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High-pressure Raman-scattering study of germanium diselenide

Z. V. Popovicand Z. JakiE
Institute of Physics, P.O. Box 57, 11001 Belgrade, Yugoslavia

Y. S. Raptis and E. Anastassakis
Physics Department, National Technical University, 15780 Athens, Greece
(Received 22 May 1997

We have measured the Raman-scattering spectra g8 tinedification of GeSgat low temperatures and
under hydrostatic pressures up to 8 GPa at room temperature. A total of 28 modes of syfyraetds/29 of
symmetryB, were resolved by polarized light-scattering measurements at 10 K. The mode frequencies harden
with pressure up to 2.5 GPa. At 6.2 GPa the changes of the spectra reveal a transition to an amorphous phase.
Further increase of the pressure up to 7 GPa yields strong indication of a phase transition from the disordered
phase to the low-temperature modification of GeS&t 8 GPa, this modification transforms back to the
disordered phase. All these phase transformations are reve{SblE63-18208)05802-(

. INTRODUCTION units1® Two additional bands at about 175 and 257 ¢m
originate from Ge-Ge and Se-Se vibrations, respecti¥&y.
Depending on growth temperature, germanium diselenidghese vibrations are absent in all crystalline modifications.
appears in three crystallographic modifications: the low-The above assignments of the vibrational modes in amor-
temperaturéLT,a)-GeSe with a complex three-dimensional phous GeSghave been supported by a recet initio
crystal structuré; the high-temperaturéHT,8)-GeSe with molecular-dynamics study of glassy Ge$®
layered structuré the 7-GeSe modification with a structure  paman-scattering spectra of amorphous and single-crystal
similar to that of SnSe” The basic b“'!d'”g blocks of the germanium dichalcogenides at high pressures have been pre-
GeSae structure are Gegeetrahedra which in the LT phase sented in Refs. 15. 16. As shown in Ref. 15. there is no
are mutually connected only via common corners, and in th%hange in the freq'uencies of the. and A r:nodes in
HT modification both via common corners and via commona_GeSQ up to 2 GPa. In the case oflthe GQSl'E;IgIe crystal

edges. The schematic network connectioa-cdnd 8-GeSe th . 05 GP litt f th
is shown in Fig. 1. In addition to the crystalline modifica- as e pressure increases 10 5 >a, a Spiiting appears of the
highest intensity mode at 211 ¢rh

tions, the glassy or amorphous Gge%a-GeSe) consists of , )
GeSaq tetrahedral units connected to each other in different !N this work we report Raman-scattering measurements of
corner-sharing and edge-sharing patterns. j[he,B mo<;llf|cat|_on of GeSgat low temperature§l0 K) us-

The vibrational properties of the HT modification have iNg polarized light. TheA, and B, symmetry modes are
already been investigated through infraré®) and Raman- identified. Furthermore, unpolarized spectra were taken un-
scattering spectroscofy. The unit cell of this modification der hydrostatic pressures up to 8 GPa at room temperature.
contains two layers with eight molecular units each. Due toVe observed that as the pressure increases, the layered struc-
the very complex crystal structure and the low symmetry ofture of HT GeSg undergoes a transformation first into a
the corresponding space groupd; /c), the full assignment fully disordered structure and then into the LT modification;
of the expected large number of optical phon¢ng Raman  further pressure increase leads to amorphization. These phase
active, 69 IR activehas not been completed yet. Recently, transformations are found to be reversible.
the most intense Raman bands of the LT and HT phases have
been assigned using a simple valence-force-field model com-

bined with a bond polarizability mod&f’ It has been shovén Il EXPERIMENTAL DETAILS
that the highest intensity modes of the LT phags
201 cm'Y) and of the HT phaséat 211 cm!) represeniy; Single crystals of HT GeSeavere grown using a standard

in-phase vibrations of corner-sharing GgSetrahedra. In Bridgman technique. Details of the growth process have
the HT phase, very close to this mode-a216 cm'?, there  been published elsewheteThe resulting single crystals
appears arA; mode representing an in-phase vibration ofcould be readily cleaved to produce optical quality surface

edge-sharing Geg¢eetrahedra. areas of several mm Only freshly cleaved surfaces were
The vibrational properties of amorphous GeBave been used in our Raman-scattering measurements.
studied in detail using Raman-scattering spectroséopy. The hydrostatic pressure measurements for pressures up

