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Raman study of the high-pressure behavior of forsterite (Mg,SiO,) crystal and glass
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ABSTRACT

The pressure dependence of the vibrational modes of forsterite (Mg,SiO,) crystal and
glass were measured to 50 GPa at 298 K with Raman spectroscopy. Raman bands of
crystalline forsterite persist to 50 GPa. There is no evidence of the metastable olivine
structure converting to more stable spinel or spinelloid structures or undergoing pressure-
induced amorphization below 50 GPa. Rather, two new Raman bands appear above 30
GPa. On decompression the new bands are retained to 8 GPa. The spectral changes are
interpreted as indicating a defective olivine structure in which Si-O-Si linkages are formed
between adjacent SiO, tetrahedra on compression, as a prelude to amorphization at higher
pressures. For forsterite glass, there is an increase in the breadth of the main Raman band
above 20 GPa, arising primarily through an increase in intensity on its low-frequency side.
The spectra are consistent with a reversible formation of Si-O-Si linkages in the glass at

high pressures.

INTRODUCTION

The high-pressure behavior of orthosilicates at geolog-
ically relevant pressures has been the focus of much re-
cent experimental and theoretical investigation. In par-
ticular, a number of olivine-structured compounds are
now known to amorphize when pressurized well beyond
their thermodynamic stability fields (Richard and Richet,
1990; Williams et al., 1990; Guyot and Reynard, 1992;
Bouhifd et al., 1992). The high-pressure structural changes
in metastable crystalline olivines that precipitate this
amorphization are presently not well characterized. In
addition, little is yet known about the high-pressure be-
havior of orthosilicate glasses or melts.

The high-pressure transformation of Mg-rich olivines
to the more stable spinel or wadsleyite (3-Mg,SiO,) phases
1s kinetically inhibited at temperatures below 500 °C (Sung
and Burns, 1976), allowing the olivine structure to be
metastably pressurized well beyond its thermodynamic
stability boundary. In forsterite, in situ X-ray diffraction
(Hazen, 1976; Kudoh and Takéuchi, 1985; Will et al.,
1986) and vibrational spectroscopy (Besson et al., 1982;
Xu et al., 1983; Hofmeister et al., 1989; Chopelas, 1990;
Wang et al., 1993) indicate a decrease in Si-O and Mg-O
bond lengths during room-temperature static compres-
sion to ~9 GPa. Small kinks observed in the pressure
derivatives of some of the Raman bands near 9 GPa have
been interpreted as a possible second-order phase tran-
sition (Chopelas, 1990) or as a change in compression
mechanism (Wang et al., 1993) that may be related to
the cessation of Mg-O bond compression in one of the
two types of MgO, polyhedra found in the ambient struc-
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ture (Kudoh and Takéuchi, 1985). No other significant
structural changes, other than continued bond compres-
sion, are evident in the X-ray and vibrational data to 30
GPa.

TEM data on forsterite statically compressed to over
30 GPa and laser heated to moderate temperatures (<700
°C) suggest an increase in disorder of the cation sublattice
with increasing pressure and complete amorphization
above 70 GPa (Guyot and Reynard, 1992). Lattice dy-
namics calculations suggest this behavior may be caused
by a dynamic instability in the forsterite structure near
30 GPa.

Shock compression data of forsterite suggest that the
olivine structure persists to ~50 GPa, where the Hugo-
niot temperature is estimated to be ~400 °C (Brown et
al., 1987). Between 50 and 80 GPa along the Hugoniot,
the olivine structure collapses to an assemblage with an
extrapolated zero pressure density that is ~20% denser
than forsterite (Brown et al., 1987). The room-pressure
density of spinel is only ~10% greater than forsterite. The
observation of MgSiO, glass and MgO in forsterite sam-
ples recovered from shock pressures in excess of 100 GPa
has been used to suggest that olivine decomposes to a
perovskite and magnesiowiistite assemblage under dy-
namic compression (Syono et al., 1981; Syono and Goto,
1982). More recently, however, it has been suggested that
the density increase observed along the Hugoniot of ol-
ivine, and of other minerals as well, could result from the
transition from a crystal to an amorphous material trig-
gered by strain-induced coordination changes in the
metastable crystal (Williams et al., 1990; Jeanloz and
Kruger, 1992). Natural olivine samples shocked up to 60
GPa show broad features in the Raman spectrum that
have been interpreted as arising from an amorphous phase
of unknown composition formed under shock compres-
sion (Heymann and Cellucci, 1988).
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Fig. 1. In situ Raman spectra of crystalline forsterite under

compression. Arrows mark new bands that appear above ~30
GPa. Spectral changes near 300 cm~! are obscured by a broad
band due to the Ar pressure medium.

