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Micro-Raman and infrared spectral study of forsterite under high pressure
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ABSTRACT

Raman and mid-IR spectra of synthetic forsterite (Mg,Si0,) have been recorded under
pressure to about 200 kbar. Multichannel micro-Raman spectroscopy has made it possible
to measure the forsterite spectra with high signal to noise ratio. Twenty-one bands are
identified in the Raman spectrum of forsterite. Pressure dependencies of the frequencies
of two of the Raman bands have been determined for the first time. All of the Raman
bands move progressively to higher frequencies with increasing pressure. The frequency
shift displays a linear relation with respect to pressure up to 70 kbar. The Raman peak at
585 cm~!, usually attributed to a single vibrational mode, is in fact a doublet. The pressure
derivatives of the bands in 585-cm~' doublet are slightly different but do not change
abruptly in the pressure range studied in our work. We also found that two Raman modes
(424 and 441 cm ') are still present in our spectra in the pressure range of 100-200 kbar,
in contrast to previously reported results. There is a slight break in the slopes of the five
Raman bands in the pressure range 70-90 kbar. These changes in the slope are attributed
to a change in the compression mechanism of forsterite at high pressures. Frequencies of
six infrared-active internal modes of forsterite change linearly with pressure to 184 kbar,
in agreement with the results of previous workers. The pressure dependencies of the in-
frared bands reported by various workers, however, show much larger variations than
those of corresponding Raman bands. Observed changes in the relative intensities of the
infrared bands at high pressures are attributed to the deformation of the SiO, tetrahedra

above 81 kbar.

INTRODUCTION

Forsterite (Mg,Si0,) is a major constituent of the upper
mantle (Akimoto et al., 1976). Cr-activated forsterite sin-
gle crystals were recently found to be excellent materials
for near-infrared lasers (Petricevic et al., 1988; Sugimoto
et al., 1989). Raman and infrared spectra of forsterite
have been measured extensively at ambient and high
pressures to understand its lattice-dynamics and to de-
termine the pressure dependence of heat capacity and en-
tropy (lishi, 1978; Xu et al., 1983; Besson et al., 1982;
Hofmeister, 1987; Hofmeister et al., 1989; Lam et al.,
1990; Chopelas, 1990; Gillet et al., 1991; Guyot and Rey-
nard, 1992; Reynard, 1991). Chopelas (1990) has mea-
sured the pressure dependence of the Raman spectrum
for forsterite to >200 kbar and suggested the possibility
of a second-order phase transition above 91 kbar. The
IR data in the middle IR range on forsterite were studied
at pressures up to 300 kbar (Hofmeister et al., 1989; Xu
et al., 1983). Far-IR spectra of forsterite were studied at
pressures up to 425 kbar (Hofmeister et al., 1989). The
band positions of forsterite and assignments at ambient
pressure have been established (Hofmeister, 1987). Fur-
thermore, mode Griineisen parameters, «v,; heat capacity,
C,; and entropy, S, have been calculated from dv/dP us-
ing statistical thermodynamics of the lattice vibrations
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(Hofmeister et al., 1989; Chopelas, 1992; Gillet et al.,
1991). Kudoh and Takéuchi (1985) investigated the
structure of forsterite under high pressure up to 149 kbar
and suggested change in the compression mechanism
above 80 kbar. Evidently the structure of forsterite above
80 kbar is not well understood at present.

The present paper reports our results on the pressure
dependence of 21 Raman bands of forsterite up to 204
kbar under hydrostatic pressure transmitting medium and
up to 189 kbar with KBr as a quasi-hydrostatic pressure
medium. For comparison with previous IR spectroscopy
of forsterite at high pressure, we measured mid-IR data
on forsterite under quasi-hydrostatic pressure up to 184
kbar.