The highest intensity Raman band at 199 ¢mepresentd\;  to 9 GPa were taken using a gasketed diamond-anvil-cell
in-phase breathing vibration extended along the cornertDAC), with a methanol-ethanol mixture as pressure trans-
sharing GeSgtetrahedral chain structure. The companionmitting fluid. The pressures were determined using the ruby
mode @;.) at 216 cm? is related to breathinglike motions luminescence. All spectra under pressure were measured in
of Se about the edge-sharing link of the basic tetrahedrahe backscattering geometry using the 514.5 nm/Ar laser line
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FIG. 2. Polarized Raman spectra of HT Gg&e 10 K. Inset:
Polarized spectra in the vicinity of the highest intensity mode.
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with the sample placed inside the DAC without pressure
transmitting fluid, to insure genuirle=0 conditions. Below

the highest intensity mode at about 211 ¢mwe observe
bond-bending modes at 30, 72, 85, 97, and 117 cm,

while high-frequency modes at 251, 258, 305, and 329'cm
@ are clearly observable. Increasing of the pressure causes an

Q

¢
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increase of all frequencies, as shown collectively in Fig. 5.
Figure 3d) shows a broadening of the highest intensity
mode, at~2.5 GPa, which is a precursor of the splitting
shown clearly at 3.8 GPa. At a pressure of 5.2 GPa a humber
of defects is produced in the structure and the pronounced
splitting is absorbed into a broad background representing

the phonon density of states of amorphous Ge&&urther
FIG. 1. Atomic arrangements in LTa) and HT (b) modifica-  increase in pressure results in the appearance of a broad
tions of GeSe Small circles denote Ge atoms, large Se atoms. mode at~200 cmi'}; its well resolved structure is clearly
seen between 6.2 and 6.9 GPa, Figs) 4nd 4b). Further
for excitation and were unpolarized. The laser power was 2§1crease in pressure leads to a narrowing of this mode. Upon
mw. lowering the pressure we obserjfeigs. 4e)—4(g)] full re-
versibility of the structural transformations.

lll. RESULTS
IV. DISCUSSION

Raman-scattering spectra of HT GgSein the ,
5-355 cnv! spectral range af=10 K are presented in Fig.  Factor-group analysis @-GeSg (space grou®; c) pre-
2. The upper spectrurfa) was taken with parallel polariza- dicts 36A4+36 By modes. In the present casevhere the
tions and corresponds to tig, modes, while thé8; modes twofold axis lies on the ab-layer plane, along crystallo-
are shown in the lower spectrum taken with crossed polargraphic axisy) (CY|b), the A; modes may be observed for
izations(b). The frequencies of all modes observed are colparallel x,yy,z2z) and crossedXz) polarizations, while the
lected in Table I. By modes are observed for crossed polarizationg y(z).

Raman spectra at different hydrostatic pressures ar&here are 28, and 29B, symmetry modes confirmed from
shown in Figs. 3 and 4; the spectrya of Fig. 3 was taken the spectra of Fig. 2 and Table I. Being of low intensity, the
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TABLE 1. Phonon frequenciegin cm™!) of Raman-active
modes of GeSgat 10 K. TheA,; andBy symmetry modes are those

in Figs. 2a) and 2b), respectively.
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FIG. 3. Unpolarized Raman spectra of Gg8edifferent hydro-
static pressures showing the phase change from HT-GeSa-
GeSe.

while those above 200 cm are identified as bond-stretching
vibrations.

