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Abstract
Antimony trisulfide (Sb2S3), found in nature as the mineral stibnite, has been studied under
compression at room temperature from a joint experimental and theoretical perspective. X-ray
diffraction and Raman scattering measurements are complemented with ab initio total-energy,
lattice-dynamics, and electronic structure calculations. The continuous changes observed in the
volume, lattice parameters, axial ratios, bond lengths and Raman mode frequencies as a function of
pressure can be attributed to the different compressibility along the three orthorhombic axes in
different pressure ranges, which in turn are related to the different compressibility of several
interatomic bond distances in different pressure ranges. The structural and vibrational properties of
Sb2S3 under compression are compared and discussed in relation to isostructural Bi2S3 and Sb2Se3.
No first-order phase transition has been observed in Sb2S3 up to 25 GPa, in agreement with the
stability of the Pnma structure in Bi2S3 and Sb2Se3 previously reported up to 50 GPa. Our
measurements and calculations do not show evidence either for a pressure-induced second-order
isostructural phase transition or for an electronic topological transition in Sb2S3.

1. Introduction
Antimony trisulfide (Sb2S3) belongs to the A2X3 family (A=As, Sb, Bi and X=S, Se, Te) of layered
chalcogenide semiconductors with notable thermoelectric properties. Sb2S3, known in its mineral
form as stibnite, crystallizes at room conditions in the same orthorhombic Pnma crystal structure
(Fig. 1a) as the minerals antimonselite (Sb2Se3) and bismuthinite (Bi2S3). In particular, Sb2S3 is a
semiconductor with a direct bandgap close to 1.75 eV that can be exploited in a wide range of
applications, such as photovoltaic cells, optoelectronic devices, fuel cells or gas sensors.1,2

The A2X3 family has recently attracted a great deal of research attention due to their unique
fundamental properties. Noteworthy, three members of this family (Bi2Te3, Sb2Te3, Bi2Se3) have
been shown to be 3D topological insulators with a single Dirac cone on the surface.3,4 This type of
compounds represent a new class of matter with insulating bulk electronic states and topologically
protected metallic surface states due to time-reversal symmetry and strong spin-orbit interaction
which could be applied in spintronics and quantum computation.5 Furthermore, a recent work has
suggested that other member of this family, Sb2Se3, becomes a topological superconductor at ~10
GPa and ~2.5 K.6 Consequently, on account of their fundamental interest and potential topological
applications, the quest of new materials with topological insulating or superconducting properties is
today one of the hottest topics in condensed matter science, and the investigation of the highpressure properties of Sb2S3 and related compounds is particularly relevant for the search of
possible topological states. In addition, the Sb2S3-type structure has been recently identified as a
possible post-post-perovskite phase in (Mg,Fe)SiO3 minerals.7 Thus, the study of Sb2S3 and its
isostructural compounds (Sb2Se3 and Bi2S3) under compression could provide very useful
information about the ultra-high pressure behavior of Earth’s mantle minerals.
The properties of Sb2S3, Sb2Se3 and Bi2S3 under compression are also interesting in relation
to the stereochemical activity of the A3+ (A= As, Sb, Bi) lone-electron pair (LEP) and the
occurrence/absence of pressure-induced phase transitions in compounds containing group-15
elements. In particular, a recent high-pressure study on Bi2S3 has suggested that a second-order
isostructural phase transition (IPT) takes place around 4-6 GPa.8 Besides, it has been suggested that
the IPT is possibly associated to a modification of the Bi2S3 electronic structure and related to a
pressure-induced electronic topological transition (ETT), also known as Lifshitz transition.
Similarly, a pressure-induced ETT has been recently reported in Sb2S3 around 4 GPa.9 These studies
are in contrast to a previous study on isostructural Sb2Se3, with a smaller bandgap than Sb2S3 and
Bi2S3, which showed no evidence neither of IPT nor of ETT even up to 50 GPa.10 Furthermore, the
claim for the ETTs in Sb2S3 and Bi2S3 contrasts to previous results reporting a monotonous
reduction of the lattice parameters and of the cation lone electron pair (LEP) activity up to 10 GPa
in both Sb2S3 and Bi2S3 without noticing any IPT.11,12
The aim of the present work is to study the structural and vibrational properties of Sb2S3 at
high pressures (HP) and to ascertain the possible existence of a pressure-induced second-order IPT
or ETT in this compound. By extension, we aim at understanding the pressure dependence of the
properties of the other isostructural (with orthorhombic Pnma structure) sesquichalcogenides, i.e.,
Sb2Se3 and Bi2S3. For this purpose, we report a joint experimental and theoretical high-pressure
study where high-pressure x-ray diffraction (XRD) and Raman scattering (RS) measurements on