To gain further insight into the metastability limits of
Mg-rich olivines and their pressure-induced structural
transformations under kinetically hindered conditions, we
have investigated the high-pressure behavior of both
crystalline and amorphous forsterite (Mg,SiO,) with in
situ Raman spectroscopy at room temperature. We have
extended the vibrational spectroscopic data of crystalline
forsterite to higher pressures than previous studies and
have obtained some of the first high-pressure Raman
spectroscopic data of an orthosilicate glass.

EXPERIMENTAL

Forsterite glass was prepared by splat quenching the
melt (Williams et al., 1989). Forsterite crystals were se-
lected from crystallized portions of the glass sample and
appeared polycrystalline under crossed polars. Samples
were loaded into a Mao-Bell type diamond-anvil cell along
with condensed Ar as a pressure medium. Pressure was
determined by the calibrated shift of the R, ruby fluores-
cence band (Mao et al., 1986). The ruby fluorescence
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bands remained sharp and distinct even at the highest
pressures and indicated a pressure gradient of <5% across
the sample. Room-temperature Raman spectra were col-
lected with the micro-Raman system described by Dur-
ben and Wolf (1991). The 135° scattering geometry pre-
cluded orientational studies of the Raman band intensities
at high pressure.

RESULTS AND DISCUSSION
High-pressure crystal behavior

In situ Raman spectra of crystalline forsterite measured
as a function of pressure to 50 GPa are shown in Figure
1. The low-pressure spectra (<30 GPa) and Raman band
pressure shifts (Fig. 2) are similar to those reported in
previous vibrational studies (Besson et al., 1982; Xu et
al., 1983; Hofmeister et al., 1989; Chopelas, 1990; Wang
et al.,, 1993). Although slight kinks are evident in the
pressure derivatives of some of the Raman bands near
~9 GPa, no bands are lost and no new bands appear,
consistent with the observations of Wang et al. (1993).

The vibrational data at higher pressures indicate that,
despite compression to well outside the olivine stability
field of forsterite, the relatively sharp Raman bands as-
signed to vibrations of the olivine crystal structure are
retained to 50 GPa. The Raman spectra show no clear
evidence for an olivine-to-spinel conversion or pressure-
induced amorphization in this pressure range. However,
the spectra do indicate that there is some modification of
the olivine structure above 30 GPa. Most apparent is the
emergence of two new Raman bands above 30 GPa: a
relatively strong band near 825 cm~! (with an extrapo-
lated ambient position of ~750 cm—') and a weaker band
near 1060 cm~!' (with an extrapolated ambient position
of ~960 cm~"'). Changes in the low-frequency region are
obscured by a large band because of scattering from the
Ar pressure medium. The appearance of the new bands
is accompanied by a slight kink in the pressure derivative
of many of the olivine Raman bands near ~30 GPa
(Fig. 2).

The reversibility of these spectral changes was explored
by obtaining in situ Raman spectra along the decom-
pression path (Fig. 3). For samples compressed to a peak
pressure of 50 GPa, the new high-pressure bands in the
Raman spectrum are retained on decompression to ~8
GPa. The increased intensity of the band at 960 cm~!,
relative to the band at 750 cm~', may be an effect of the
sample orientation or may indicate that the two bands
represent vibrations of different structural units. Below 8
GPa both of the new bands disappear. On recovery of
the sample at ambient conditions, the olivine bands re-
turn to their initial frequencies.