As can be seen from Fig. 2 and Table | there are sége
andBgy symmetry phonon lines which appear at nearly equal
frequencies. Because the polarized spectrég) (was one
order of magnitude stronger in intensity than that of the de-
polarized onesB), it is reasonable to expect some leakage
of A; symmetry modes in the depolarized configuration. As

No. of peaks Aq By
1 22.8 18.0
2 30.0 21.3
3 32.9 28.1
4 41.2 33.1
5 44.2 38.9
6 51.9 44.1
7 55.7 56.0
8 62.0 62.1
9 72.0 65.1
10 80.0 72.4
11 85.7 80.7
12 93.2 825
13 97.1 86.2
14 105.2 92.7
15 117.0 97.4
16 120.4 117.6
17 143.0 120.6
18 152.3 152.2
19 198.0 168.0
20 212.6 197.3
21 217.3 213.0
22 253.2 2154
23 262.5 253.0
24 276.0 261.5
25 282.3 274.6
26 300.2 289.3
27 308.8 300.2
28 334.2 309.4
29

missing modes are probably below the noise level and/or are
masked by the modes of high intensity. To further examine
this assumption, we have taken and show in the inset of Fig.
2 the 205225 cm' spectral range; two modes are observed
in the vicinity of the highest intensity mode, which can be
experimentally resolved; one of them is 8f symmetry
(217.3 cmY), the other ofB; symmetry (215.4 cnt'). Ac-
cording to the lattice-dynamical calculations of Ref. 6, five
modes(those assignated by numbers 43—-48 in Resh®uld

be expected in the vicinity of the highest intensity mode,
between 211 and 216 ¢rh (300 K). Only three modes can
be observed in our spectra at 10 K, measured with a resolu-
tion of 0.5 cm %,

In layered structure materials, the most common modes
are those originating from vibrations of rigid layers, against
each other. These modes are called rigid-lay¥r) modes
and appear at very low frequencies. As discussed eérlier,
there are two shear RL modé3, symmetry and one com-
pressional RL modé&A, symmetry. According to Fig. 2,
candidates for RL modes are those at 18 and 283 @nd
22.8cm* (A,), while the modes at 28.1B(), 30 (A), and
33.1 By) correspond to low-lying optical modes as they
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both the highest intensity modes &f; symmetry in the
bond-bending spectral regigmodes denoted by 7 and )11
334.6 and the highest intensity moddenoted by 2Din the bond-
stretching region have no counterparts in the same positions
of the By spectrum, we conclude that no polarization leakage

FIG. 4. Unpolarized Raman spectra of Gg&edifferent hydro-

have their own IR counterpariOther modes, in the spectral static pressures showing the phase change fe®eSe, to LT-
range from 30 to 150 citt, are the bond-bending vibrations, GeSe, to a-GeSe (upstroké and back to HT-GeSgdownstroke.
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of amorphous GeSeat 200 cm® represents vibrations of
corner-sharing GeSeetrahedra and the mode at 225¢m

vibrations of edge-sharing GeSeetrahedra, we conclude
that the structure of GeSat 6.2 GPa corresponds to that of

250

200

e amorphous GeSe

3150 We were not able to clearly resolve the mode at

% ) 175 cmi'%, which in amorphous GeSeepresents Ge-Ge vi-

@ [P . o oe brations, and the one at 257 chwhich represents Se-Se

& 1004 00 e o - vibrations. This is an indication that the strupture qf Gze@e

% 00 @ @ * 6.2 GPa, although completely disordered, is not identical to

(14 amorphous GeSe An abrupt increase in intensity of the

50 200 cm! mode with further pressure rise, probably origi-

oo e nates from an increase in concentration of clusters with
0 1 2 3 4 5 6 7 8 corner-sharing GeSetetrahedra. Further ordering of the

Pressure (GPa) structure is observed at a pressure of 7.2 GPa, as reflected by
an increase in intensity of the 200 chmode and the nar-
rqwing of its fullwidth at half maximum €6 cm %). In ad-

ition, the elastically scattered light at low frequencies de-
creases suggesting also ordering of the structure at these

ressures.

