) noted that the frequency of the Si-O-Si sym-
metric stretching mode in silicates with four-membered
Si rings occurs above 500 ¢cm™!, whereas in those with
six-membered rings, the frequency is 480 cm™!; this is
consistent with the inverse correlation between the av-
erage Si-O-Si angle and ring size.

The compression of many polymerized silicate min-
erals has been found to take place mainly by the closure
of Si-O-Si angles (Levien et al., 1980; Hemley, 1987, Ha-
zen et al., 1989). Quantitative methods for determining
average Si-O-Si angles (e.g., by X-ray techniques) have
not yet been developed for glasses at high pressures.
Hence, it is useful to compare vibrational spectra of the
glasses with those of crystalline silicates where bond an-
gles have been determined by X-ray diffraction. The stud-
ies of crystalline silicates suggest that the position of the
midfrequency peak is a function of mean Si-O-Si angle.
The most probable explanation for the shift in the mid-
frequency peaks observed in this study is that the Si-O-
Si angles decrease with pressure and this increases the
frequency of the associated vibrational mode.

Comparison of the high-pressure vibrational spectra
with the results of recent molecular dynamics (MD) sim-
ulations provides additional insight into the mechanism
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of compression. MD simulations carried out with poten-
tials derived from molecular orbital theory (Lasaga and
Gibbs, 1987) and electron-gas calculations (Cohen and
Gordon, 1976) have shown that the closure of the Si-O-
Si angle is linear with pressure up to a volume compres-
sion (V/V,) of ~0.50, where V, is the volume at 0.1 MPa
(Kubicki and Lasaga, 1987). MD calculations predict that
the average Si-O-Si angle decreases from 147° to 132° for
a density increase from 2.75 to 3.40 g/cm?, which corre-
sponds to V7V, = 0.8. The reduction of the Si-O-Si angle
at 30 GPa from the MD simulations is 15° or —0.5°/GPa.
According to the calculations of Furukawa et al. (1981),
a reduction of the Si-O-Si angle by 15° should shift the
band by 60 cm~!. This is in qualitative agreement with
the observed shift. From the experimentally determined
bulk modulus of MgSiO, glass we estimate V7V, = 0.8 at
30 GPa (Table 1).

Another important observation is the decrease in dif-
fuse Raman scattering intensity at low frequencies (<500
cm™!) with initial increase in pressure (<10 GPa; Fig. 3).
Similar changes occur in SiO, glass, where the effect is
even more pronounced (Hemley et al., 1986). The change
in the SiO, spectra is likely due to a decrease in the in-
tertetrahedral angle distribution, which results in an in-
crease in intermediate-range order in the glass over this
pressure range (Hemley et al., 1986). Similar effects are
likely in the present metasilicate glasses. The weak low-
frequency bands in the Raman spectra of CaSiO; and
CaMgSi,O, glasses have positive shifts with pressure.
These bands have been assigned to motions of Ca in oc-
tahedral coordination. Hence, the pressure shifts in these
bands indicate a mode of compression involving a de-
crease in the average Ca-O bond length. No evidence was
observed of a change in Ca cation coordination. This be-
havior is consistent with the high compressibility of Ca-
O bonds in crystalline materials (Hazen and Finger, 1982).
We suggest that the 360-cm~! band appears in spectra of
glasses with Ca in regular octahedral coordination (Eck-
ersley et al., 1988a, 1988b) and not in low-pressure
MgSiO, glass spectra because the coordination state of
Mg is irregular and is closer to tetrahedral than octahedral
coordination (Yin et al., 1983). The effect of pressure may
be to increase the regularity of the coordination polyhe-
dra of the Mg (see below).