EXPERIMENTAL METHODS

The forsterite used was a synthetic crystal from John
B. Bates, Oak Ridge National Laboratory. Raman spectra
were excited with the 457.9-nm line of an Ar ion laser;
typical laser powers ranged from 60 to 80 mW. The laser
light entered the diamond-anvil cell (DAC) at an angle of
35° from the normal to the diamond face. Raman spectra
were obtained in 165° geometry using a Spex 1877 triple
spectrometer (Sharma and Urmos, 1987; Sharma, 1990).
Either an optical multichannel analyzer (OMA) or a
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Fig. 1. Raman spectra of forsterite from 1 atm to 179 kbar
and 18 °C under hydrostatic pressure conditions.

charge-coupled device (CCD) detection system was used
for recording the data. The OMA detector temperature
was set at —30 °C for minimizing dark noise. The CCD
detector temperature was about — 120 °C, with dark noise
close to zero. These operating conditions made possible
long exposures. The range of frequencies for the spectra
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of samples at pressure was 100-1100 cm~'. All spectra
were recorded at 291 = 1 K.

Samples were randomly shaped (~0.03 mm) forsterite
grains; micrometer-sized ruby grains were used for pres-
sure calibration. In one set of experiments a 16:3:1 meth-
anol to ethanol to H,O liquid mixture was used as a pres-
sure medium (Jayaraman, 1983). In the second set of
experiments KBr was used as the pressure medium. In
the case of the liquid mixture the pressure is hydrostatic,
at least up to 100 kbar. This set of experiments is, there-
fore, referred to in the text as hydrostatic pressure exper-
iments. The solid pressure-transmitting medium KBr
provided a quasi-hydrostatic environment both at lower
(<100 kbar) and higher pressure and is therefore referred
to as a quasi-hydrostatic medium.

Pressures were generated with a megabar Mao-Bell type
diamond-anvil cell (DAC) (Mao and Bell, 1978). The gas-
ket was a 718 stainless steel plate, 0.15 mm thick and
with a 0.15-mm hole. In both cases of hydrostatic and
nonhydrostatic pressure, ruby fluorescences R, and R,
were well resolved up to maximum pressure. In our ex-
periments, the ruby fluorescence R, and R, bands did not
broaden significantly until maximum pressure was
reached. We also found that the pressure gradient in the
cell did not change abruptly. The pressure differences in
the cell, estimated from ruby fluorescence shift (Mao et
al., 1978), did not exceed +0.5 kbar under hydrostatic
conditions and *+2.5 kbar under quasi-hydrostatic con-
ditions.

IR spectra were analyzed using a Perkin-Elmer FT IR
1720x spectrometer. The range of frequencies for IR
spectra was 400-4000 cm~!, and the typical experimental
conditions utilized a resolution of 4 cm~', a gain of 8 x,
and 1000-2000 scans. A pair of type Ila diamond anvils
was used in the DAC. The range of frequencies analyzed
in this work was 400-1400 cm~!. The gasket material
was a Mo plate 0.15 mm thick. To obtain data on weak
peaks, the gasket, which had an aperture of 0.25-0.4 mm,
was compressed to a thickness of 0.01-0.02 mm before
loading the sample. Samples were loaded in the gasket in
three configurations: (1) forsterite powder compressed to
form a thin film on one anvil, a gasket placed between
two anvils and filled with KBr in the gasket hole, and
ruby chips placed on the top; (2) the gasket hole filled
first with KBr powder, then filled with forsterite powder,
ruby chips placed on the top of the sample; (3) the gasket
hole filled with a mixture of 4:1 KBr to forsterite, then
ruby chips placed on the top of the mixture (strictly
speaking, the mixture ratio is determined by the depth of
hole and the absorbance of sample). We obtained the
same results from the three configurations.

The pressure was determined by ruby fluorescence from
the ruby grains in DAC, which was excited by the 488.0-
nm line of an Ar ion laser and was analyzed by a Spex
1403 double spectrometer through an optical fiber cable
(Sharma et al., 1992). The values of pressure reported
here are the average of pressures measured at three points
in the DAC.



