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We measured Raman spectra of SnGeSs single crystal under hydrostatic pressure up to
19.5 GPa. Fourteen of the seventeen modes observed at low pressures disappear around 7 GPa.

The remaining three modes persist up to 11.5 GPa.

No scattering activity is found above

19.5 GPa. All these changes, as well as color changes, are reversible. The intensities of the
Raman modes of SnGeS3 were calculated using valence-force-field and a bond polarizability
model. We have shown that the interchain interaction is responsible for the intensity exchange
of 346cm ™! and 364.5cm ™! modes under pressure. An assignment to internal and external

modes is also proposed.
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§1. Introduction

Raman scattering of materials at high pressure is one
of most effective method for the investigation of forces
which bond atoms in crystals. Molecular crystals are
characterized by great disparity between intermolecular
and intramolecular distances; this feature makes them
much more sensitive to the hydrostatic pressure than the
three-dimensional network crystals. There are several
trends which characterize the Raman spectra of molec-
ular solids under pressure. By pressure application the
ratio of inter- to intra-molecular forces increases and con-
sequently the material losses the molecular character.
Because of that the intermolecular modes shift to in-
tramolecular frequency region. Since the intermolecular
modes are sensitive to pressure, high pressure can help
to resolve external (intermolecular, lattice) from inter-
nal (intramolecular) modes and/or to resolve near de-
generate modes by enhancing their splitting. Further,
the molecular crystals attracted a considerable interest
because of the pressure-induced amorphization?) and the
polymorphic transitions under pressure.?)

SnGeS; belongs to the ternary sulfides group of
the AUBIVS; configuration where A=(Sn, Pb) and
BV=(Ge, Sn). The crystal structure of A!GeSj is mon-
oclinic with four molecules per unit cell (space group
P2;/c).?) The basic building block of SnGeSz crystal
structure are GeS, tetrahedra that are linked via a com-
mon corner to form infinite chains along the c-axis. The
unit cell of SnGeS3 consists of two such chains that are
linked to each other via Sn atoms. The average distance
between Ge and S atoms inside a GeSy tetrahedra is
0.223nm. The distances between Sn and S atoms vary
from 0.263nm to 0.2936 nm (average value 0.286 nm).%)

*Present address: Laboratorium voor Vaste-Stoffysica en Mag-
netisme, K. U. Leuven, Celestijnenlaan 200D, B-3001 Leuven,
Belgium.

Figure 1 shows the schematic representation of SnGeSs
crystal structure in (bc) and (ab) plane in terms of the
coordination tetrahedra.

By applying pressure on SnGeSs, the GeSy-chains
come closer with a tendency to form a layer. Conse-
quently, the ratio of intra-to-inter-chain force constants
decreases and material losses its anisotropy. These struc-
tural changes have a strong influence on the phonon dy-
namics, as we will discuss later.

The vibrational properties of the SnGeSs crystal in
ambient pressure and low temperatures have been stud-
ied through infrared and Raman spectroscopy. 124, +
15B, Raman active modes have been observed (out of
the 30 predicted by factor-group-analysis). These modes
are grouped into two spectral ranges: below 250 cm™!
(bond bending vibrations together with external vibra-
tions) and between 340 and 430 cm™! (bond stretching
vibrations). The significant force-constant anisotropy
between the intrachain and interchain forces was deduced
from the frequency difference of the Raman and infrared
Davydov doublets.*) Some of our preliminary results are
discussed in.%

In this paper we have measured Raman spectra of
SnGeS3 single crystals under pressure. We estimated
the pressure coefficients for most of Raman modes and
identified the 36.6cm~! mode as an external one. In
the bond stretching region there are two modes at 346
and 364.5 cm ™! which show an intensity exchange in the
pressure range 0—7 GPa. By means of calculation of Ra-
man mode intensities, based on valence-force-field and
bond polarizability (VFF-BP) model, we concluded that
the mode intensity exchange appears due to a change of
the force constant difference between the non-bridging
(Ge-S) and the bridging (Ge-S—Ge) bonds in the GeSy-
chains. By further pressure increase the Ge-S force con-
stants become isotropic, leading to amorphization. At
19.5 GPa there is no more scattering activity. All pres-
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Fig. 1. Schematic illustration of SnGeS3 crystal structure in (a)
(100) and (b) (001) planes.

sure changes are reversible.