Finally, high-frequency bands in both the Raman and
infrared spectra decrease in relative and absolute inten-
sity with pressure in each of the glasses studied. However,
the Raman bands in this frequency range have apprecia-
ble intensity up to 45 GPa, which indicates that SiO,
tetrahedra are present in these glasses at least to this pres-
sure. The observed intensity loss may be related to dis-
tortions in the tetrahedra (Hemley et al., 1986) and sam-
ple thinning with pressure. Within the high-frequency
band, an increase in relative intensity of the 900-cm™!
shoulder is observed. This implies that the population of
Q! species (one bridging O atom) associated with this
band may increase with pressure. Xue et al. (1989) and
Dickinson et al. (1990) present evidence that pressure
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favors the disproportionation reaction 2Q* = Q2 + Q*in
alkali silicates. The analogous reaction, 2Q? = Q! + Q?3,
may occur under pressure in the present metasilicate
glasses. However, Wolf et al. (1990) do not find evidence
for this reaction occurring on compression. There may
also be contribution to the 900-cm~! band from a small
concentration of ¥1Si (McMillan et al., 1989; Kubicki and
Lasaga, 1991). The evidence for a discrete coordination
change of Si is examined in detail below.

Reversibility of spectral changes

The gross spectral changes that occurred under pressure
are fully reversible upon decompression. There are, how-
ever, minor differences between the ambient pressure
spectra measured before and after compression. Decom-
pressed sample peak positions are within =10 cm~! (gen-
erally much closer) of the original positions at 0.1 MPa.
For example, after pressure cycling to 32 GPa, the posi-
tion of the broad midfrequency peak in the Raman spec-
trum of MgSiQO, glass changes from 651 to 647 cm™!, and
the bandwidth (full-width at half-maximum, FWHM) de-
creases slightly from 134 to 113 cm~'. Another change is
the increase in intensity of the shoulder at 885 cm~! rel-
ative to the 650-cm~' band in this glass following decom-
pression. These small differences in peak positions and
widths suggest that there may be a small degree of den-
sification (irreversible compaction) of these glasses upon
room-temperature compression on the time scales (hours
to days) and over the pressure range (30-45 GPa) of these
experiments. However, the spectral changes are small in
comparison with the large scale changes observed in the
spectra measured in situ at high pressure.

Walrafen and Krishnan (1981) studied the Raman
spectra of SiO, glass compacted at 9 GPa and 23 °C and
found minor shifts in the high-frequency bands. These
authors noted a 5-13-cm~! frequency increase and 18-
cm™! narrowing of the 440-cm~' band in the compacted
glass. Seifert et al. (1983) measured Raman spectra of
SiO, glass annealed at 900 °C up to 2 GPa and found
changes of 10 cm~! samples densified up to 7%. McMillan
et al. (1984) observed much larger spectral shifts in SiO,
glass densified at 3.95 GPa and 530 °C, as the sample was
compressed approximately 6% above the normal density.
Raman spectra obtained by McMillan et al. (1984) had
shifts of 50 and 40 cm~! in the two high-frequency peaks,
and the band near 430 cm™! in the normal glass increased
to 470 cm~! with an accompanying 50% decrease in peak
width. Hemley et al. (1986) produced a pressure-quenched
SiO, glass at ambient temperature with a Raman spec-
trum markedly different from the 0.1-MPa spectra. The
strongest band shifted from 440 to 520 cm!, and the
high-frequency bands shifted from 800 and 1060 cm™! to
815 and 1000 cm™!, respectively. These shifts are of sim-
ilar magnitude to those induced with high-temperature
annealing at pressure, but the maximum pressure in the
low-temperature compression was over 30 GPa com-
pared with 4 GPa in the McMillan et al. (1984) study. In
view of the evidence that significant frequency shifts ac-
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company densification (Seifert et al., 1983; McMillan et
al., 1984), it is unlikely that a sizable increase in density
(i.e., >5%) could be accomplished in these glasses with-
out inducing structural changes observable with vibra-
tional spectroscopy. We suggest that the small differences
between the spectra of the starting material and decom-
pressed samples indicate that the densification of these
glasses is small in these room-temperature experiments
(e.g., in comparison to that observed for SiO,). This needs
to be examined by direct measurements of the degree of
densification, which will likely require larger samples than
those studied here.

