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Raman scattering and yhonon disyersion in Si and GaP at very high yressnre
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One- and two-phonon Ramsn spectra of Si. and Gap were measured at room temperature for pressures up to
135 kbar. An opposed diamond-anvil high-pressure cell was employed in the experiments, and its design and use
for Raman scattering are described in detail. Mode Gruneisen parameters and quadratic pressure coefficients
were measured for phonons at several zone-boundary critical points as well. as at q =0. In addition the
general effect of pressure on large portions of the phonon dispersion near the zone edge could be inferred. In
both materials zone-boundary TA modes "softened" with increasing pressure, while optical phonons shifted to
higher energy. Using the high-pressure Raman data a calculation of the thermal-expansion coefficient of Si as
a function of temperature (negative at low temperature) achieved fair agreement with experiment. Measured
and theoretically calculated mode Gruneisen parameters are compared for several tetrahedral semiconductors.
The Ramsn spectrum of Si wss measured up to the metallic (P-Sn structure) tansformation at 125 ~ S kbar.
This transition is discussed within the context of the bond-charge model.

INTRODUCTION

Raman scattering at very high pressure offers
many attractions as a means for investigating pho-
non properties of solids. First, anharmonie ef-
fects may be studied for comparatively large vol-
ume changes. For example in Si, a pressure of
100 kbar~ produces a volume decrease of roughly
5%, whereas the total volume change for this ma-
terial in going from absolute zero to its melting
temperature is only -1.8%.3 Furthermore, the in-
fluence of temperature is complicated by statistical
effects, but hydrostatic pressure manifests itself
only through volume change. Second, the volume
dependence of the phonon dispersion can be used as
a rather stringent test of various lattice-dynamical
theories, as it is difficult to correctly calculate
both the dispersion and the mode-Gruneisen param-
eters without a realistic description of both long-
and short-range crystal forces. Experimentally,
we find that 100-kbar pressures produce large
phonon-frequeney shifts which can be measured ac-
curately even for the second-order Raman spec-
trum. In addition, nearly degenerate (or acciden-
tally degenerate) critical points may separate and
become easily identifiable at large hydrostatic
pressures.

Finally, many different phase transformations,
which can be induced at high pressure, may be
readily studied by Raman scattering. For example,
the volume dependence of "soft" modes associated
with ferroelectric and other transitions may be
investigated. 4'5 Where structural changes occur,
considerable information concerning the symmetry
of the various phases can be obtained by measuring
polarized Raman spectra. Of particular interest to
this work is the first-order semiconductor-to-
metal transition occurring in Si and other tetra-
hedral semiconductors. '

Several Raman-scattering investigations of crys-
tals under pressure have been reported. Notable
among these are the works of Mitra et al. on

transparent semiconductox s and other materials,
and Cardona et al. ~~ on opaque semiconductors.
In these experiments hydx ostatic pressure up to 10
kbar was produced hydraulically inside an OQ-fiQed
optical cell. Several Raman studies using uni-
axial stress have also been pex formed~3*~~; in these
the maximum pressure was usually limited to
& 25 kbar by sample breakage. Although a great
deal of useful information was obtained from the
above experiments, the relatively low pressure
often made it difficult to a,ccurately measure the
resulting small phonon-frequeney shifts, and a, host
of pllase transitions occurring at IligIlex' px'essure
could not be studied.

Early use of the diamond-anvil cell in conjunc-
tion with Raman scattering by the groups of Lip-
pincott~s and Mitra~6 met with only limited success.
More recently, Adams et al. used an ungasketed
diamond-anvil cell in Raman measurements up to
40 kbar, and Cerdeira et al. employed a gasketed
sapphire-anvil cell which on occasion has pro-
duced hydrostatic pressure up to 80 kbar before
the sapphire-anvil shattered. Our experiments
with GaP (Ref. 19) and Si have employed a gasketed
diamond-anvil cell which is capable of achieving
100-kbar true hydrostatic pressure and 200 kbar
in a quasihydrostatie-pressure environment.

Our aims in this publication are to describe in
detail this pressure cell and its use fox Raman-
scattering experiments, and to present, discuss,
and compare our measurements of the first- and
second-order spectra of GaP and Si up to 135
kbar. Prom the high-pressure Raman data we cal-
culate the thermal-expansion coefficient of Si as a
function of temperature an'd compare the result
with direct measurements of this quantity. A
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FIG. 1. Cut-away cross-section drawing of the Waspa-
loy-opposed diamond-anvil high-pressure cell used in
this work. The removable heater was not employed in
our experiments.

comparison of observed and theoretically predicted
values of the mode-Gruneisen parameters of some
tetrahedral semiconductors is also presented.
Finally, we discuss the transformation to a highly
opaque phase observed for Si at -125 kbar. We
believe this. to be a semiconductor-to-metal phase
transition;. To the authors's knowledge these are
the first detailed Raman investigations of phonon
dispersion at such high pressure.

EXPERIMENT

Detailed descriptions of several types of NBS
diamond-anvil. high-pressure cells have been pub-
lished. These cells are designed for specific ap-
plications such as x-ray diffraction (powders,
and single crystals~~), optical microscopy, ~ and
infrared spectroscopy. ~ Of particular interest to
this paper is the recently published description of
a Waspaloy diamond pressure cell designed for
both high-pressure (200 kbar) and high-temperature
(700 'C) capability. ~~ A modification of this Was-
paloy cell which incorporates design features that
enhance its utility as an optical cell for Raman
scattering measurements is used in the present
study, and was also employed in a previous work
which did not include a detailed description of the
device. ~ The difference between the cell described
here and the cell reported in Ref. 23 is the coni-
cal aperture of the diamond window which has been
increased from 30' to 60' (see Fig. 1). The en-
larged opening increases the amount of scattered
light which can be effectively collected.

The essential components of the Waspaloy pres-
sure cell for Raman-scattering studies are de-
picted in the cutaway cross-section drawing shown
in Fig. 1. The principle employed to generate
force is a spring-loaded lever-arm assembly.
Force is produced by compressing Belleville
spring washers with 272-kg capacity by the rota-

tion of a screw. This arrangement produces a
uniform and continuously changing force as the
screw is rotated-a feature which has proved in
practice to be highly desirable. These Belleville
spring washers are used either in series or paral-
lel to alter sensitivity and load characteristics as
desired. The applied load is magnified by a factor
of 2 on being transmitted through the lever-arm
assembly to the pressure plate which is in contact
with the extended piston containing one of the dia-
mond anvils. The opposing anvil is fixed in posi-
tion and acts as an entablature against which the
piston anvil pushes.