The changes in the spectra above 30 GPa resemble, at
first sight, the typical behavior observed for a second-
order phase transition in which a lowering of symmetry
allows new bands to become Raman active and produces
kinks in the pressure derivatives of the original Raman
bands at the transition. However, this explanation is not
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Fig. 2. Pressure dependence of the Raman mode frequencies
of crystalline forsterite under compression (solid circles) and de-
compression (open circles).
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Fig. 3. In situ Raman spectra of crystalline forsterite under
decompression. Arrows mark new bands that disappear below
~8 GPa.

likely, since the measured vibrational density of states of
forsterite (Rao et al., 1988; Chopelas, 1990) does not re-
veal any modes in the spectral region in which the most
intense new Raman band appears (~750 cm—!). More-
over, the large hysteresis in the emergence and disap-
pearance of the new bands during the cycling of pressure
indicates an activation barrier to the structural change
responsible for the new bands. A first-order phase change
to spinel, modified spinel (3-phase), or other spinelloid
phases can be ruled out, since these more stable phases
are not recovered upon decompression. In addition, the
frequencies of the new bands do not correspond to any
other known orthosilicate structure.

More plausible than a periodic structural rearrange-
ment is that the spectral changes represent a build-up of
defects in the metastable olivine structure above 30 GPa.
The spectral data are consistent with the interpretation
that high-pressure defects are formed by polymerization
of adjacent SiO, tetrahedra. The new 750-cm~! band oc-
curs in a frequency range typical of symmetric stretching
vibrations of Si-O-Si dimer linkages, as observed in py-
rosilicate structures and 3-Mg,SiO, (Piriou and McMil-
lan, 1983; McMillan and Akaogi, 1987). The assignment
of the weaker high-frequency band near 960 cm~' is more
ambiguous. This band may be caused by asymmetric
stretching vibrations of Si-O-Si linkages or vibrations of
SiO; terminal groups, or it may indicate the formation of
higher silicate polymers (Piriou and McMillan, 1983;
McMillan and Akaogi, 1987).

Whether these dimer defect species involve tetrahedral
or higher coordinate (fivefold or sixfold) Si cannot be
unambiguously determined from the Raman data. Main-
taining fourfold-coordinated Si during the linkage of two
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Fig. 4. Ambient Raman spectrum of forsterite glass.

Si0, tetrahedra (to form an Si,0, dimer) would require
breaking a Si-O bond, leaving one O atom per dimer only
bonded to Mg, as is found in 8-Mg,SiO,. Formation of
an Si,O; dimer would not require Si-O bond breakage
but would require a Si coordination change. The assign-
ment of the new 750-cm~' band to vibrations involving
high-coordinate Si polyhedral species would then be con-
sistent with the interpretation of Williams et al. (1990) of
new IR bands that appear between 600 and 900 cm~! in
fayalite above 20 GPa. The assignments of the 750-cm—!
band to Si-O-Si linkages or to high-coordinate Si species
need not be mutually exclusive: McMillan et al. (1989)
have assigned a peak at 602 cm~! in the Raman spectrum
of MgSiO, garnet to a vibration of a ¥ISi-O-I9Si linkage.

It is interesting to note that there is no appreciable
volume change indicated in the Hugoniot until a pressure
of about 50 GPa (Brown et al., 1987). At most there is
only a slight decrease of the pressure derivative of the
bulk modulus above 30 GPa. This would seem to indi-
cate that either the intrinsic local density of the defects is
not much greater than that of compressed olivine, or,
more likely, that a critical density of defects, sufficient to
cause the olivine structure to become amorphous, is not
yet achieved under compression up to 50 GPa.

High-pressure behavior of glass

The ambient Raman spectrum of forsterite glass (Fig.
4) is dominated by a broad, asymmetric band with a peak
position at 869 cm~'. The principal component of this
main Raman band has been assigned to the symmetric
stretching vibration (»,) of the isolated SiO, tetrahedra,
with the high-frequency asymmetry arising primarily from
the contribution of asymmetric Si-O stretching vibrations
(v;) (Williams et al., 1989; Cooney and Sharma, 1990).
The weak band near 721 cm~! is caused by the bending
vibration of a small population of Si,O, dimers in the
ambient glass (Williams et al., 1989). Si-O stretching vi-
brations of these groups also contribute to the high-fre-
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Fig. 5. In situ Raman spectra of forsterite glass under com-
pression. The main Raman band broadens significantly above
~20 GPa, primarily through an increase in intensity between
700 and 900 cm—!.

quency band profile. Weak bands are also observed near
570 and 370 cm~!, which are most likely caused by »,
and v, bending vibrations of the SiO, tetrahedra, coupled
with Mg-O stretching modes. The overall band profile of
the Mg,Si0, glass spectrum is similar to the envelope of
peaks in the crystalline forsterite spectrum, suggesting that
the ambient short- and intermediate-range structure of
the glass is comparable to that of the low-pressure crys-
talline polymorph.

