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Raman Scattering in Metallic Si and Ge up to 50 GPa
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Optical phonons in metallic high-pressure phases of Si and Ge were studied up to 50 GPa by Raman
scattering. Two Raman bands (LO,TO) were observed in the P-tin phase, one ol' whick (LO) becomes
soft on approaching the transition to primitive hexagonal. For hcp-Si there is one Raman-active mode
(TO), and an additional mode is observed in the stability field of Si-Vl. The available theoretical results

agree within (10-20)%%uo with the experimental results.

PACS numbers: 78.30.Er, 62.50.+p

Phonon spectra of metals are usually investigated by
inelastic neutron scattering. For such studies single crys-
tals of rather large size are needed, which makes the ap-
plication of this method to high pressures rather limited.
On the other hand, information on phonons in metals can
be obtained by Raman scattering, as was shown for the
first time in 1968 by Feldman, Parker, and Ashkin [I].
As a result of the small penetration depth of light in met-

als, the scattering cross section is rather small, and not

many measurements have been reported for Ra man

scattering. Multichannel detectors have significantly im-

proved measurement sensitivity [21, and make possible
the detection of low-intensity Raman signals, for example
in metals. The validity of this method will be demon-

strated in the present study on Si and Ge, which are
known to transform into the metallic state around 10
GPa [3]. For Si the following phase transitions have been
found up to 50 GPa [4-7]: cubic diamond to P-tin at
—12 GPa, P-tin to primitive hexagonal (ph) at 13-16
GPa, and ph to intermediate phase Si-VI at -37 GPa
and to hcp at -42 GPa, Ge transforms into the P-tin
structure at 10 GPa and into the ph structure at 75 GPa
[8]. Another interesting aspect concerns the involvement

of soft phonon modes in some of these phase transitions,
as was predicted by theoretical investigations [9-11].

Powdered samples were loaded into a gasketed dia-
mond anvil cell [12] (DAC) together with ruby splinters
for pressure determination [13] and a 4: I methanol:etha-
nol mixture for the reduction of uniaxial stresses. Raman
spectra for Si were excited by the 514-nm and 488-nm
lines of an Ar+ laser awhile the Ge Raman spectra were

excited by the 647-nm line of a Kr+ laser. Backscattered
light was analyzed using a triple spectrograph (Spex,
Model 1877) and a liquid-nitrogen-cooled charge-
coupled-device multichannel detector (Photometrics,
Ltd. ).

A group-theoretical analysis of lattice vibrations in the
P-tin lattice has been given by Chen [14], and experimen-
tal dispersion curves for P-Sn were determined by Rowe
[15] and Ivanov et al [16]. At the I point of t. he Bril-
louin zone (BZ) the optical modes consist of one LO
branch and at higher frequencies of a doubly degenerate
TO branch, both of which are Raman active. The ph
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FIG. I. Raman spectra of Si in the P-tin phase: left-hand

panel, 10 mode; right-hand panel, TO mode. The power of the
laser beam incident on the DAC was 0.4 %'. The collection
times were 15, 30, and 40 min at 12.6, 15.2, and 16.4 GPa, re-

spectively.

structure with one atom per primitive unit cell has no op-
tical modes. The hcp structure exhibits one doubly de-

generate TO branch which is Raman active [I] and one
LO branch at higher frequencies.

Raman spectra of Si in the P-tin phase at various pres-
sures are shown in Fig. 1. The TO mode shifts to higher
frequencies with increasing pressure (Fig. 2); however,
the LO band decreases in frequency and broadens with

increasing pressure. At l6.4 GPa, the highest pressure
for which Raman spectra of the P-tin phase could be
recorded, the intensity of the LO mode has nearly van-

ished (Fig. I). A small hysteresis was observed between

loading and unloading. The LO mode corresponds to dis-

placements of the face atoms of the P-tin lattice in the c
direction, and the freezing-in of this mode, together with

slight modifications of the axial ratios, is associated with
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FIG. 2. Pressure shift of Si lattice modes: left-hand panel,
P-tin phase; right-hand panel, Si-Vl and hcp phases. Present

experimental results are denoted by solid symbols: 0, load; +,
unload; e, reload. Theoretical results are denoted by open sym-

bols: o, Ref. [10];6, Ref. [9]. The solid and dashed lines serve

as a guide for the eye.