WANG ET AL.: FORSTERITE UNDER HIGH P

471

TasLe 1. Pressure derivatives, mode Griineisen parameters, v,, and mode assignments for Raman vibrational modes of forsterite

dv,/dP (cm~/kbar)

we

Yie
vio Hydro- Nonhydro- Chigpelas Hydro- Nonhydro-  Chopelas’
No (cm—1) static static <91 kbar >91 kbar static static data Mode typet
1 183 0.301 0.301 0.303 2.150 2.150 2.090 T(Mgll, SiO,)
2 227 0.114 0.119 0.120 0.105 0.643 0.671 0.674 T(SiO,, Mgl
3 244 0.235 0.226 0.230 1.232 1.186 1.210 T(Si0,)
4 290 0.306 0.299 1.351 1.320 T(Mgll)
5 306 0.326 0.368 0.390 0.305 1.364 1.539 1.630 T(Mgll, SiO,)
6 331 0.295 0.290 0.300 1.144 1121 1.116 T(Mgll)
7 341 0.473 0.444 0.498 0.402 1.775 1.667 1.870 R(SiO,)
8 376 0.369 0.376 0.368 1.256 1.280 1.250 R(SiO,)
9 411 0.312 0.330 0.318 0.972 1.028 0.990 R(SiO,) + »,
10 424 0.480 0.421 0.475 1.449 1.271 1.430 R(SIO,) + »,
11 434 0.458 0.471 0.474 1.351 1.389 1.400 R(SIi0,) + »,
12 441 0.545 0.518 0.550 1.585 1.503 1.600 R(SiO,) + v,
13 545 0.179 0.196 0.225 0.131 0.420 0.460 0.528 A
14 584 0.218 0.289 0.300 0.249 0.478 0.633 0.659 v,
15 587 0.280 0.611 v,
16 609 0.324 0.348 0.335 0.682 0.731 0.704 A
17 826 0.307 0.344 0.312 0.476 0.533 0.483 (40% v, + 60% v;)
18 856 0.285 0.257 0.327 0.267 0.426 0.384 0.489 (60% v, + 40% v,)
19 884 0.303 0.354 0.303 0.439 0.512 0.439 vy
20 922 0.276 0.302 0.275 0.383 0.419 0.382 v,
21 966 0.501 0.504 0.499 0.663 0.668 0.661 Vs

* Chopelas (1990).

** Calculated from (K;o/v,,) (dv,/dP),, where K., is 1280 kbar (Webb, 1985; Kumazawa and Anderson, 1969; Graham and Barséh, 1969).
+ lishi (1978); Hofmeister (1987); Lam et al. (1990); Chopelas (1991) where T = translational; R = rotational; »,_, internal Si0,; Mgil, Mg20, modes.

RESULTS AND DISCUSSION
Raman spectral data

Forsterite has an orthorhombic unit cell (space group
Pbnm; Z = 4) and three types of polyhedra—Mg10O; oc-
tahedra, Mg2Q, octahedra, and SiO, tetrahedra (e.g.,
Brown, 1980). On the basis of factor-group analysis, it
has been shown that forsterite has 84 modes of vibra-
tions. Out of these modes 36 are Raman active, 35 are
infrared active, ten are inactive, and three are acoustic
modes (e.g., lishi, 1978; Hofmeister, 1987; Chopelas,
1990; Lam et al., 1990). The 36 Raman active modes of
forsterite that are theoretically expected have been iden-
tified with polarized single-crystal Raman measurements
(Lishi, 1978; Lam et al., 1990; Chopelas, 1991). Obser-
vation of fewer Raman bands at high pressure (Fig. 1,
Table 1) is partly due to accidental degeneracies, weak
intensities, or both. Random orientation of the forsterite
grain and the restricted geometry of DAC make it difficult
to detect and resolve weak bands. The ambient Raman
frequencies of forsterite, their pressure dependencies, and
assignments are summarized in Table 1.

Lam et al. (1990) have discussed the origin and mixed
characters of the internal modes of SiO, in forsterite at
ambient pressure. They found that interaction between
tetrahedra produces perturbation of the eigenmodes of an
isolated tetrahedron causing (1) lifting of degeneracies of
the modes, (2) increase in mode frequencies because of
an additional force constant, and (3) mixture of the dif-
ferent symmetries of the unperturbed modes (v,, »,, v,,
v,). The calculations of Lam et al. (1990) have shown that
(1) the difference in the »; and », frequencies is propor-

tional to the Si-O force constant; (2) the »,- and »,-derived
modes are most sensitive to the increase in O-O force
constants; (3) the intertetrahedral O-O force constants in-
crease the frequency of the » -derived mode more than
those of the »,-derived mode, and (4) the Mg-O interac-
tion increases the frequencies of the »,- and »,-derived
modes more than those of »;- and »,-derived modes.