§2. Experimental Details

High-pressure Raman scattering measurements were
carried out at room temperature, using a gasketed
diamond-anvil-cell (DAC).9) Single crystals of SnGeSs3
of typical size 50x50x50 (um)? were loaded in the cell,
with a 4 : 1 methanol/ethanol mixture as a pressure
medium. The standard ruby luminescence was used for
pressure calibration. The deviations from the hydro-
static conditions (according to the Ruby line-profiles),
above the transition of the pressure medium into glass
state at 10.5 GPa, were small enough to be ignored, in
accordance with the literature.”

Raman spectra were excited with the 568.2nm Kr™
ion laser line, focused on a spot of typical size ~25 um.
The laser power was less than 50 mW. Polarized measure-
ments were not possible due to the polarization scram-
bling of the incident and the scattered light by the sap-
phire backing block of the DAC. The scattered light was
analyzed with a double (Spex 1403) spectrometer and
detected with a cooled photomultiplier. Plasma lines in
the vicinity of the excitation line of 568.2nm were used
as independent frequency calibration standards during
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Fig. 2. Unpolarized Raman spectrum (solid line) of SnGeS3 at
room temperature and ambient pressure. Vertical bars repre-
sent the intensities of Raman active phonons of Ay symmetry
calculated using a VFF-BP model. The calculated phonons are
sequentially numbered from low energy mode. The intensities of
the calculated modes in the bond stretching region are multiplied
by factor 10.

the pressure measurements.

83. Results

Figure 2 shows an unpolarized Raman spectrum of
SnGeS3 measured at ambient conditions. We observed
17 Raman modes in all. These modes are grouped into
a low-(below 260cm~!) and a high-(between 340 and
430cm™!) frequency range. The lowest energy peak at
26 cm ™! is a laser plasma line. Next peak, as will be dis-
cussed further, is an external mode which originate from
interchain vibrations. All other modes in the low fre-
quency region are the bond-bending intrachain modes.
The frequency gap between 260cm ™! and 340 cm ™! di-
vides the bond-bending from the bond-stretching vibra-
tion region. Four modes at about 346, 364.5, 395 and
424 cm~! are bond stretching vibration modes of the A,
symmetry. Two additional modes, clearly observed at
low temperature at 362 and 408 cm—!,% are of By, sym-
metry. These modes are of a very low intensity and it
was not possible to extract them from the level of noise
in our high pressure measurements. The frequency gap
between the bond-bending and the bond-stretching vi-
brations appears due to difference of force constants be-
tween the stretching and bending vibrations.

The Raman spectra of SnGeS3 for different pressures
are shown in Fig. 3. 17 Raman active modes are observed
up to moderate pressures (7 GPa). The remaining three
modes persist up to 11.5 GPa. Above 19.5 GPa there
is no more scattering activity. Upon releasing of the
pressure from 19.5 GPa to zero, the ambient condition
spectrum is fully recovered, Fig. 3(j).

The most distinctive behavior of the spectra given in
Fig. 3 is the gradual change of the relative intensity of
the two modes at 346 and 364.5cm™!, under pressure.
We propose (§4.2) that this pressure-dependent intensity
change is due to a change in the character of the vibra-
tional motions, which is closely related to level crossing
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Fig. 3. Raman spectra of SnGeS3 under pressure. Spectrum at 1
bar (j) is measured after pressure release. Vertical dotted lines
are guides for the eyes to check pressure-induced shifts and re-
versibility.

induced by the pressure.

84. Discussion

4.1 Pressure coefficients

The effect of pressure on the mode frequencies is il-
lustrated in Fig. 4. The lines represent a polynomial
(w = A+ Bip + Bop?) fit. The best fit parameters are
given in Table I. There are modes which show a very
weak variation of their frequency under pressure. The
lowest-lying optical mode at about 40 cm~! belongs to
this group. No frequency shift of this mode with pressure
leads us to conclusion that this mode can also be assigned
as plasma line (which should appear at about 38 cm~1).
In contrast, a mode at 36.6cm™! in ambient pressure,
shifts to 50 cm™! when pressure increases to 5 GPa. We
assigned this mode as external mode because of its
largest pressure coefficient (B;/A = 9.1 x 1072 GPa™1,
see Table I) and no infrared counterpart, as discussed
in.¥ The other low-frequency modes have lower pressure
coeflicients and belong to the bond-bending vibrations.
No distinguish frequency gap between external (inter-
chain) and internal (intrachain) modes does not allow
us to assign other external from bond bending (internal)
modes. Some of low-frequency modes show a “crossing”
or an “anticrossing” behavior under pressure. For in-
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Fig. 4. Pressure dependence of selected Raman mode frequencies
of SnGeS3. Dotted lines mark the three different pressure regions
(see text for details). The solid lines are polynomial fit obtained
with parameters given in Table I.

stance, the mode pair at 80/87 cm~! shows an anticross-
ing at about 2 GPa. On the other hand, the mode pair
at 105/112cm~! shows a crossing because these modes
are of different symmetries (A,/B,).?)