exists in Fig. 2. The appearance of some modes at almost tr?e The presence of the modes at about 200 and 206 cm
same frequencies is a consequence of symmetry similarity Qgags to the conclusion that the newly formed structure is an
the normal modes and the appearance of many such modg§ mogification of GeSg i.e., a modification consisting of
in a narrow spectral range. , , corner-sharing GeSetetrahedra only. This means that at

_ Ambient pressure measurements, shown in Fig &in- 7 Gpa, the disorderedamorphous GeSe structure is
cide with the polarized Raman spectra of Fig@2Thus, the  yansformed into the LT modification with a three-
high-pressure Raman spectra presented here are limited {@ensjonal structure. Similar transition from the amorphous
the A, symmetry modes only. A shift in mode frequency ; the | T modification of GeSecan be obtained also by
with pressure up to 4 GPa is evident for most of the modesypqginduced crystallizatiot: 4 Namely, it is known that
as shown in Fig. 5. At rluigher pressure, all modes, exceRfyhen amorphous Gesés illuminated by an argon-laser
those at~219 and 126 cn, are of too low intensity to be peam of an intensity below 10 mW, no structural transfor-
distinguished from the level of noise. Our study, therefore, iS,ation occurs. However. if the beam intensity is 15 mW, the
mainly focused on the bond-stretching modes. The shift ratgansition from the amorphous to the LT phase takes place.
of th_elAl mode frequency for pressures up t0 2 GPa iSgyriher increase in the intensity transforms the LT phase into
2. cm */GPa. Further increase in pressure resulted in a splity 41 one. This change is not, however, an abrupt one. The
ting of the highest intensity mode. As shown in the inset ofyansition from amorphous to the LT or HT phase proceeds
Fig. 2, the highest intensity mode represents a superpositiaf); 5 microcrystal phase. According to the spectra of Fig. 4,
of at least two modes; one of them representdanibration 5 similar transition occurs in the present case, namely at 7.2
of corner-sharing Gegeetrahedra while the othed,., rép-  Gpa the LT phase is not a pure one, for there is a phase of
resents ar, vibration of edge-sharing Gegtetrahedra. At gqge-sharing tetrahedra confirmed by the 225tmode.
room temperature, no splitting of these modes is observedrther pressure increase leads to broadening of the
because they appear at very close frequencies, while the iBng cm 2 mode, revealing a less ordered structure and a ten-
tensity of theA,. mode is very weak compared to that of the gency of the sample to return to the amorphous state.
A, vibration. With an increase of pressure up t0 2.5 GPa, Asthe pressure is decreased, the structural changes do not
these two modes become equal in intensity, as indicated byccyr at the same pressures as in the up stroke. Thus, at 6
the noticeable splitting of the highest intensity mode into agpg poth the LT as well as the HT phase, that is a mixed
doublet. The presence of two modes becomes more evidephase, are recorded. Only at the reduced pressure of

with further pressure increase: all other modes, except the g g Gpa, does a complete reconstruction of the HT modi-
one at 126 c’ (3.8 GP3, disappear into the noise level. In fication occur, Fig. 4).

addition, laser plasma lines at66, 77, 117, and 267 (?T‘J' In conclusion, we observed that, as the pressure increases,
(denoted byL in Figs. 3, 4 appear and mask the signal. {ne HT modification of GeSeundergoes a transformation
Further pressure increase up to 5.2 GPa causes so many dgst into a fully disordered structure, and then into the LT
fects in the structure that no sharp peaks are present; instegghification; further pressure increase leads to amorphiza-

a broad maximum reflecting phonon density of states sets ifjon. All these phase transformations are reversible.
At this pressure, a slight increase in intensity of a mode at

~200 cm tis also observed. Further pressure increase to 5.7

FIG. 5. Pressure dependence of selected mode frequencies
GeSe.

Al
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