It is interesting to note that the pressure dependencies
of the A,, modes 826, 856, and 966 cm~', under hydro-
static conditions up to 85 kbar, are 0.307, 0.285, and
0.501 cm~—'/kbar, respectively (Table 1). These pressure
dependencies are consistent with the respective percent-
ages of », character of the corresponding modes (Table
1). The 966 cm~! mode has 100% », character. Therefore,
one expects that its frequency would show a significant
increase with pressure because of the shortening of Si-O
bonds.

Figure 2a and 2b show the pressure dependence for
21 Raman modes under hydrostatic pressure and 20 Ra-
man modes under nonhydrostatic pressure, respectively.

The pressure derivatives, dv/dP, and mode Griineisen
parameters, v,, calculated from the equation

¥, = Keo/viu)dv/dP)ro (H
(Chopelas, 1990) are listed in Table 1, where K1, = 1280
kbar, the bulk modulus of forsterite at 1 atm, and room
temperature (Graham and Barsch, 1969; Kumazawa and
Anderson, 1969).

The pressure responses of various modes do not exhibit
large differences between hydrostatic and quasi-hydro-
static pressure conditions (Table 1). The bands at 227,
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Fig. 2. The pressure dependence for Raman modes under (a)
hydrostatic and (b) quasi-hydrostatic pressure.

306, 331, 341, 376, 434, 545, 584, 587, 609, 826, 884,
922, and 966 cm~' have medium or strong intensities.
The determination of their frequencies is comparatively
reliable. At high pressure, the intensity of some peaks
decreases markedly. Peaks 20 (922 cm~') and 21 (966
cm~') merge progressively into a strong C-O stretch band
of alcohol (Mammone et al., 1980a) as pressure increases,
so their positions are difficult to measure accurately when
alcohol is used as a pressure-transmitting medium. Figure
2 shows that all of the Raman peaks move to progres-
sively higher frequencies as pressure increases and that
frequency shifts have a linear relation with pressure.
Besson et al. (1982) reported high-pressure Raman
spectra of forsterite in the high-frequency region up to 65
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Fig. 3. The change of slope of pressure dependence for five
Raman modes of forsterite under (a) hydrostatic pressure and
(b) quasi-hydrostatic pressure. Arrows mark the points of break
in the slope.

kbar and estimated pressure dependencies of the bands
at 826, 856, and 922, respectively, as 0.35, 0.34, and 0.39
cm~'/kbar. Our results show that the pressure dependen-
cies of the bands at 826 and 856 cm~' under quasi-hy-
drostatic pressure (Table 1) are close to the values re-
ported by Besson et al. (1982); however, the pressure
dependence of the 922-cm~! band under quasi-hydro-
static pressure is 0.302 cm~—'/kbar, lower than that esti-
mated by Besson et al. In general, our results on the pres-
sure dependencies of the 19 Raman bands are in
agreement with the results of Chopelas (1990) in the pres-
sure range of 0.001-91 kbar. The pressure dependencies
of two additional bands at 290 and 587 cm~! that we
were able to detect under hydrostatic pressures are, re-
spectively, 0.306 and 0.280 cm~!/kbar (Table 1).

Our dv,/dP and «, values are close to those measured
by Chopelas, and we also found that above a certain pres-
sure the slopes of some Raman modes vs. pressure seem
to change slightly. These changes are not distinct. Under
hydrostatic pressure, the Raman bands 227, 306, 341,
545, and 856 cm~' show a break in their slope, respec-