The three highest frequency modes show reduced pres-



2001)

sure coefficient, smaller by one order of magnitude (<
0.9 x 1072 GPa™1), in comparison to the low-frequency
ones. This fact confirms that such modes are assigned to
internal bond-stretching vibrations of the GeS,-chains.

4.2 Crossing of scattering intensity

As we have already mentioned, the most interesting
finding in the spectra given in Fig. 3 is the change of in-
tensity of two modes at 346 and 364.5cm~! under pres-
sure. To explain this intensity exchange we have used
a combined valence-force-field and bond polarizability
(VFF-BP) model presented in details in ref. 8. The dy-
namical matrix of the network structure is described in
terms of the sum of bond stretching forces between two
atoms and the bond bending forces of two neighboring
bonds. Many force parameters can be introduced empir-
ically to obtain good agreement with the experimental
results. However, we have limited the number of the pa-
rameters to the minimum required to explain the remark-
able feature of the two modes at 346 and 364.5cm ™ as
well as the gross spectral features such as the frequency-
gap between 260-340 cm ™!, see Fig. 2. Thus, instead of
the precise fitting between the calculated and the exper-
imental spectra for all vibrational modes, we have con-
centrated to the role of the essential interactions which
are responsible for the exchange of the mode intensity.
The model parameters are defined as follows: The bond
stretching force constant kj; corresponds to the termi-
nated (non-bridging) Ge-S bonds, while k. corresponds
to the bond stretching force constant along —-Ge—S—Ge—
S— chains (bridging bond). The two bond bending force
constants kge and kg correspond to the bending of S—
Ge—S and Ge-S—Ge bond configurations, respectively
(Fig. 5). Although force constants are pressure depen-
dent, we introduce only one pressure dependent force by
a formal parameter p = (dky/dP — dki./dP)P, where P
is the pressure. This parameter is related to the pressure
coefficient difference of the bond stretching forces for the
Ge—S bonds in the tetrahedra. The numerical values of
the model parameters at ambient pressure (in units of
10719J) are kiy = 1.76, ke = 2.3, kge = 0.1, ks = 0.05
(as well as the ko = 3, k3 = 1 as described below), and
are chosen in such a way to reproduce the frequencies and
relative intensities of the two modes around 350 cm ™!, at
ambient conditions. The assumed values (and their rel-
ative P-dependence) of ky; and k). imply that the bond
forces are different for terminated and non-terminated
bonds in the tetrahedra at ambient pressure, while they
approach a common value at high pressures. We numer-
ically assign dki./dP = 0 to the formal definition of the
p-parameter. Thus, the only P-dependent force constant
is the ki, = 1.76+p = 1.76+ (dki;/dP)P. The numerical
value for the derivative dky;/dP is taken equal to 0.043
(10719 J/GPa). This value gives the best fit for the in-
tensity ratio vs P-dependence of the two peaks under
consideration. Under these assumptions, the two differ-
ent (terminated and non-terminated) Ge—S bonds get the
same bond-stretching force-constant around 12.6 GPa.
We do not consider the absolute strength of the tetrahe-
dral internal force-constants, but rather their relative P-
dependence. This simplification is enough to explain the
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Fig. 5. Projection of SnGeSs3 crystal structure on (a) (100) and
(b) (001) plane. The S-S bonds with k2 and k3 stretching force
constants are represented by dotted and dashed lines, respec-
tively.

intensity changes of the two modes as described below.
The Sn atoms, which are located outside the tetrahedra
and then regarded as background atoms, are not consid-
ered explicitly in the present model, since neighboring
Sn—S interactions mainly affect the modes located below
the frequency gap (below 260cm™~!) in the calculations.

To calculate the Raman mode intensities we assign an
ellipsoidal bond polarizability to each bond, as well as to
the lone-pair electrons of the chalcogen atoms (S). The
polarizabilities change linearly with the strains (dr;/r;),
as described in ref. 8, but their proportionality factors
are considered as independent of the pressure within our
model. As it is shown later this simple assumption is
enough to describe the relative intensity changes of cor-
responding Raman modes.