the transition into the ph structure [10].
Raman spectra in the pressure range where Si-VI and

hcp-Si are stable are shown in Fig. 3. The TO mode fre-
quency of hcp-Si increases with pressure and was ob-
served for P ~ 42.8 GPa on loading and down to 33 GPa
on unloading (Fig. 2). In addition, a rather weak peak
near 250 cm ' was observed at 42.8 GPa on loading, at
33 ~ P ~ 35.7 GPa on unloading, and at 38.7 GPa on re-
loading from 33 GPa (Figs. 2 and 3). This observation
shows that at least two Raman modes are characteristic
of Si-VI, and that the lower-frequency mode becomes the
TO mode of hcp-Si. Slight differences with respect to re-
sults from x-ray diffraction studies [7] concerning the sta-
bility range of Si-Vl and hcp-Si may be due to effects
originating from the presence of pressure inhomogeneities
[17].

The ph structure can be formed from the hcp structure
by sliding every second hexagonal plane by a/v3 in the
[110] direction. This displacement corresponds to a TO
phonon mode at the I point in the BZ for a hcp lattice
[10]. There is some evidence that the TO mode of hcp-Si
is also a characteristic one of Si-V I, and softening of this
mode appears to be associated with the transition from
Si-VI to ph.

Typical Raman spectra of Ge in the P-tin structure are
shown in Fig. 4. As in the case of Si, the TO mode shifts
to higher frequencies with increasing pressure. In con-
trast to Si, the LO mode frequency initially increases
slightly with pressure and appears to reach a maximum
around 50 GPa (Fig. 5). At higher pressures, on ap-

proaching the transition into the ph phase, a negative
pressure shift as for Si is expected. This behavior can be
noted more clearly from the mode Griineisen parameter
yLp (compression data of Ref. [5] used in the calcula-
tion) which decreases from = I at 10 GPa to nearly zero
at 50 GPa, whereas values for @TO range from = 2.4 at
10 GPa to = 1.4 at 50 GPa.
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FIG. 4. Raman spectra of Ge in the P-tin phase: left-hand
panel, LO mode; right-hand panel, TO mode. The incident
laser-beam power was 0.3 W and collection times were 10 min.
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FIG. 3. Raman spectra of Si in the Si-Vl and hcp phases.
The incident laser-beam power was 0.4 W and collection times
were 15 min.

2233



VOLUME 68, NUMBER 14 PH YSICAL REVI EW LETTERS 6 APRtL 1992

300 TO

I

E 250—
O

LJ

C
& 200-E r0 rr

CL'

90—
~~

~v
80 -~

10 20 30 40 50

LO

Pressure / GPa

FIG. 5. Pressure shift of Ge lattice modes in the P-tin phase.
Present experimental results are denoted by solid symbols: 0,
load; +, unload. Theoretical results are denoted by open sym-

bols: 0, Ref. [I I]. The solid and dashed lines serve as a guide
for the eye.

Theoretical results [9-11], shown by open symbols in

Figs. 2 and 5, diA'er from experiment by = 10%. In com-
paring experiment and theory one should take into con-
sideration that the calculations are performed for 0 K
whereas the experiments are performed at room tempera-
ture. In this context it is interesting to note that a consid-
erable negative temperature shift with increasing laser
power was observed for the LO mode in the P-tin struc-
ture in a separate run on a Si sample which did not have

good thermal contact to the diamond. For the TO mode
of the P-tin phase calculated frequencies are available
only for the M point of the BZ [10,11], which should be
slightly higher than the frequencies for the I point
according to experimental dispersion curves for p-Sn
[15,16]. With these caveats in mind the agreement be-
tween theory and experiment appears remarkable.

In conclusion, Raman spectra of metallic high-pressure
phases of Si and Ge were recorded up to 50 GPa. The in-

volvement of soft phonon modes in some phase transitions
was confirmed. Theoretical predictions are in good
agreement with the experimental results. More general-

ly, the present study shows that Raman spectroscopy is

an excellent method for the investigation of phonons in

metals up to very high pressures, especially with respect
to phase transitions and the soft phonon modes involved

in them, including systems which are insulators and

metallize at higher pressures. In addition, such data pro-
vide a stringest test on pseudopotentials, which have been

proven to be extremely successful in static structure cal-
culations, in their ability to predict dynamical properties.
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