Evidence for structural transformations

As discussed above, changes in the low-frequency Ra-
man spectra of the glasses are observed at pressures above
~20 GPa. This behavior was most pronounced in spectra
of the magnesium silicate glass sample quenched in a
piston-cylinder apparatus above 25 GPa (glass B). A rel-
atively sharp peak near 400 cm~' appeared, which in-
creased in relative intensity and decreased in bandwidth
with further increase in pressure. The changes were re-
versible but accompanied by hysteresis. Upon decom-
pression, the peak diminished in intensity but remained
detectable to 18 GPa. The peak was observed in three
separate experiments on this sample, including an exper-
iment carried out with Ar as a pressure-transmitting me-
dium. Unfortunately, this sample had been consumed be-
fore this difference with subsequently prepared samples
was detected; infrared measurements were not made on
this glass sample.

We attribute the changes in the low-frequency Raman
spectra at high pressure to a structural transition in the
glass. It is unlikely that the transition is associated with
crystallization (e.g., Hemley et al., 1989a) because of the
reversible changes in the spectra (i.e., disappearance of
the peak on decompression). In addition, no other crys-
tal-like peaks are observed in the high-pressure state, and
the band is broad relative to those measured for crystal-
line phases (see below). We also consider the possibility
of disproportionation of MgSiO;. There is some evidence
for this reaction in MgSiO, glass samples that have been
melted in situ at 30 GPa with a Nd-YAG laser (Kubicki
and Hemley, 1989). Raman spectra of such samples,
however, are distinct from those observed here. Further,
the reversibility of the spectra on decreasing pressure sug-
gests that no disproportionation of MgSiO; (e.g., to MgO
and SiO,) has taken place. Such a reaction would require
chemical diffusion, which is slow at room temperature
compared with the time scale of these experiments.

The difference in the high-pressure spectra may be af-
fected by differences in sample preparation (especially the
quench pressure). There is evidence that differences in
quench rates can affect glass structure in SiO, (Galeener
and Geissberger, 1983; Grimsditch, 1986) and CaMg-
$i,0, (Brandriss and Stebbins, 1988), and variations in
thermodynamic properties have been observed in calci-
um magnesium metasilicate glasses with different ther-
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Fig. 6. Comparison of high-pressure Raman spectra of two
magnesium silicate glasses, enstatite, and MgSiO, perovskite.
The spectra of glass A and B were measured at 35 and 32 GPa,
respectively. The spectra of orthoenstatite and MgSiO, perov-
skite were measured at 30 GPa and 22 GPa (Kubicki and Hem-
ley, unpublished data; Hemley et al., 1989b). The frequency shift
with pressure for the band at 430 cm™! in the perovskite phase
is 2.4 (+ 0.1) cm~'/GPa (Hemley et al., 1989b), so its frequency
would increase by approximately 24 cm~! from 22 to 32 GPa.
The intensities are relative; the Raman scattering cross sections
for orthoenstatite and perovskite spectra are approximately an
order of magnitude and a factor of 2 greater than those of the
glass spectra, respectively. The sloping base line in the glass B
spectrum arises from residual diamond-anvil fluorescence.

mal histories (Richet and Bottinga, 1986). Although the
ambient pressure spectra of the MgSiO, samples were
indistinguishable, we suggest that small differences at 0.1
MPa are amplified by the effects of pressure. The behav-
ior could also arise from impurities (e.g., H,0), annealing,
and storage conditions. Our Raman measurements
showed no sign of H,O, but the presence of very small
amounts of H,O (bound as OH) in the material could be
responsible for this behavior. The kinetics of high-pres-
sure transformations in glasses are strongly dependent on
trace impurities (e.g., Fratello et al., 1981). Trace amounts
of impurities such as H,0O are known to affect strongly
the plastic flow of silica glass (e.g., Donnadieu, 1988).
Evidence of the difference in flow properties between
the two types of samples was visible. The samples that
did not develop a new peak appeared heterogeneous above
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10 GPa; the boundaries between glass shards were visible
up to the 45 GPa. The glass quenched at pressure, how-
ever, became homogenous at approximately 5 GPa. We
suggest that this difference arises from the lower yield
strength (and perhaps viscosity) of the latter glass sample
at high pressure. Lower yield strengths may be associated
with a structural transition. In this regard, the behavior
may be similar to the decrease in yield strength of SiO,
glass with pressure reported by Meade and Jeanloz (1988).
These changes could result from the destabilization and
distortion of the SiO, tetrahedra, if not from complete
changes in Si coordination (Meade and Jeanloz, 1988;
Williams and Jeanloz, 1988).