Each anvil is a brilliant-cut gem (approximate
size, s carat) with the culet removed by grinding
and polishing to form an irregular octagonal flat
about 0.5 mm~ in area. The usual distance be-
tween opposite sides of the octagon is between 0.6
and 0.8 mm. The regular octagonal surface paral-
lel to this anvil flat, called the table, is approxi-'
mately 3.5 mm between opposite sides (equal to an
area of about 8 mm~). The table is supported by a
translating diamond-mount plate for the fixed an-
vil or entablature and a tilting diamond-mourit hem-
isphere for the moving piston anvil; both types of
motion are needed to accurately align the anvil
faces.

The anvils are always used in the gasketed cori-
figuration as shown in Figs. 1 and 2. The metal
gasket (lnconel X750) allows the sample to be en-
capsulated in a fluid-pressure-transmitting medi-
um, thus providing a truly hydrostatic environment.
The pressurized volume is defined by a gasket hole
0. 5 mm in diameter and 0.15 mm thick. The sam-
ple, contained in this pressurized volume, is sur-
rounded by a 4:1 mixture (by volume) of methanol:
ethanol) which produces a hydrostatic environment
to just over 100 kbar. Because an increase in
pressure is accompanied always by a volume de-
crease, the metal gasket must flow either by de-
creasing its diameter, its thickness, or both to
achieve a smaller volume.

To measure pressure in the diamond cell, we
use an optical-fluorescence system developed in
our laboratory. ' The system utilizes the pres-
sure-dependent shift of the 8& fluorescence line in
ruby which has been calibrated recently to 200
kbar against the compression of NaC1. Pressures
are based on Decker's equation of state for NaCl. ~~

In practice a small fragment of crystalline ruby
(0. 5% Cr by weight) is placed in the cell along with
the sample and the methanol: ethanol pressure-
transmitting fluid. The ruby fragment occupies
about 10% of the pressurized volume and is usually
sufficiently small as not to interfere with the de-
sired measurement. In these experiments the
pressure was measured insitu using the same la-
ser light and monochromator system to excite and ana-
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Fla, 2. Schematic diagram of the back-scattering experimental configuration. used for high-pressure Baman-scatter-
ing measurements with the diamond-anvil cell. The figure is not drawn to scale.

lyze the ruby fluorescence a's was used to measure
the Raman scattering. For ambient conditions the
8& line in ruby occurs at 6942 A, and the second
component of the doublet B spectrum, 82, occurs
at 6928 A. At 25 'C, the pressure dependence of
the A&-peak position is linear to 200 kbar (in both
wavelength and frequency within 0.6% standard de-
viation) with a shift of 0.365 A/kbar or -0.753
cm ~/kbar. At l00-kbar pressures are considered
accurate to within a 3/0.

Use of the diamond-anvil cell in Raman-scatter-
ing experiments presents some particular diffi-
culties which must be overcome. Earlier workers
encountered four major problems. ~ '~ They could
not measure the pressure accurately, their un-
gasketed systems were not hydrostatic, only very
thin samples (& l iI, m) of high scattering power
could be studied, and the technique of forward
scattering produced an intense background espe-
ciaQy near the Rayleigh line. In the present work
the first three of these problems have been elimi-
nated. The pressure can be measured accurately
and conveniently using the calibrated shift of the
ruby 8-line fluorescence. Introduction of a gasket
between the diamonds allows hydrostatic conditions
to be maintained up to - 100 kbar. The environ-
ment in the cell is then quasihydrostatic, but at the
maximum pressure in these experiments, -135
kbar, the magnitude of the stress gradients (as
gauged by the slight broadening of the Bj -B2 ruby
fluorescence doublet) remained small, 8 Also, the

gasket, which at maximum pressure can still be
75-100 p, m thick, permits one to study samples of
reasonable dimensions. The problem of back-
ground radiation remains, but by using the equip-
ment and techniques which are presently available,
the background intensity can be reduced to a toler-
able level.

Although one typically finds that the Raman in-
tensity from a sample within the diamond cell has
decreased by only a factor of 2 or 3 from that of the
same sample outside the cell, the background radi-
ation can increase by several orders of magnitude
(depending on experimental conditions) when a cell
is used. The background has several origins.
Close to the frequency of laser excitation one must
cope with an intense Rayleigh tail which results
from spurious scattering by components of the
cell in the vicinity of the sample (e.g. , sample,
liquid, ruby, gasket). Because of its design the
diamond cell is only suited for the forward- or
backward-scattering geometries, and of the two
we have found that the latter results in less back-
ground radiation especially close to the laser fre-
quency. Of course when studying opaque crystals
(such as Si) the backscattering geometry must be
used. A triple monochromator may be effectively
employed to suppress the intense Rayleigh tail.
However, use of an iodine prefilter is hampered
by the high level of fluorescence usually excited
from impurities in the diamond anvils by the 5145-
A Ar' laser line.
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The experimental configuration employed in this

work is drawn sehematicaQy in Fig. 2. The small
xnirror which reflects the incident light into the
ceQ, also serves to intercept reflected and -180'
back-scattered light. Often signal-to-background
ratio can be imyroved by blocking a larger portion
of the central collection aperture. With a double
monochromator, and the backward-scattering ge-
ometry, we have found that even under optimum
conditions, it was difficult to measure spectra of
intensity comparable to the second-order spectrum
of Si for wave-number shifts less than 125 cm ~.