TasLE 2. Standard deviation of linear fit for Raman shift pressure of forsterite

Pressure derivatives dv,/dP

-1
fenr Hkoan Standard deviation
Freq. Whole range Rlespeciiveirangg Whole Respective
No. Vio 0-179 kbar 0-85 kbar 109-179 kbar range fit range fit
Hydrostatic pressure
2 227 0.114 0.122 0.109 +0.001 +0.001
5 306 0.326 0.386 0.304 +0.006 +0.004
7 341 0.473 0.473 0.498 +0.008 +0.004
13 545 0.179 0.195 0.175 +0.004 +0.003
18 856 0.285 0.309 0.256 +0.003 +0.003
Nonhydrostatic pressure
2 227 0.119 0.120 0.112 +0.002 +0.002
5 306 0.368 0.433 0.353 +0.009 +0.006
7 341 0.444 0.505 0.382 +0.006 +0.003
13 545 0.196 0.200 0.166 +0.006 +0.002
18 856 0.257 0.311 0.237 +0.006 +0.005

n v
Note: Standard deviation = [E v — 17,)2] / (n—2).

=1
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Fig. 4. Raman spectra of forsterite in the range 300-700 cm—!
at various pressures (a) and (b) Raman spectra of forsterite on
an expanded scale showing the splitting of the 585-cm~! Raman
band at high pressures.

tively, at ~85, ~70, ~109, ~80, and ~90 kbar (Fig. 3a).
Under quasi-hydrostatic pressure these bands show a
break in their slopes, respectively, at ~90, ~70, ~80,
~106, and ~75 kbar (Fig. 3b). Table 2 lists the standard
deviations of linear fits of Raman shift vs. pressure for
these bands in the whole P range (0—179 kbar) and in the
respective P range of 0-85 and 109-179 kbar. Standard
deviations for fits to both the entire range (0-179 kbar)
and to separate subranges have the same order, especially
for peaks at 227 and 856 cm~', which have the same
values. Based on this fact, it seems that the changes in
slope are very small.

We found that the band at 585 cm~! is indeed a doublet
consisting of unresolved bands at 584 and 587 cm~'. Both
the bands in the doublet originate from the », internal
mode of vibration but have different symmetries (e.g.,
Tishi, 1978; Chopelas, 1991). Because the pressure depen-
dence of the bands within the doublet is different, the
doublet seems to split at higher pressures (see Fig. 4a and
4b). We have repeated this experiment a number of times;
the split is highly reproducible and reversible —the bands
overlapped when the pressure decreased to | bar. We
have determined the positions and intensities of these
bands using the curve-fit method (Fig. 5). Their positions
and pressure dependencies are (584 + 0.218) P and (587
+ 0.280) P (cm~'); in Table | these are marked as peak
nos. 14 and 15, respectively. In the low-pressure range
the relative intensity of peak no. 14 is greater than that
of peak no. 15, whereas in the high pressure range the
intensity of the latter is greater.

Chopelas (1990) reported that three bands at 183 (no.
1), 424 (no. 10), and 441 cm ' (no. 12) of forsterite (Table
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Fig. 5. The curve-fit determination of the positions and in-
tensities of Raman spectra peaks 14 and 15 at various pressures
for forsterite.

1) completely disappear above 91 kbar in the Raman
spectrum. We observe at least two of these bands (10 and
12) clearly up to 179 kbar (see Fig. 6); however, their
intensities are weaker. The 183-cm~! band is also ob-
served above 100 kbar but becomes weak with increasing
pressure and difficult to measure because of interference
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Fig. 6. Positions of Raman spectra showing bands at 424
cm~' (10) and 441 cm~' (12) at high pressures.
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Fig. 7. Typical mid-IR spectra of forsterite from 1 atm to
184 kbar and at 20 °C.

1300

from the strong Rayleigh tail and parasitic scattering. Our
results show that no Raman bands become unobservable
and no new bands appear on compression to 179 kbar.
Chopelas (1990) interpreted the loss of the bands and
the change in the slope of six Raman bands as a second-
order phase transition that is likely to be related to the
olivine-spinel transition at high temperature. Single-crys-
tal structure and compression studies have shown that
forsterite transforms into the B-phase, exhibiting the
structure of the so-called modified-spinel type under high
pressure and temperature (Morimoto et al., 1969). Ac-
cording to Akimoto et al. (1976), the transformation oc-
curs at a pressure of about 125 kbar and approximately
1000 °C. If a second-order transition indeed occurs, one
would expect that under quasi-hydrostatic stress, the
transition pressure would be lower (e.g., Bridgman, 1945;
Adams and Sharma, 1981; Mammone et al., 1980b). One
would also expect the parallel result of abruptly changing
slope for the IR bands. Neither of these effects are ob-
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served in the present work, indicating that no second-
order phase transition takes place at 91 kbar. The signif-
icant decrease in the intensities of the low-frequency bands
and relative change in the intensities of the bands at 584
and 587 cm~' above 80 kbar probably indicate change in
the polarizability associated with these modes.