Sb2S3 have been performed. Our experiments have been compared and complemented with
theoretical calculations of the structural, vibrational and electronic properties of Sb2S3 at different
pressures. Our XRD results indicate a progressive reduction of the lattice parameters and a smooth
change of the values of the atomic positions within the Pnma structure, which are accompanied by a
strong decrease of the LEP activity of the Sb atoms, in good agreement with the results of
Lundegaard et al.11 We will show that changes observed in the lattice constant ratios, bond lengths
and Raman mode frequencies as a function of pressure up to 20 GPa can be attributed to the
different compressibility of the material along the three orthorhombic axes, which in turn is related
to the different compressibility of various interatomic bond distances in different pressure ranges.
We will also show that there is no clear evidence either for a pressure-induced second-order IPT or
for an ETT in Sb2S3 and that similar conclusions can be drawn with respect to Bi2S3 and Sb2Se3
below 10 GPa, on the light of the comparison of our theoretical results with previous experimental
data.8,10 Furthermore, we will see that no first-order phase transition is found in Sb2S3 up to 25 GPa,
in good agreement with previous results for Sb2Se3 and Bi2S3 up to 50 GPa.8,10

2. Experimental details
Synthetic antimony (III) sulfide (Sb2S3) powder with grade purity higher than 99.99% was
purchased from Sigma-Aldrich. Room-pressure powder XRD, performed with a Rigaku Ultima IV
X-ray diffractometer equipped with a Cu tube (Kα1 + Kα2 lines, ratio 0.5) allowed us to confirm that
the available material only contains the stibnite phase.
For high-pressure investigations, a membrane-type diamond anvil cell with 400-µmdiameter culets was used. Powder sample was loaded in a 150-µm-diameter hole drilled in a
stainless steel gasket with an initial thickness of 200 µm and preindented to 40 µm. A mixture of
16:3:1 methanol−ethanol−water was used as pressure-transmitting medium. Two room-temperature
angle-dispersive powder XRD experiments were performed: the first up to 20 GPa and a second up
to 6 GPa to get better data at low pressures in order to improve the data of the equation of state
(EOS) of stibnite. Experiments were performed in the BL04-MSPD beamline at ALBA synchrotron
facility.13 This beamline is equipped with Kirkpatrick−Baez mirrors to focus the monochromatic Xray beam down to 40 x 40 µm2 and a Rayonix charge-coupled device (CCD) detector with an active
area of 165 mm. For the present work, we employed monochromatic radiation with a wavelength of
0.4246 Å and the sample-detector distance was set to 250 mm after calibration with a LaB6
standard. Pressure was determined with the equation of state (EOS) of metallic Cu, which was
intentionally mixed with the Sb2S3 powder. Two-dimensional diffraction images were integrated
with FIT2D software,14 while the subsequent structural analysis of the XRD scans was performed

with the program TOPAS 4.2 from Bruker, and also with the PowderCell,15 and GSAS
packages.16,17
Room-temperature unpolarized micro-Raman measurements were carried out, up to 26 GPa,
with a Horiba Jobin Yvon LabRAM HR spectrometer equipped with a thermoelectrically cooled
multichannel CCD detector that enables a spectral resolution better than 2 cm−1. RS measurements
were excited with the 6328-Å line of a He:Ne laser with an output power below 5 mW. The Raman
signal was collected in backscattering geometry using an edge filter that cuts Raman signals below
~60 cm−1 when positioned in perpendicular configuration. Raman shifts down to ~30 cm−1 are
accessible by properly adjusting the angle between the edge filter and the collected radiation.
Pressure was determined with the ruby fluorescence method.18