Away from the exciting laser frequency the back-
ground consists mainly of fluorescence from im-
purities in the diamond anvils. Although one can
draw some general conclusions concerning the fluo-
rescence spectra of diamonds, ~ the best way to
determine the suitability of a pair of anvils is to
measure their fluorescence. %e have found that
there is much vaxiation among different diamonds,
and thai type-I diamonds may or may not be better
than type-II diamonds. However, usuaQy the
over-all fluorescence level in the region of interest
is lowel' fol' red excltRtloll (8 g. q

64VI-A Kl' 01'
6328-L He-Ne) than for green or blue excitation
(e. g. , 5145- and 4880-A Ar'). In the present ex-
periments, type-I diamonds were used, and, ex-
cept where noted below, the exciting laser lines
were 64'll-A Kr' for Si and 6328-A He-Ne for GaP.
If a chip of ruby has been placed in the cell in or-
der to measure the px'essure, one must take care
that the Haman and ruby fluorescence spectra do
not interfere. Since the ruby R lines are quite in-
tense, and are aeeompanied by several phonon
sidebands, it may be difficult to separate the two
spectra if the laser frequency has been chosen too
close to the 8 lines. On the other hand, the level
of fluorescence from the diamonds may become in-
tolerable if the excitation frequency is chosen too
far into the green. Because of this problem the
rather weak second-order Raman spectrum of Si
was measured with no ruby in the diamond cell.
The pressure was determined by simultaneously
recording the shift of the first order peak (- 35
times stronger), which had been calibrated using
the ruby 8-line shift in a separate experiment.
Without employjng this procedure the optical over-
tone spectrum of Si would have been seriously ob-
scured by ruby fluorescence.

The Naspaloy diamond-anvil cell weighs about
1.5 kg, and it is desirable to hold it in a strong
stable mount. One must position the sample or
ruby chip within the focused laser beam which can
be I'edllced without difficulty to 20 pm in diameter
inside the cell. Some realignment is necessary
each time the pressure is changed, especially at
high pressure, where a considerable amount of
torque is required to turn the pressure screw.

Cell alignment is greatly simplified if there is
some means for viewing the gasket hole and sample
while making the necessary adjustments. This is
conveniently accomplished by illuminating the gas-
ket hole from behind with a bright lamp and ob-
serving the ceQ contents with a removable magnify-
ing periscope device (such as the Spex model No.
1450) posltloned Rt tile nlolloclll'0111Rtox' elltx'Rllce
slits (refer to Fig. 2). It is also useful to observe
the gasket hole while changing the px'essure in
order to ascertain the onset of gasket failure.

Our apparatus employed two lens fore optics with
a collection lens of f/I (nominally) and a magnifi-
cation of Xe at the entrance slits. A Spex 1401
double monochromator with a photon-counting de-
tection system was used. The spectxa were re-
col'ded ill Rll R11Rlog fashion llslllg R rRtelI18'tel' (fol'
GaP) or were stored in the 400 channels of a multi-
channel analyzer and then plotted at the completion
of each run {for Si). In the latter case each chan-
nel corresponded to a given frequency interval,
typically 1 cm ~ for second-order and 0.15 cm ~

for fix'st-order spectra. The monochromator spec-
'tral slit width was 3 cm ~. Scan times were ap-
proximately 6 h for a 350-cxn ~ interval. The He-
Ne laser yrodueed about 40-m%' of useful power
{after filtering) at 6328 A, and the krypton-argon
laser tube yielded about 100 mW at 64'71 A (also
Rf't81' fll't81'lllg) .

The GaP and Si samples were undoped (for GaP
n-101 cm 1; for Si P-101 cm ') unoriented single
crystals. They were prepared by chipping larger
single crystals under a microscope with a razor
knife. Samples were approximately 100 p, m in
diameter, and 30 pm thick for Si, 30-60 p, m thick
for Gap. Although the appearance of cleavage
planes gives some indication of orientation, definite
knowledge of crystal orientation would require
Laue x-ray-diffraction patterns from a 100-pm sam-
ple within the diamond cell, a difficult task at best,
which we did not attempt. Therefore, with the
orientation of the samples unknown, we did not in-
vestigate the polarized Haman spectra at high pres-
sure.

For both Si and GaP the phonon dispersion at 1
atm is well known, having been studied by inelastic
neutron scattering by Dolling (Si), 3 and Yarneli
et txl. (GaP). By fitting multiparameter shell
models to the neutron data, yhonon frequencies
away fx'om high-symmetry directions have been de-
tex mined reasonably well. There have been cal-
culations of the density of phonon states for these
and similar materials by Dolling and Cowley i and
Kunc et al. ,

3~ but the most reliable picture of the
density of states for Si comes from the neutron-
seattering measurements of ¹ilson and Nelin for
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where C; is the heat capacity of a single harmonic
oscillator of frequency ~;, C& is the crystal heat
capacity at constant volume, and P is the volume
thermal-expansion coefficient. Therefore, if the .

mode-Gruneisen parameters are known for a11
branches throughout the zone, the thermal expan-
sion can be calculated using
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FIG. 3. (a) Measured first- and second-order room-
temperature Raman spectra of GaP at 1 atm and 96 kbar.
Intensity scales are arbitrary. (b) Energy splitting of
the one-phonon peaks as a function of pressure. (c) Fre-
quency shift of features 2-4 (see Table I and text for as-
signments) as a function of pressure. Features 1 (omitted
for clarity) and 2 have a similar pressure dependence.
Note the large positive shift for the difference mode,
feature 3. For clarity, error flags are displaced.

Ge. 33'34 Due to the near homology of Si and Ge,
the form of their respective densities of states is
expected to be similar. " For GaP the density of
transverse acoustical modes takes the same form
as for Si and Ge, but there are differences in the
optical-phonon region due to the nondegeneracy of
TO and LO modes at X'.

The effect of pressure on the phonon dispersion
is described in terms of mode-Gruneisen param-
eters yq defined by

8 into ~ 1 Geo;

& lnV X~co ) ep

where co; is a phonon frequency, X& is the isother-
mal compressibility, V is the crystal volume, and

where p(~) is the density of phonon states, T is
the temperature, and E& is the Boltzman constant.