The effect of pressure on the crystal structure of for-
sterite was initially investigated with a single-crystal dif-
fractometer up to 50 kbar at room temperature (Hazen,
1976; Hazen and Finger, 1980). According to these stud-
ies, the mean Si-O bond length was essentially unchanged
up to 50 kbar, within experimental error. Kudoh and
Takéuchi (1985) have studied the crystal structure of for-
sterite up to 149 kbar. According to them, the Si-O bonds
in forsterite show a significant compression. The three
A,, modes of forsterite at 826, 856, and 966 cm~! show
continuous increase in frequency with increasing pressure
(Table 1), indicating that there is some compression of
the Si-O bonds. In addition, Kudoh and Takéuchi (1985)
have shown that the Mgl-O distance ceases to decrease
at about 80 kbar, whereas the Mg2-O bond shows a linear
decrease with increasing pressure to 149 kbar. The change
in the compression mechanism of forsterite above 80 kbar
is most probably responsible for the observed break in
the slope of the Raman bands and the change in the rel-
ative intensities of some of the Raman and infrared bands.
The results of the present Raman investigation thus sup-
port the conclusions of Kudoh and Takéuchi (1985) that
under high pressure the Si-O bonds in forsterite show
significant compression and that there is change in the
compression mechanism of forsterite above 80 kbar.

Infrared spectral data

Figure 7 shows a typical mid-IR spectrum of forsterite
in the pressure range 1 bar to 184 kbar at 20 °C. The mid-
IR bands of forsterite move to progressively higher fre-
quencies and progressively broaden with pressure. Figure
8 shows the pressure dependencies for six mid-IR modes
under quasi-hydrostatic conditions. The band positions
have linear relations with pressure in this pressure range.
We did not, however, observe a changing slope, dv/dP,
and the disappearance of bands, as occurs in the Raman
spectra. The pressure derivatives, mode Griineisen pa-
rameters, and mode types are listed in Table 3. Because
the IR bands of powdered samples are an average of sev-
eral modes, mostly transverse optic (TO) and, secondari-
ly, longitudinal optic (LO), the other parameters (i.e., v,)
are also assumed to serve as average values. The differ-
ences in the pressure derivatives of the IR bands reported
by different authors are large (see Table 3). Our values of
pressure derivatives of IR bands of forsterite are higher
than those reported by previous workers (Hofmeister et
al., 1989; Xu et al., 1983). The difference may reflect the
difficulties in measuring the frequencies of broad IR bands
as well as inaccuracies in pressure measurements under
quasi-hydrostatic conditions.

The mid-IR bands of forsterite have been assigned to
Si-O stretching and bending modes (Hofmeister, 1987).
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TaBLE 3. Pressure derivatives, mode Griineisen parameters, v, and mode assignments for mid-iR vibrational modes of forsterite

Band Present work Hofmeister et al. (1989) Xu et al. (1983) "F"'g?nf;g’:r

no. Voo dv,/dP v, Vi dv,/dP ¥, ¥y dv,/dP (1987)

1 516.5 0.202 0.50 482.8 0.145 0.38 5

2 614.0 0.257 0.54 608.9 0.133 0.28 612.8 0.300 A

3 8455 0.258 0.39 835.7 0.305 0.47 ”