These observations can be explained by a pressure-in-
duced transition between two structural states of the glass.
Evidence for structural (or polymorphic) transitions has
been reported in other amorphous materials. Mishima et
al. (1985) documented the transition with first-order
character between high- and low-density amorphous ice.
The hysteresis observed in the glass B samples suggests a
transition with first-order character. The transition may
also be similar to the changes in structure of SiO, glass
observed in situ at high pressure beginning at 9 GPa
(Hemley et al., 1986; see also Grimsditch, 1984). How-
ever, the transition in SiO, appears to be associated with
a continuum of high-density states, and the high-pressure
state can be partially quenched or recovered at room tem-
perature (irreversible compaction), in contrast to the be-
havior of glass B.

Cation coordination changes

It is useful to examine the evidence for discrete pres-
sure-induced changes in cation coordination in both the
Si and alkaline-earth ions. Here we consider both the
changes in the high-frequency (tetrahedral Si-O stretching
vibrations) as well as the low-frequency bands. Williams
and Jeanloz (1988) measured the midinfrared spectrum
of CaMgSi,O, glass and observed a decrease in absor-
bance at 1000-1200 cm~' and a concomitant increase at
600-900 cm at pressures above 25 GPa; they attributed
these changes to a transition from tetrahedral to octahe-
dral Si. Similar changes are observed in infrared spectra
of the three glasses studied here. However, the intensities
of the high-frequency Raman bands are appreciable up
to 45 GPa, and any increase in absorption at 600-900
cm~! is very weak. These results indicate that a significant
concentration of SiQ, groups persists to these pressures,
although the tetrahedra may become increasingly dis-
torted with compression of the glass. A small increase in
the concentration of more highly coordinated Si could
occur, but no peaks were observed in the infrared spectra
that may be associated with well-defined ©1Si.

Raman spectra measured above 20 GPa for crystalline
enstatite, MgSiQ, perovskite, and the two magnesium sil-
icate glasses are shown in Figure 6. The glass spectra are
distinct from that of enstatite, which is metastable at these
pressures. The Raman spectrum of enstatite shifts con-
tinuously with pressures up to at least 30 GPa, which
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indicates that the topology of the structure persists over
this range at room temperature with no evidence for ma-
jor structural transitions including amorphization (Hem-
ley, 1987; Hemley et al., 1988). However, small changes
in splittings among some of the bands are observed, which
are interpreted as evidence of distortions of the low-pres-
sure orthoenstatite structure (Kubicki and Hemley, un-
published data). The stable phase of crystalline MgSiO,
above 24 GPa is orthorhombic perovskite, which has oc-
tahedrally coordinated Si (e.g., Yagi et al., 1978; Fei et
al., 1989). This phase boundary is close to the pressure
at which the 400-cm~! band emerges in the Raman spec-
tra of glass B described above. The high-pressure Raman
spectrum of MgSiO, perovskite has a relatively strong
peak in this frequency range. Although such a correlation
could suggest that the peak may be characteristic of ©ISi,
lattice dynamics calculations on MgSiO, perovskite have
shown that Raman-active vibrations in this frequency re-
gion (200-400 cm™') have contributions from transla-
tional modes of Mg in the distorted dodecahedral site of
the perovskite structure (Hemley et al., 1989b). Hence,
the new band in the MgSiO; glass sample may be asso-
ciated with Mg ion motions in a high-coordination en-
vironment.