The first- and second-order Raman spectra of
Si ' ' and GaP ' ' have also been thoroughly
investigated at atmospheric pressure, and because
of the reliable neutron results, these spectra are
well understood. Si (diamond cubic) has one first-
order Raman peak, denoted O(I'), occurring at
519.5+ 1 cm ~, and GaP (zinc-blende structure)
has two first-order peaks, the LO(I") at 402. 5a 1
cm ~, and the TO(I') at 865. 5al cm (ambient
conditions). The strongest contributions to the
two-phonon scattering come from zone-boundary
modes, which are most numerous. For the cubic
systems under consideration the second-order
spectra consist of three symmetry components
labeled by the irreducible representations 1"~, X'~~,

and I'25 for Si, and I'&z for GaP. ' '" lt has been
determined for both materials that the two-phonon
spectra are dominated by the I'~ component which
is chiefly comprised of scattering from overtone
modes. The I'Q5 (I fs) component is weaker con-
taining contributions from many two-phonon com-
bination modes, and the 1"&2 component is very
weak, almost negligible. ' ' Furthermore,
for both Si and GaP the form of the two-phonon 1"&

component closely resembles the shape of the den-
sity of overtone states, i.e. , the one-phonon den-
sity with a doubled-frequency scale. This is espe-
cially true for scattering by acoustical overtone
modes for which the Raman spectra of GaP, ~

Si, ' and Ge, are very similar in form to each
other and to the measured (neutron-scattering) den-
sity of states for Ge. ' For scattering by optical
overtone modes this result remains valid. How-

ever, for Si it is necessary to include some broad-
ening of the Ge phonon density (measured at 80 K), '4

and for GaP, due to the nondegeneracy of TO(I')
and LO(I") phonons, one must resort to comparison
with the various calculations available for GI-V
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materials. ' ' Since the over-all shape of the
Raman spectra do not appear to change drastically
upon application of hydrostatic pressure, one may
assume that this result also holds at higher pres-
sure. The resemblance of the second-order Raman
spectra (dominated by their I'& components) to the
density of phonon states is an important result
which simplifies the analysis of the effect of hy-
drostatic pressure on the phonon dispersion.

With the help of the neutron-scattering results
the critical points associated with the major fea-
tures in the second-order spectra of Si and GaP
have been determined [see the assignments in Figs.
3(a) and 4, and Table I]. In the discussion of pres-

FIG. 4. Measured room-temperature two-phonon Ra-
man spectra of Si at (a) 1 atm; (b) 35 kbar; and (c) 99
kbar. Only the regions of strong acoustical and optical
overtone scattering are shown. Solid lines drawn (by
sight) through the data in (b) and (c) show the smoothed
spectra. Critical-point assignments based on neutron-
scattering results are also indicated (see Table I). Spec-
tral feature labels a, b, and c each designate several
closely spaced singularities. Intensity units are arbitrary
and different at each pressure. The 1-atm spectra were
excited with 5145-A light; otherwise 6471-A excitation
was used. Accordingly, the resonance effect discovered
by Klein et al. 52 is observed at c. No appreciable pres-
sure-induced resonance effects were found.

sure effects which is to come, it should be kept
in mind that the frequency shift of a given Raman
structure reveals the pressure behavior of a num-
ber of phonons in some neighborhood of the critical
point associated with this structure. For example,
the major peak in the acoustical-overtone spectra
of both these materials is bounded by the critical
points 2TA(X) and 2TA(Z; I}[refer to Figs. 3(a)
and 4], where the critical point along Z occurs
near &. However, the peak itself is due to scatter-
ing from a great many near-zone-boundary phonons
lying in the region between these two critical points
where the phonon dispersion is very flat. Conse-
quently, the shift of this peak describes (with little
variation) the pressure behavior of all the phonons
in this region. Furthermore, a simple interpola-
tion of pressure shifts between critical points based
on frequency should not introduce too much error.
This was found to be the case in our calculation of
the thermal expansion of Si.

The well-known first-order semiconductor-to-
metal transition occurring in Sn at atmospheric
pressure and 286 K is accompanied by a change in
structure from the diamond cubic (grey, n-Sn) to
the body-centered tetragonal (white, P-Sn) form
with a volume decrease of 20.9%.44'II This transi-
tion is often thought of as a prototype for the tetra-
hedral semiconductors. Pressure-induced transi-
tions to phases of high conductivity in several
Group-IV, III-V, and II-VI materials were first
studied by Drickamer eI' al. In Si a sudden drop
of over five orders of magnitude in the resistance
was found in the 120-150-kbar range, and in GaP
a similar transition recently has been observed. 0

Van Vechten has presented a theory of this type of
transformation in which the semiconducting and
metallic phases are treated according to the Penn
model and free-electron-gas approximation, re-
spectively. ' His calculated transition pressures
(300 K) are in fair agreement with the available
experimental data. The high-pressure x-ray-dif-
fraction investigations of Jamieson and others
have demonstrated that Si initially transforms to
the metallic P-Sn form (Si II), but after maintaining
high pressure for several days a new phase called
Si III, having a bcc structure with 8 atoms/(unit
cell}, develops. It also was found that Si rzz can be
retained metastably at atmospheric pressure.
Similar x-ray-diffraction studies of GaP are pres-
ently being performed in our laboratory.

HIGH-PRESSURE RESULTS

The room-temperature first-ox der Raman peaks
recorded for Si at 1 atm and 35 and 99 kbar are
displayed in Fig. 5(a). The peak shifts to higher
energy with increasing pressure, and its frequency
is plotted as a function of pressure in Fig. 5(b).
The observed width is a combination of instrumen-
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TABLE I. Two-phonon overtone assignments for Si and GaP. These assignments
are based on the inelastic-neutron-scattering results of Refs. 29, 30, and 33-35.
The notation is fully explained in the text. The quoted atmospheric-pressure room-
temperature two-phonon frequencies and associated maximum uncertainties are
from the present Raman work. For GaP the difference mode, feature 3 (Fig. 3), is
excluded from this table.

Si (Fig. 4) GaP (Fig. 3)

C ritical-point
assignment

2TA(L; 1, 2)
2TA (X; 1, 2)
2TA (Z; 1)
2TA (8'; 1, 2)
2A (0; 2)
2A (Z; 2)
2A (L -K; 2)
2TO (X; 5, 6)
2o (q; 5)
2o (s,; 5)
2TO (W; 5, 6)
2TO (L; 5, 6)

Type of
singularity

P)
P(
P2

P3, P)
P2
P2
P3
P()
P)
P2

P3 P~
P2

Figure
designation

2TA (L)
2TA(X)

2TA (Z; 1)
a
a
b

b

2 TO(X)
C

C

C

2TO(L)

Frequency
(1 atm)
(cm ')

231+3
302 +1
304 +2
433 ~3
433+ 3
457+ 4
457+4
921 +4
942+ 5
942+5
942+5
979 ~3

Figure
designation

Frequency
(1 atm)
(cm ')

164 ~1
209.4 ~0. 5
209, 4+0. 5
288 +2

288+2

tal resolution and intrinsic broadening (- 3. 5 cm ~).~8

The peak is symmetric and there is no appreciable
change in its line shape with applied pressure, as
is the case for the TO(Z') mode in GaP (see Fig. 6).
Due to the strength of the one-phonon peak and its
large pressure shift, we were able to accurately
calibrate its position as a function of pressure
using the ruby 8&-line fluorescence. This calibra-
tion is represented by the solid curve in Fig. 5(b)
which is the best quadratic least-squares fit to the
data (see figure caption). In subsequent measure-
ments of second-order Si spectra this calibration
was used to determine the pressure.