4 887.1 0.271 0.39 876.0 0.218 0.32 891.6 0.230 2

5 962.3 0.238 0.32 924.9 0.169 0.23 v

6 992.2 0.501 0.65 987.9 0.523 0.68 989.0 0.494 vy

The shift of the IR bands of forsterite is in response to
compression of the unit cell and because of minor dis-
tortions of the SiO, group. The pressure derivatives of IR
bands of forsterite are slightly lower than those of the
corresponding Raman modes, a result implying relatively
rigid behavior of the silica tetrahedron. This result is in
agreement with X-ray studies (Merrill and Bassett, 1974;
Kudoh and Takéuchi, 1985). It is evident from Table 1
that with the exception of Raman mode no. 2 (227 cm ™),
all the Raman bands associated with lattice modes (Mg2
translations, SiO, translations and rotations) have large
values of the mode Griineisen parameter, v, (>0.9); all
Raman and IR bands (Tables 1 and 3) associated with
the internal SiQ, vibrations have small vy, (<0.8). This
result indicates that most of the compression of forsterite
is caused by the compression of MgO, octahedra and that
Si0O, tetrahedra are relatively uncompressible.

Because of the overlapping of infrared bands, the low
intensities of some peaks, and the presence of interference
fringes, it is difficult to make accurate measurements of
the width and area of IR bands. Nonetheless, the broad-
ening of the IR bands is significant as pressure increases.
This result suggests that IR absorption is more sensitive
to crystal-field effects than is Raman scattering. The area
under any given absorption peak (i.e., integrated inten-
sity) is related to the number of atoms involved in the
vibration. Hofmeister et al. (1989) have pointed out that,
after the thinning effect of the gasket under pressure is
accounted for, the peak area is expected to be indepen-
dent of pressure, unless the sample undergoes a phase
transition. Another possibility is that the deformation of
the structure could cause a change in the permanent di-
pole moment associated with some of the modes and thus
alter their intensities at high pressures.

A slight but definite increase in area for the IR band
no. 2 (614 cm~! assigned to »,) as pressure increases can
be observed from Figure 7. In contrast, the area of IR
band no. 4 (887 cm~! assigned to v,) strongly and mono-
tonically decreases as pressure increases. The mode no. 1
(516 cm~!, assigned to »,) 1s always the strongest band in
the pressure range used in the present study. The relative
intensity ratios I,/I, and I/I, decrease as pressure in-
creases. These changes in the relative intensities of infra-
red bands may indicate change in the permanent dipole
moment of SiO, groups because of deformation of crystal
structure and SiO, tetrahedra. Hofmeister et al. (1989)

have also observed change in the relative intensities of a
number of far-IR and midinfrared bands of olivines.

SUMMARY AND CONCLUSIONS

We have investigated the effect of both hydrostatic and
quasi-hydrostatic pressure on the Raman spectrum of
forsterite to 200 kbar, and the effect of quasi-hydrostatic
pressure on the mid-IR forsterite spectrum. Pressure de-
pendencies of 21 Raman bands and six infrared bands of
forsterite have been measured. Below 70 kbar under hy-
drostatic pressure, all the Raman bands show linear in-
crease in their frequencies with increasing pressure. In the
pressure range of 70-90 kbar, five of the Raman bands
show a slight break in their slopes, which is attributed to
change in the compression mechanism in forsterite at high
pressures.

A comparison of the Raman data of forsterite under
hydrostatic and quasi-hydrostatic pressures shows that
the Raman spectrum is not very sensitive to quasi-hy-
drostatic stress. The small differences in the dv/dP values
of Raman bands under hydrostatic and quasi-hydrostatic
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Fig. 8. The pressure dependence for six mid-IR modes under
quasi-hydrostatic pressure with KBr as pressure transmitting
medium.
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pressures can account for some of the different values of
the slope of Raman bands reported in the literature.

In the mid-infrared spectra, the six internal modes of
Si0, units of forsterite change linearly with pressure to
184 kbar, in agreement with the results of previous work-
ers. With increasing pressure, the relative integrated in-
tensity of the 614-cm~' IR band (one of the bending
modes of Si0O,) is found to increase with increasing pres-
sure, whereas that of the 887-cm~! IR band (one of the
Si-O stretching modes of SiO,) strongly decreases above
81 kbar. The observed decrease in the intensities of IR
bands at high pressures is attributed to distortion of SiO,
tetrahedra.
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