In situ Raman spectra of forsterite glass to ~50 GPa
are shown in Figure 5. The intensity of the spectrum
gradually weakens with pressure but is still well resolved
at 50 GPa. Under initial compression, the frequency of
the main 869-cm~' band increases at a rate of 2.9 cm~!/
GPa (Fig. 6), similar in magnitude to the pressure shifts
of the strong tetrahedral stretching bands in crystalline
forsterite. The weak 721-cm—! band has a positive fre-
quency shift of 4.2 cm~'/GPa, consistent with a tighten-
ing of the Si-O-Si angles within the Si,O, species. The
intensity of the dimer band decreases with increasing
pressure and cannot be followed above ~20 GPa. How-
ever, it is difficult to distinguish whether this apparent
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Fig. 6. Pressure dependence of the Raman mode frequencies
of forsterite glass under compression (solid circles) and decom:
pression (open circles). Open triangles represent the FWHM fre-
quencies of the main 869-cm~' Raman band on compression
and show that most of the broadening of this band above ~20
GPa occurs on its low-frequency side.

loss in intensity is real or due to a shift of this weak band
into the broadened manifold of the main Raman band.
No other major changes in the spectrum are evident up
to 20 GPa, and all frequency shifts are fully reversible
over this pressure range.

As in the crystal, significant changes become evident
in the Raman spectra of forsterite glass at higher pres-
sures. Above 20 GPa there is a gradual but marked in-
crease in the breadth of the main Raman band, primarily
arising from an increase in intensity between 700 and 900
cm~' (Figs. 6 and 7). This broadening may result from
the emergence of new Raman bands associated with
structural features similar to those that appear in the crys-
tal above 30 GPa. It also appears that the pressure deriv-
ative of the average frequency of the main Raman band
decreases significantly above ~20 GPa. However, this is
probably only a manifestation of the gradual build-up of
intensity in the low-frequency shoulder of the main band.

The behavior of the vibrational modes of glass upon
decompression (Fig. 7) is similar to that of the behavior
displayed in the crystal. The general high-pressure spec-
tral features are retained on decompression to ~12 GPa.
Below this pressure there is a rapid loss of intensity be-
tween 700 and 900 cm~'. On recovery of the sample at
ambient conditions, the glass bands return to their ini-
tial positions, although the breadth of the main Raman
band is somewhat greater than that of the uncompressed
sample.
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Fig. 7. Insitu Raman spectra of forsterite glass under decom-
pression. Scattering intensity on the low-frequency side of the
main Raman band is lost below ~12 GPa.

Because of the similarity between the ambient struc-
tures of crystalline and amorphous forsterite, it is reason-
able that they would have similar compression mecha-
nisms. We conclude that the Raman spectra are consistent
with the interpretation that dimers form in forsterite glass
above ~20 GPa and that the dimerization is reversible
to 50 GPa. This dimerization may or may not be accom-
panied by a Si coordination increase. The lower pressure
at which dimerization is inferred to begin for the glass
may be a result of the increased orientational disorder
between adjacent SiO, tetrahedra in the ambient glass,
allowing a less constrained approach of the tetrahedra
during compression.

CONCLUSIONS

Raman spectra of statically compressed forsterite sug-
gest that a reversible formation of defect structures begins
above ~30 GPa in the crystal and above ~20 GPa in the
glass. The defects probably form through dimerization of
adjacent SiO, tetrahedra, creating local features within
the olivine architecture that are similar to B-phase
Mg,SiO,. The formation of these defect structures is con-
sistent with the theoretically predicted dynamic structural
instability of olivine at high pressure (Guyot and Rey-
nard, 1992). We suggest that the formation of dimer de-
fects in metastable crystalline olivine is a prelude to the
irreversible amorphization reported at higher pressures.
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