The first-order spectra of GaP measured at 1
atm and 96 kbar (room temperature) are shown in

Fig. 3(a). Both the TO(Z') and LO(l') peaks shift
to higher energy with increasing pressure (as for
Si), while their splitting, u&z, -&ur, decreases.
&oq -vr is plotted in Fig. 3(b), where we see that,
although the decrease is small, it is certainly be-
yond experimental uncertainty. This result con-
tradicts previous low-pressure ((10 kbar) mea-
surements for GaP which determined a marginal
increase in ~& -~&, but agrees with measure-
ments on ZnS, ZnSe, and ZnTe for which a larger
effect was found. '

The effect of pressure on the line shape of the
TO(Z') peak in GaP is displayed in Fig. 6(a). At

atmospheric pressure this peak is asymmetric to-
ward the low-energy side, but as the pressure is
increased the asymmetry lessens. Plotted as a
function of pressure in Fig. 6(b) is the asymmetric
portion of the peak width, ~2 —4&,' at - 80 kbar the

peak has become symmetric. The pressure data

are consistent with an explanation proposed by
Barker48 that the TO(Z') asymmetry is due to the
anharmonic interaction of the TO(Z') phonon with

the nearly degenerate (at 1 atm) combination mode
TA(X)+ LA(X). The negative pressure coefficient
d&u/dP of the TA(X) mode (see discussion below) will
tend to reduce the pressure coefficient of the com-
bination, giving it a small positive or even negative
value. Thus, the near degeneracy with TO(Z'),
which has a large positive pressure coefficient,
should not be present at high pressure.

Figures 3(a) and 4 exhibit the effect of pressure
on the measured second order Raman spectra of
GaP and Si, respectively. For GaP only the sec-
ond-order spectrum in the region of acoustical
overtone scattering is shown, while for Si the
Raman spectra in both the acoustical and optical-
overtone regions are displayed. The optical-
overtone spectrum of GaP was seriously obscured
by a strong luminescence background and was not
investigated at high pressure. For both materials
the scattering, which lies in frequency between the
first-order peaks and optical-overtone regions and
consists of combination bands and overtones of
longitudinal modes, ~ '~ was not studied due to its
relatively weak intensity. The spectra shown in
Figs. 3(a) and 4 consist of arbitrary mixtures of
the three possible symmetry components, but as
discussed above we can be sure that the X'& com-
ponent, reflecting the shape of the phonon density
of states, is dominant. Note the similarity be-
tween the acoustical-overtone spectra for both
materials.

Critical-point assignments based on the neutron
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FIG. 6. (a) First-order Raman spectrum of Si measured
at room temperature for pressures of 1 atm and 35 and
99 kbar. The intensity scale is different for each peak.
(b) Frequency of the first-order peak plotted as a func-
tion of pressure showing experimental results (squares),
and best quadratic least-squares fit (solid line). The
equation of this fit is

~=619.5+0.8 cm ~+(0, 62+0. 03 cm"~ kbar ~)P

+(-0.0007+0.0002 cm ~ kbar )P' .

1.0

(a)

point at L in the first and second transverse acous-
tical branches. Using the notation of Ref. 50, the
Q point lies on the line I —W, I —E designates a
point on the line I.-& and Sq denotes a critical
point in the q, = 0 plane not on a symmetry line.
At the & point branches 1 and 5 have Ps-type, and
2 and 5 P~-type singularities. There were several
nearly degenerate critical points, usually includ-
ing points of low symmetry, which we were unable
to resolve in our high-pressure measurements;
these points were lumped under common labels
(a, 5, c, etc ). .It was assumed, in such cases,
that the pressure shifts of each of the closely
spaced points were approximately the same and
were given by the shift of some average position
(e. g. , the shoulder a in Fig. 4). Because the neu-
tron data for GaP are not so complete as for Si
(and Ge), the identity of the shoulder labeled 4 in
Fig. 3(a) is not so well established. Contributions
from around the ~' point in branches 1 and 2 and .

from the second branch along Z are indicated.
The small peak labeled 3 in Fig. 3(a) has been
identified with one of the difference modes TO(X)-TA(X) or TO(I,) -TA(L) by its characteristic
temperature dependence 9'5 and large positive
pressure coefficient (see discussion below). A
detailed account of these assignments can be found
in Refs. 12, 28, and SV-39.

Upon application of hydrostatic pressure, the
two-phonon Raman spectra [see Figs. 3(a) and 4J

Maximum uncertainties are indicated by the error flags.
a ~, ~, ~ aeaNee ~I

I

-14
I I

4
g -gO(cm-g

r ~

I

data '30'3 designate the major features in the sec-
ond-order spectra in Figs. 3(a) and 4. A key to
these. assignments appears in Table I. In this
table we present the critical-point assignments,
the associated singularity types, and for each
material the assignment designation in the figures,
and the corresponding atmospheric-pressure room-
temperature second-order Raman frequencies. If
the vibration associated. with a particular critical
ppint is not purely transverse or longitudinal, only
its acoustical (A) or optical (0) character is stipu-
lated. The number(s) within parentheses follow-
ing each critical-point designation labels the phonon
branch(es} (in order of increasing energy) contain-
ing that point; if two branches are degenerate,
both numbers occur. For example, 2TA(L;1, 2)
refers to the overtone of phonons from the critical