Let us first consider the Raman spectra of a GeSy-
chain, the basic building block of the SnGeS3 crystal
structure. Figure 6(a) shows the frequencies and the rel-
ative intensities of the Raman modes of an isolated GeSy-
chain at p = 0. The lowest frequency mode in the bond-
stretching vibration region at about 290 cm™! represents
the A; vibration of the GeSy tetrahedra, whereas the



2172
N L L L L L L L L
] (9) 47 51 p=0.24
B | \
i L L L L L L L L
1 ® 47, 51 p=0.18
£ 7 I 1 l
[ J M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M
S 9 (¢ 51 p=0.12
S 47
S ; LA DL DL LR B B B .l L 'l
29 «© 51 p=0.06
a1 47
g 7 e
E J M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M
=1 © 51 p=0.00
T 47
e 4
§ : — 1 T l| L L L .l L
1 ® A, p=0.00
h F,
] 1 1
i 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M
1 1@ p=0.00
-: Al FZ N
—T T T T T T

)
280 300 320 340 360 380 400 420 440 460
Raman shift (cm™)

Fig. 6. Raman spectra of SnGeS3 calculated by a VFF-BP model:
(a) isolated chain; (b) calculated spectra by taking into account
interchain S—S bonds with ks force constant; (c)—(g) spectra cal-
culated with ks and ks interchain force constants for different
values of p-parameter.

higher frequency modes (between 340 and 420 cm™1) are
the Fy vibrations, where A; and Fy denote the symme-
tries of normal modes of the GeS, tetrahedral molecule.
Strictly speaking, since the tetrahedra in the chain are
connected via an S atom, pure A; and Fy vibrations are
no longer normal modes. However, since the angle of
Ge—S-Ge bonds (103.5%) is near to the right angle, the
coupling between the vibrations of neighboring tetrahe-
dra is somewhat weak and the vibration of the atoms in
the chain remains almost similar to that of the isolated
GeS4 molecule. Therefore, we denote them as A;-like
and Fs-like modes. The A;-like mode has much stronger
intensity than Fs-like ones, see Fig. 6(a). According to
the calculation for p > 0 (not shown in Fig. 6) the fre-
quencies of all these modes move to higher energies with
pressure, without any peculiarity such as crossing, an-
ticrossing, overlapping or intensity exchange. Thus, we
concluded that the experimental spectra cannot be ex-
plained within the framework of the molecular vibrations
of the isolated chains, even with more accurate values of
model parameters.

In the next stage we introduced the S—S bonds con-
necting the chains in the unit cell. This is shown by the
dotted lines in Fig. 5. Introducing an S—S bond stretch-
ing force ko = 3.0, results in a shift of the A;-like mode
to the frequency higher than that of the lower Fs-like
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mode, as shown in Fig. 6(b).

Since the spectrum predicted by the model is still far
from the experimental one, we proceed one step further
and introduce interchain S—S interactions represented by
dashed lines in the right panel of Fig. 5(b). The corre-
sponding bond-stretching force is tentatively assumed as
ks = 1.0. The results of this last modification are shown
in Figs. 6(c)-6(g). The comparison between the calcu-
lated and the experimental spectra is presented in Fig. 2
for p = 0 and in Fig. 7 for different pressures. As it is
shown in Fig. 2, an agreement between calculated and
experimental spectra is rather poor in the low-frequency
region because present model is too simple to fit those
modes. However, it should be noted that no significant
dependence of those modes on the parameter p is ob-
served in the calculated region of p. This agrees with
the experimental results below 7 GPa. In contrast, there
is a good agreement between the calculated frequency
and intensity of the modes around 350 cm ! and the ex-
perimental spectra. The mixing due to the interchain
interaction is so strong that both modes can not be la-
beled as Aj-like or Fy-like. Therefore, we denoted them
in Fig. 2 by No. 47 and No. 51, the sequential num-
ber of calculated modes. The atomic motions of these
modes are rather complicated. However, it is possible to
describe the motions of Ge and S atoms by a linear com-
bination of the normal modes of the constituent GeSy
tetrahedra including translation and rotation. The dis-
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Fig. 7. Raman spectra of SnGeS3 at several pressures in compar-
ison with VFF-BP model calculated bands, indicated by marks
with vertical dashed lines.
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placement vector u; of the i’th atom can be expressed
by u; = Zﬁ (qUq,;, Where a, is a numerical coeflicient,
and u, is the motion of the tetrahedral normal mode:
a = Ay, E, 2F5, 3 rotations and translations. The mode
intensity is defined as I, = a/ > 5 a3. The mixed char-
acter of the two modes around 350cm ™! can be exam-
ined by the use of vibrational mode components of the
tetrahedra. Namely, the lower frequency mode (no. 47)
is made of mainly Fs-type mode at ambient pressure,
and it becomes A;-type above p = 0.2. The other mode
(no. 51) is A;-type at ambient conditions, and it changes
to Fa-type above p = 0.05. These changes with the pres-
sure are shown in Fig. 8(a). This strong mixing results in
a frequency anticrossing of the two modes and a drastic
intensity change, as shown in Fig. 8(b), in spite of the
assumption of the independence of bond polarizability
parameters on pressure.

