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PRESSURE DEPENDENCE OF RAMAN PHONONS IN METALS

Helmut Olijnyk
Bayerisches Geoinstitut, Universitat Bayreuth, Postfach 101251, W-8580 Bayreuth FRG

Phonon spectra in metals have been studied by Raman spectroscopy up to 50 GPa. Investigated metals
are Mg, Zn, Gd, Sn and metallic high pressure phases of Si and Ge. The pressure response of observed
phonon modes includes normal behaviour ( positive pressure shift), as well as anomalies like soft mode
behaviour and splitting of degenerate modes. Available theoretical predictions are compared with the
present experimental results.

Introduction. Phonons in metals are usually investigated by inclastic ncutron
scattering. This method is not convenient for investigations at higher pressures duc
to the need of rather large single crystals. Another method to study phonon spectra
in metalsis Raman scattering, as was shown for the first time by Feldmanetal. |1 |.
In metallic systems the penetration depth of light extends up to a few hundred
angstromsonly. As aresult, theintensities of Raman lines from metals arc generally
small, making the experiments difficult. Multichannel detectors have significantly
improved measurement sensitivity [2]. The validity of this mcthod for high
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Fig. 1. Raman spectra of Si in the 8-tin phase: left hand, 1.O mode; right hand, TO mode
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pressure studies using a diamond anvil ccll will be demonstrated in the present
paper, which reports recent results on Zn, Mg, Gd and Sn, as well as on metallic
high pressures phases of Si and Ge. ‘

Experimental. Polycrystallinc or powdered samples were loaded into a gasketed
diamond anvil cell of the Syasscen-Holzapfel type [3 |, together with ruby splinters
for pressure determination [4] and a 4:1 methanol:cthanol mixture as pressure
transmitting medium. Raman spectra were excited by the 488 or 514 nm linc of an
Ar? laser or by the 647 nm linc of a Kr+ laser. Backscattered light was analyzed
using a triple spectrograph (Spex, model 1877) equipped with a liquid nitrogen
cooled CCD multichannel detector (Photometrics Ltd.).

Results and discussion. The f-tin structure with two atoms per primitive unit
cell exhibits three optical branches at the I'-point of the Brillouin zone. The optical
branches consist of one LO mode (F3 in the irreducible representation) and a

doubly degenerate TO mode (FS ) at higher frequencies [5,6 ).
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Fig. 2. Mode Griineisen parameters of Sn and Ge in the B-tin phase. The reference volume Yo of Ge
corresponds to the volume at 10 GPa in the B-tin structure

Fig. 3. Pressure dependence of the TO mode in Zn

In Fig. 1 Raman spectra of Si in the S-tin phase are shown at various pressures
[7]. The TO mode shifts 1o higher frequencies with increasing pressurc, whercas
the LO mode decreases in frequency and becomes very broad. In the spectrum at
16.4 GPa the intensity of the LO mode has nearly vanished. The LO mode corres-
ponds to displacements of the tetragonal sublattices in c-direction, and the
freezing-in of this mode is associated with the transition into the primitive hexa-
gonal (ph) structure [8 ], which occurs at 13—-16 GPa [9,10].
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Similar results were obtaincd also for Ge in the B-tin phase |7 |, which is stable
up to 75 GPa, where a transition into ph occurs [11 ]. As in the casc of Si, the TO
mode shifts to higher frequencies with incrcasing pressure. In contrast, the LO
mode frequency initially incrcases slightly with pressure and reaches a maximum
around 50 GPa. At higher pressures, on approaching the transition into the ph
structure, a negative pressure shift, as observed for Si, is expected. This bechaviour
can be seen more clearly from the volume dcpendence of the mode Griincisen
parameter [12], which decreases from 1 at 10 GPa to nearly 0 at 50 GPa (see
Fig. 2). For comparison the corresponding mode Gruneisen parameters of 8-Sn
[12] are also shown in Fig. 2. For $-Sn softening of the LO modc (ncgative
Griineisen parameter) is not observed: Sn transforms from B-tin to bct at 9.5 GPa
[18 ], and for this transition softening of some zone boundary modes (TO,TA) is
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Fig. 4. Raman spectra of Mg at various pressures
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expected [13], instead of the zone center LO mode, which is associated with the
transition from 8-tin to ph in Si and Ge.

Theoretical results for the LO mode of Si in the B-tin phase, obtained with the
ab initio pseudopotential method [8,14], agree within 10~209%, with the present

experimental results. For 8-Sn agreement within 3 cm™! has been obtained by
Christensen [15 ] using the LMTO-method.
In the hcp strusture (2 atoms per primitive unit cell) the doubly degenerate TO

mode (1‘6- ) is Raman active. In the case of Zn this mode shows a positive frequency

shift in the investigated pressure range (see Fig. 3). A similar pressure response is
observed also for the TO mode in Mg. However, this band drastically broadens with
increasing pressure, and in the higher pressure range splitting of the band is
observed (Fig. 4). At 50 GPa the separation of the 2 components has increased to

20 cm ™! . Possible reasons may be lifting of the degeneracy due to pressure inho-
mogeneities or slight structural modifications or loss of translational symmetry
which removes the restriction to K= 0. These results indicate that in hcp metals a
positive pressure shift of the TO mode frequency is the "normal” behaviour. How-
ever, in the case of Gd the TO mode
ad shifts to lower frequencies with
increasing pressure (Fig. 5). Gd
transforms from hcp to Sm-type at

pGgPa 1.5-10 GPa [16]. Both structures
~ differ in the stacking sequence of the
hexagonal layer (hcp: ABAB..., Sm-

. type: ABABCBCACA...), and to ob-

5.7 tain Sm-type from hcp it is necessary
to shift some of the hexagonal layers

into the corresponding A, B or C posi-

tions. Since the TO phonon corres-
ponds to displacements of the two hcp
sublattices against each other in the

1.7 basal plane, softening of this mode is
associated with the phase transition.

For the hcp metals theoretical in-
vestigation are available for Mg [17 ].

The generalized pseudopotential
SRS S 035 theory (GPT) was used to predict the
40 50 60 70 80 pressure shift of the TO mode.
Flaoymy: shilt; - Agreement with experiment is obtai-

Fig. 5. Raman spectra of Gd in the hcp phase at ned within 5cm™! over the whole
various pressures pressure range if the observed split-
ting is disregarded, and comparison
is made with the mean values of the 2

components.

Conclusion. In summary, the present results show that Raman spectroscopy is
a powerful tool for the investigation of phonons in metals up to very high pressures,
especially with respect to phase transitions and soft modes involved in them,
including systems which metallize only at higher pressures. In addition, such data
provide a stringent test on various theoretical methods in their ability to predict
dynamical properties.
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