8
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FIG. 6. (a) Comparison of the asymmetric first-order
TO(F) peak in GaP at three different pressur. es and the
symmetric LQ(F) peak at 96.6 kbar. The TO(I') asym-
metry decreases with pressure. The peak intensities
are all normalized to unity. (b) Plot of the asymmetric
portion of the TO(F) peak wj.dth &2-g~ as a function of
pressure. At -80 kbar the TO(F) peak is symmetric.
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maintain their general shape but shift by different
amounts and in different directions depending on
the particular phonons under consideration. For
both Si and GaP the data shows that TA modes in
the neighborhood of the ~ point, and extending
from X to a critical point along Z (near E) in branch
1, have negative pressure coefficients. In con-
trast, the entire optical-overtone spectrum of Si
in Fig. 4, including the TO overtone modes in the
vicinity of X and I, and those denoted by c (refer
to Table I), shifts to higher energy with applied
pressure. Similarly for GaP the measurements
(& 10 kbar) of Ref. 12 indicate positive pressure
coefficients for the major TO and LO overtone
structures in the second-order spectrum of this
material. The features labeled a and b in Fig, 4,
and labeled 4 in Fig. 3(a) (refer to Table I) show

only a weak pressure dependence.
In Figs. 3(c) and 7 the frequency shifts of the

various critical points observed in the two-phonon
Raman spectra of Gap and Si are plotted as a func-
tion of pressure. Estimates of maximum experi-
mental uncertainty are indicated by the error flags
accompanying several of the data points. The
solid curves are best least-squares fits to the
data; in some cases, quadratic terms. were appre-
ciable, and in others linear fits sufficed. The

parameters obtained from these fits and their maxi-
mum estimated uncertainties are listed in columns
1-4 of Table II. Linear-pressure coefficients are
presented in terms of the mode-Gruneisen param-
eters g~ defined in Eq. (2), and quadratic pressure
coefficients are given by half the second derivative
of the phonon frequency. with respect to pressure.

The contrast between the positive and negative
pressure shifts of TO and TA phonons at X and at
L is clear in Fig. V for Si. The shift of the criti-
cal point 2TA(Z;1) is also plotted there. At at-
mospheric pressure this critical point is separated
from 2TA(X) by only - 2 cm t, and it is often dif-
ficult to resolve the two. However, the frequency
splitting of these singularities increases with ap-
plied pressure (see Fig. 7), and at high pressure
they can be resolved without difficulty. This is
illustrated in Fig. 8, where the sharp peak in the
acoustical-overtone spectrum of Si measured at
Vo kbar has been displayed using an expanded fre-
quency scale. The two critical points 2TA(X) and
2TA(Z; 1) are clearly visible at this pressure and
their splitting has increased to 9 cm . The topol-
ogical nature of these singularities, P, for 2TA(X)
and Pz for 2TA(Z;1), is also evident. This ex-
ample demonstrates the use of very high pressure
to identify nearly degenera', ,c critical points. For
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TABLE 11. One-phonon quadx"atic-pressux'e coefficients )y(d2u/dp )] and mode Qruneisen parameters

y& measured for QaP and Si in this work, Values obtained from best least-squares fits to measured pres-
sure shifts of critical-point spectral features (see Figs. 3-5 and 7). Associated maximum uncertainties
ax'e shown. The compressibilities of Si and QaP, needed to compute y~, wex'e taken from Refs. 2 and 43,
respectively. Also listed for comparison (see discussion in text) axe other experimental and theoretically
predicted values of y& for Si, Qap, Qe, and ZnTe by sevex'al authors. Note the discx'epancy between
theory and experiment for the y& of zone boundary TA modes in Si.

TAg; 1, 2) -4.0+0.5
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1.02 +0.02'

06h

0.98+0.06«
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1.06"

-1,3+0.3
—O. 25"

1.09~0, 03"
1.19+0. 04'
1,07+0, 1~

o. e5~o. o2"
1.16+0.04'
1.1+O. 1

-O. 81+0,07~

-0, 72+0, 03
-0.60+0.07'

1,12+0, 02
1,23t
1.13"

-0.4+0.3'
—o. 2e'
-O, 1"
-O. 2"

1.6+O. 1'
1 5c

1,0+0, 1
O. 75

-0.15'

TA(~; 1, 2)
A(q; 2)

A(Z; 2)
A. (I.-Z; 2)

-4.4+0.3

-0.3+0.1
—0, 3

—O. 72 +0.03"
—0.60+0.07".

-0.05"
0 3

TO(X; 5, 6) -4.4 +0, 6 1 31~0 05' 1 6

Og; 5)
O(S„5)
Tg(g; 5, 6)

1,5+0, 1

1.40+ 0.08"
1.50+ 0.05'

1.27"
0.9 ~0.1'

«Present work.
Reference 19 measured,
Reference 10 measured,

, Weference 7 measured,
Refex'ence 12 measured,

~Reference 31 calculated,
Reference 62 calculated.

"Reference 57 calculated.
~Reference 60 measux'ed.
jReference 8 measux'ed.
Reference 61 calculated,
Reference 63 measured'
Deduced from shift of TO-TA difference mode.

GaP these bvo points xemained unresolved at high
pressure.

Also plotted in Fig. 7 is the pressure shift of the
feature labeled a in the taro-phonon speetx'um of Si
{see Fig. 4). Its pressure behavior is to be com-
pared vrith that of the shouldex labeled 4 in the GaP
spectrum [refer to Figs. 3(a) and (c)]. Both struc-
tux es shift only slightly with yx essure.

The small peak denoted 3 in the GaP spectx"um
[Fig. 3(a)] shifts strongly to higher energy with
applied pressure; its pressure shift is plotted in
Fig. 3(c). This behavior, which differs from that
of the rest of the acoustical-ovextone spectrum,
indicates a zone boundary TO-TA-type difference
mode. 6~ Furthermore, the intensity of this peak
displays a temperature dependence chax actex'istic
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FIG, 8. Strong peak in the acoustical overtone spec-
trum of Si (Fig. 4) measured at 70 kbar and plotted on an
expanded frequency scale. At this pressure 2TA(X) and

2TA(Z; 1) are separated by 9 cm ~ and clearly resolved.

of a difference mode. ' The only energetically
possible assignments are TO(X) —TA(X) or TO(L)
—TA(L). However, in either case the derived

yTo (using the measured yr~) agree favorably with

the results of Ref. 12, assuming yTo to be about
the same at X and L (see Table II). Thus, one
cannot rule out either possibility. The counter-
part of this difference mode does not appear in Si.