4.8 Phase transition and amorphization

In the pressure range up to 7 GPa there is no sud-
den changes of the mode frequencies with pressure, no
splitting, and even no appreciable broadening of modes.
At the same time, the initially asymmetric bridging and
non-bridging Ge-S bonds become more symmetric with
pressure. This reduces the crystal anisotropy, operating
as a precursor of the pressure-induced amorphization.
The same tendency to a common stretching force con-
stant between bridging and non-bridging bonds has been
also observed in the case of Ge—O bonds in Li,GeO3.?) In
our case, the tendency towards similar dynamics between
terminating (non-bridging) and non-terminating (bridg-
ing) Ge-S bonds leads both to the intensity exchange
between two high-frequency modes and to the triggering
of the amorphization process.

The mode-broadening combined with an appearance
of a new-mode at about 100cm™! at higher pressures
[Fig. 3(f)], can be an indication of structural phase tran-
sition. Further pressure increase to 12.2 GPa leads to
two broad modes at ~80 cm~! and ~360 cm ™!, Fig. 3(g).
The shape and frequency of these modes correspond to
that of amorphous GeS,.'%1) In this pressure range (7-
12 GPa), the long-range order is lost with a subsequent
disappearance of the low-frequency modes. The short
range order of the GeS; tetrahedra is retained up to
19 GPa. It is not clear whether the disappearance of any
Raman activity above this pressure is due to a complete
amorphization or due to pressure-induced decrease of the
energy gap. Further experimental measurements, either
X-ray (amorphization) or optical measurements (metal-
lization), are necessary to resolve this problem. Upon
the pressure release, the initial spectrum is almost re-
covered. We have observed only a slight broadening of
the low-frequency bands, while the high-frequency ones
recover both their relative intensity and FWHM as well.

With reference to the optical properties of the mate-
rial, the orange color of SnGeS3 sample at ambient pres-
sure turns to opaque around 11 GPa, in agreement with
the red shift of the energy gap of most of semiconducting
materials.>12) The color change reverses upon pressure
release, following the general pattern.

Vibrational Properties of SnGeS3 under High Pressure

2173

60 - ' ' ' ' ' " mode 51

50

40 -

30 +

20 +

=
o
1

Mode intensity (%)
o

0 : . : . : I :
0,00 0,06 0,12 0,18 0,24

Parameter p

375 . I : I : I : 07

370

365

w

D

o
1

355

Raman shift (cm™)
Raman intensity (arb. units)

350 -

345

340 . 7 . T ; ;
0,00 0,06 0,12 0,18 0,24

Parameter p

Fig. 8. Pressure dependence of (a) the mixed-type character, (b)
the mode-frequencies, and the Raman intensity of the no. 47 and
no. 51 modes, calculated by the VFF-BP model.

§5. Conclusion

In conclusion, we have studied the vibrational prop-
erties of SnGeSs under hydrostatic pressures up to
19.5 GPa. The pressure induced intensity exchange of
346 and 364.5cm~! modes is explained, as a conse-
quence of the reduction of the inter-to-intra-chain force
constants anisotropy, by means of the valence-force-
field and bond polarizability model calculations. We
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found (i) slight structural modifications due to pure
dynamical changes (0-7GPa), (ii) combined dynami-
cal changes with partial amorphization and energy gap
decrease (7-12GPa), and (iii) pressure induced amor-
phization (above 12 GPa). The material turns opaque
above 11 GPa and it shows no scattering activity above
19.5 GPa. The observed changes are reversed upon pres-
sure release. We estimated the pressure coefficients for
most of observed modes also.
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