Molecular dynamics simulations based on ionic pair-
wise interatomic potentials were performed to explore
further possible structural changes in MgSiO; glass under
pressure. The techniques and details concerning the po-
tentials used are described elsewhere (Kubicki and Lasa-
ga, 1991). The Si and Mg coordinations as a function of
density predicted from the MD calculations are listed in
Table 1. The MD simulations indicate that the coordi-
nation of Mg changes from predominantly tetrahedral at
ambient pressure to octahedral at 30 GPa, which corre-
sponds to a volume compression of approximately 20%.
The presence of Mg at low pressures is supported by
the X-ray diffraction study of Yin et al. (1983) and X-ray
emission spectra of Hanada et al. (1988). These results
indicate that the peak may signal the onset of a “IMg to
IMg (or higher) coordination change. If so, the peak may
be related to the low-frequency peaks in the CaSiO,; and
CaMgSi,O; glass spectra due to Ca in octahedral coordi-
nation. The proposed increase in Mg coordination with
pressure could be coupled to an increase in average Si
coordination. The MSi to ©ISi transition may not be ap-
parent in these spectra because the characteristic vibra-
tional modes are weak (e.g., Hemley et al., 1989b), or
because of the low concentration of the highly coordi-
nated species, or both. Again, we emphasize that whether
such a structural transition occurs at room temperature
may be dependent on trace impurities in the glass and
the sample history. It is possible that structural transi-
tions in the amorphous material may be kinetically hin-
dered in the compressed glass at room temperature but
may become facile at higher temperatures (e.g., above the
glass transition), perhaps at lower pressures.

In general, the high-pressure behavior of these glasses
at room temperature is thus consistent with a wide range
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of stability of tetrahedrally coordinated Si. However, it
is possible to admit a small concentration of 1¥/Si, perhaps
along a continuum of coordination states (e.g., Stolper
and Ahrens, 1987). Such a coordination continuum could
imply the existence of 51Si as an intermediate species. The
Raman and infrared signatures for this species are not yet
known, but McMillan et al. (1989) have suggested that
Raman intensity at approximately 900 cm~! in spectra of
quenched, high-pressure melts may be due to fivefold co-
ordinated Si. This argument is consistent with the in-
crease in Raman intensity with pressure at 900 cm™! in
our spectra. Molecular orbital calculations on the
[Si(OH),]! molecule predict that ¥ISi is a stable species
with Raman-active Si-OH stretches at 768, 825, and 951
cm~' (Kubicki, 1991). Evidence for the formation of #ISi
in glasses quenched at high pressure has been obtained
from recent NMR experiments by Stebbins and McMil-
lan (1989). The presence of ¥ISi in compressed MgSiO,
glass at 300 K is also suggested by the MD simulations
(Table 1; see also Kubicki and Lasaga, 1991). MD sim-
ulations of the high-temperature melts show that a sig-
nificant population of ©1Si does not form in the melts
until very high compressions of V/V, < 0.6 are reached
(Matsui and Kawamura, 1980; Matsui et al., 1981; Ku-
bicki and Lasaga, 1991).

CONCLUSIONS

High-pressure Raman and infrared measurements
demonstrate that the structures of metasilicate glasses are
altered dramatically at pressures above 10 GPa, as ob-
served previously for SiO, glass. By far, the predominant
changes are reversible; hence, it is necessary to study these
glasses in situ in order to obtain information on high-
pressure structures and properties. Structural studies of
glasses quenched from these pressures give at best an in-
complete picture of the effect of compression on the short-
and intermediate-range structure of these materials.
Comparisons with previous measurements and existing
theoretical studies are used to show that the principal
compression mechanism at room temperature is the clo-
sure of the Si-O-Si angle, at least up to 30 GPa. The loss
of diffuse Raman scattering intensity at low frequencies
also suggests there is an increase in intermediate range
order in these glasses under pressure, as in SiO, glass.
Increases in cation coordination are inferred from changes
in the low-frequency Raman spectra at higher pressures
(above ~20 GPa). However, the glasses retain spectral
features diagnostic of “Si up to 45 GPa, although the
tetrahedra may be considerably distorted at high com-
pressions. We also present evidence that sample prepa-
ration, history, and experimental conditions can have a
significant effect on the structural state of the glass spectra
under pressure. It remains to be seen whether the struc-
tural changes inferred from the present room temperature
spectra occur at comparable pressures at higher temper-
atures (e.g., in high-density melts). These changes may
occur at lower pressures as a result of faster kinetics as-
sociated with higher O diffusivity, which may also be
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enhanced by the compression. Indeed, the variability in
high-pressure behavior of glasses with nominally similar
compositions may be associated with differences in ki-
netics for alternative compression mechanisms (i.e., cat-
ion coordination) even at room temperature. Direct mea-
surements at high pressure and temperature are required
to examine these questions.
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