For Si it was found that at ™125kbar the Raman
intensity decreased sharply. This is illustrated
in Fig. 9 where the first-order peak intensity is
plotted on a semilog scale as a function of pres-
sure. %'e interpret this result as signaling a phase
transition to a modification of Si with different
Raman structure. Unfortunately, the Raman spec-
trum of the new phase was too weak to be detected
indicating a highly opaque form. To further in-
vestigate this transition we employed a Research
Devices Inc. model D infrared microscope in order
to visually observe a Si sample at high pressure.
In an independent experiment using this device a
piece of Si viewed at low pressure within the dia-
mond-cell appeared transparent. At 125s 5 kbar
the sample became completely opaque, and this
transformation was not a gradual one (in time) but

rather appeared in a portion of the Si and spread
throughout the sample within -5 min (at constant
pressure). The pressure and rapidity of this
transformation, in both the Raman and visual ex-
periments, indicate that it was the semiconductor-
to-metal (P-Sn structure) transition observed in

high pressure x-ray-diffraction studies of Si.4~

We also found that samples held at high pressure
for several days did not reveal the diamond cubic
Raman spectrum upon lowering of pressure. This
behavior is consistent with the formation of meta-
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FIG. 9. Semilog plot of first-order peak intensity as a
function of pressure for Si. Intensity extrapolates to zero
at 125 kbar indicating transformation to a different
phase.

stable Si&xz. However, our attempts to measure
the Raman spectrum of Si tran.

6 for material re-
trieved from the cell were unsuccessful, probably
due to the poor optical quality and small quantity
of material removed.

Consistent with the first-order nature of the
n —P transformation (-20/o volume change), none
of the observed modes with negative pressure co-
efficients attained zero frequency at the transition
pressure F.or example, the frequency of TA(L)
at 125 kbar is 95 cm ~.

DISCUSSION

Our analysis of the effect of pressure on the sec-
ond-order Raman spectra of Si and GaP has focused
on certain critical points such as L, X, Z, etc. ,
whose pressure shifts are easily measured be-
cause they are associated with pronounced features
in the spectra. However, because of the density-
of-states character of the two-phonon spectra, the
data actually reveal the pressure dependence of
the phonon dispersion over a large portion of the
Brillouin zone, especially in the region near the
zone boundary. Consequently, it is not hard to
perceive certain general trends which we now dis-
cuss.

In both materials zone-boundary phonons be-
longing to the lowest acoustical branch shift to lower
energy with increasing pressure. This result ap-
plies to the rather flat portion of the first branch
extending from (and in the vicinity of) K (U) to X
and from X(U) to L (see Refs. 29, 30, 33, and
50). Furthermore, for each material the similar
values of the mode-Gruneisen parameters at L,
X, and (Z;1) (- —1.25 for Si and- —O. V5 for GaP,
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see Table II) indicate a fairly uniform shift. Thus,
this portion of the lowest phonon branch retains its
flat character at high pressure. For the second
acoustical branch in the neighborhood of the zone
edge (for directions where branches 1 and 2 are
not degenerate), our results indicate only a slight
dependence on pressure.

The optical branches move to higher energy
with increasing pressure. This is true of both
zone-center and zone-boundary modes. The uni-
form shift of the optical-overtone spectrum of Si
in Fig. 4, and the similar values of y& in Table II
for TO(X), TO(I,), TO(W; 5, 6), etc (a.l1-1.4 for
Si and all "1.85 for Gap), show that zone edge
phonons from the upper two branches behave simi-
larly under pressure. However, because the mode-
Gruneisen parameters for q=0 phonons in these
materials are only -1.0, branches 5 and 6 wiQ tend
to flatten with increasing pressure.

The pressure dependence of zone-boundary lon-
gitudinal (optical and acoustical) phonons has not
been investigated in our experiments. From the
predictions of various calculations we expect these
modes to have yositive Gruneisen parameters of
intermediate value ranging approximately from
0.5 to 1.3.""

An aspect of the general pressure behavior out-
lined above that is expected to apply to other tetra-
hedral semiconductors is the negative-pressure
coefficients of zone-boundary TA modes. This ac-
counts for the negative thermal-expansion coef-
ficients usually found at low temperature in these
materials. s' As pointed out by Blackman, 6 the
thermal-expansion coefficient may become nega-
tive if low-frequency modes, which dominate the
sum in Eq. (2) at low temperature, possess nega-
tive yq . Furthermore, the largest contribution to
the thermal expansion will come from zone-bound-
ary phonons because of the density-of-states fac-
tor in Eq. (3). To illustrate these points we have
performed a calculation of the volume thermal ex-
pansion of Si, P(T), as a function of temperature
based solely on our Raman data. Equation (3) was
evaluated numerically using the measured phonon
frequency shifts, Ro/&P. The pressure shift of
noncritical-point phonons was simply determined
by interpolating linearly with frequency between
critical points. For the phonon density of states
we used the atmospheric-pressure overtone Raman
spectrum shown in Fig. 4(a). The frequency scale
was divided by 2, and the optical-overtone intensity
was multiplied by a constant in order that the rela-
tive weight of acoustical and optical modes should
approximately correspond to that of the Ge density
of states measured in Ref. 34.

The result of this calculation is displayed in
Fig. 10 by the solid curve. Although negative P
coefficients are obtained at low temperature, and
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FIG. 10. comparison of the volume thermal-expansion
coefficient of Si (as a function of temperature) computed
in this work and measured directly. Solid curve com-
puted with no adjustable parameters using only the high-
pressure Raman data and 1-atm two-phonon spectrum for
the density of states (see text). Dashed curve, including
contributions from zone-boundary LA and LO modes, is
fit to the measured thermal expansion at 300 K using one
adjustable parameter, y~, (LA; LO) 0.9 (see text). Ex-
perimental points were taken from the compilation by
Vite (Ref. 3). The average value at 300 K was deter-
mined as indicated in Ref. 59.

the general functional dependence on temperature
has been reproduced, the calculated values are too
small and deviate appreciably from the measured
thermal-expansion coefficient of Si. This is not
surprising since we have neglected completely the
contribution of zone-edge I A and I 0 modes. To
include these phonons the density of states for Ge~

in the appropriate region was adapted by changing
the frequency scale to match that of Si. A single
parameter, representing the average Gruneisen
constant of all zone-boundary (or near zone bound-

ary) LA and LO phonons, was varied so as to fit
the calculation to the measured thermal expansion
at MO K. The value yl, (LA;LO) = 0.9 obtained
for this parameter is consistent with theoretical
predictions. '" The dashed curve in Fig. 10 shows
the result of this new calculation. The magnitude
as weQ as the temperature dependence of P(T) now

compare favorably with direct measurements, and
the calculated minimum occurs at the proper tem-
perature, -80 K. The deviation from experiment
at the minimum is due to having neglected acoustic
modes with frequency & 100 cm ~, which do not dis-
play an appreciable second-order Raman spectrum
[see Fig. 4(a)]. At 80 K the value of the Einstein
specific-heat function [Cq in Eq. (2)] is such that
low-frequency phonons of intermediate wavelength,
for which the density of states is not negligible,
ean noticeably contribute to the thermal expansion.
A small positive contribution is indicated for these
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modes by the ultrasonic measurements of Mc-
Skimin et al. 2 However, we do not pursue the
subject further because our purpose is only to
demonstrate that a calculation based on the sec-
ond-order Raman data, which emphasizes the role
of zone-boundary phonons, can reasonably account
for the magnitude and temperature dependence of
the thermal-expansion coefficient of Si, predicting
negative low-temperature values.

Listed in Table II for comparison with the re-
sults of this work are the measured and theoreti-
cally predicted mode-Gruneisen parameters yq

obtained for Si, GaP, Ge, and ZnTe by several
different researchers (see table for references).
Except for Payne's tunneling measurements in
Ge, the experimental results derive from low-
pressure Raman-scattering measurements. The
agreement among the experimental values in
Table II is generally very good. Of the theoretical
calculations, those of Jex, DoQing and Cowley,
and Bienenstock~~ use one or more (up to three)
adjustable parameters to obtain the best fit to the
experimentally determined thermal expansion (or
average Gruneisen constant) of the material under
study. The fitting parameters are arrived at by
assuming some model; for example, in the work
of Jex the crystal potential is expanded in a double

power series in terms of thermal strain param-
eters and atomic displacements, and two-body,
central, first- and second-neighbor forces are in-
cluded. The calculation of Vetelino et al. for
ZnTe involves a four-parameter rigid-ion model
in which the phonon dispersion is completely de-
termined by the TO(l') and LO(Z') frequencies, and
the elastic constants. The effect of pressure is in-
cluded through the measured pressure dependence
of these quantities. This model is not expected to
work well for predominantly covalent materials.

Although these calculations reasonably depict
the magnitude and general wave-vector dependence
of the mode-Gruneisen parameters (arriving at
negative values for zone boundary TA phonons),
the predicted y; often differ substantially from the
measured values of Table II. In particular, the
calculations have largely underestimated the lat-
tice-softening" effect of pressure on TA modes at
X, L, and (Z;1). Richter et a/. have pointed out

that the theoretical treatment could be improved
by including further neighbor forces. We further
suggest that the large discrepancy for short-wave-
length acoustical modes in branch 1 may be due to
the neglect of noncentral forces in the models.

The characteristic low energy and flatness of the
lowest acoustical branch away from the zone cen-
ter in tetrahedral semiconductors has generally
been difficult to understand theoretically. How-

ever, the phonon dispersion (1 atm) of Ge has re-
cently been calculated with considerable success

using a four-parameter dynamic bond-charge
model. In this model the flattening of the TA
branch arises when the effective force between
neighboring bond charges is much greater than the
ion-bond-charge coupling. For TA modes of large
q the ions then oscillate as Einstein oscillators in
a nearly rigid "lattice" of bond charges with a fre-
quency determined by the effective ion-bond-
charge force. This force consists of short-range
and Coulomb terms, which partially cancel, leading
to a weak effective interaction. Consequently, the

softening" effect of pressure on zone-boundary
TA modes implies a weakening of the effective ion-
bond-charge coupling and the associated noncentral
forces which help to stabilize the structure against
short wavelength shear distortion.

Since for O. -Sn the metallic transformation oc-
curs at 1 atm (286 K), it is interesting to compare
the phonon dispersion of this material at j. atm,
with that of Si at its transition pressure, ™125 kbar.
We do this by normalizing the phonon frequencies
with the appropriate ion plasma frequency,

(oa~= 4v(Ze)'/m V, ,

where the valence is 8= 4, V, is the atomic volume,
and the ion mass is m. Scaling the frequencies in
this way eliminates differences due to mass and
lattice constant so that any remaining differences
must be due to varying effects of the valence elec-
trons. Using the high-pressure Raman data for Si
and the neutron results of Ref. 44 for e-Sn, we
find that the scaled frequencies agree to within
1.5% for TA(X) (Si is higher) but differ by 8% for
TO(X) (Si is higher) and 3.5% for TO(I') (Si is
lower) Thus. , at the transition pressure the zone-
boundary configuration of the flat TA branch ap-
pears to be similar in both materials, indicating
parallel behavior of the valence electrons for these
modes. ~4 A similar comparison (with Sn and with
InSb)44'~~ was performed for GaP by extrapolating
our high-pressure results to 216 kbar, the pres-
sure predicted by Van Vechten~ for the metallic
transition in this material. No analogous correla-
tion was found (scaled frequencies differed by"25%), and it appears that for GaP, with atoms
from two different rows of the Periodic Table, the
situation is more complicated.

CONCLUDING REMARKS

By studying the Raman spectra of Si and GaP
to -135 kbar it has been possible to deduce the
general effect of pressure on much of the phonon
dispersion of these substances, especially in the
Brillouin-zone boundary region. It is hoped that
this work will stimulate further research of a simi-
lar nature. The mode-Gruneisen parameters so
obtained will permit a more detailed test of theories
of anharmonicity than comparison with the thermal-
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expansion coefficient, and improved understanding
of interatomic forces in predominantly covalent
crystals should result. Detailed high-pressure
Raman investigations of other tetrahedral semi-
conductors will allow further comparison of phonon
frequencies at the metallic phase transition. This
may reveal systematic trends related to the role of
valence electrons in determining the frequencies
of zone-boundary TA modes. Such trends are
relevant to the bond-charge model, as the 'soften-
ing" of these modes with pressure, which may be
associated with instability to short-wavelength
shear distortions, reflects weakening of the ion-

bond charge interaction. Therefore, it would be
interesting to compare the mode-Gruneisen param-
eters measured here for Si to those that would be
predicted on the basis of the dynamic bond-charge
model.
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