3. Theoretical details
Ab initio total-energy calculations on the orthorhombic Pnma structure of Sb2S3, Sb2Se3 and Bi2S3
were carried out within the framework of density functional theory (DFT).19 The Vienna Ab-initio
Simulation Package (VASP)20 was used to perform calculations with the pseudopotential method
and the projector augmented waves (PAW) scheme including 6 valence electrons for S (3s23p4) and
for Se (4s24p4), 15 valence electrons (4d105s25p3) for Sb and (5d106s26p3) for Bi, respectively. Due
to the hardness of the S pseudopotential, the set of plane waves was extended up to a kinetic energy
cutoff of 530 eV, providing highly converged results. For Sb2S3 and Sb2Se3, the exchangecorrelation energy was obtained in the generalized gradient approximation (GGA) with the PBEsol
prescription.21 However, for Bi2S3 the GGA approach produces an overestimation of the
equilibrium volume, so the exchange-correlation energy was described with the AM05 functional.22
A dense Monkhorst−Pack grid of k-special points (2x6x2) was used to perform Brillouin zone (BZ)
integrations to ensure high convergence of 1-2 meV per atom in the total energy. Through the
calculation of the forces on atoms and the stress tensor, the atomic positions and the unit cell
parameters were fully optimized to obtain the relaxed structures at selected volumes. In the relaxed
optimized configurations, the resulting forces on the atoms are less than 0.006 eV/Å, with
deviations of the stress tensor from hydrostatic conditions (diagonal tensor) lower than 0.1 GPa.
The calculations provide not only a set of structural parameters as a function of pressure, but also a
set of accurate energy, volume and pressure data that are fitted using an equation of state in order to
obtain the equilibrium volume, the bulk modulus and its pressure derivatives.
Electronic band-structure calculations were carried out at different pressures along selected
paths on the first BZ. In turn, lattice-dynamics calculations were performed at the zone center (Γ
point) and along high-symmetry directions of the BZ as a function of pressure using the direct-force

constant approach.23 The construction of the dynamical matrix at the Γ point of the BZ involves
separate calculations of the forces that result from a fixed displacement away from equilibrium of
the atoms in the primitive cell. The diagonalization of the dynamical matrix provides the normalmode frequencies. Moreover, these calculations allow identifying the irreducible representations
and the character of the vibrational phonon modes at the Γ point. To obtain the phonon dispersion
curves and the phonon density of states (DOS), we performed similar calculations using appropriate
supercells.

4. Results
4.1. Structural and vibrational characterization of Sb2S3 at room conditions
Sb2S3 crystallizes at room pressure in an orthorhombic crystal, space group Pnma (Z=4, U2S3-type),
where all atoms are located at 4c Wyckoff positions. Figure 2a shows the XRD pattern of Sb2S3 at
room pressure. The experimental lattice and atomic parameters obtained from a Rietveld refinement
are summarized in Table 1, where our calculated lattice atomic parameters 0 K are also provided for
comparison. Our experimental results are very similar to those recently reported by Kyono et al.24 It
can also be observed that our theoretical a and b values are very close to our experimental results
(difference below 1%), while the theoretical c value is the parameter more deviated from
experimental results. The difference between the experimental and calculated value for the c axis is
less than 3.5%, which is typical of GGA calculations. We have to note that our theoretical values
are similar to those recently calculated by ab initio methods.2,25
At room pressure, Sb atoms in Sb2S3 occupy two distinct positions, namely Sb(1) and Sb(2),
each of which is bonded to three S atoms with short bonds (< 2.7 Å) and to four additional S atoms
with longer bonds, resulting in an apparent sevenfold coordination. However, at room pressure the
actual coordination is smaller, as illustrated in Fig. 1a. The shortest Sb-S bonds give rise to distorted
trigonal SbS3 units (Sb(1) atoms) and tetragonal SbS5 pyramids (Sb(2) atoms), leading to SbS3E
tetrahedra and SbS5E octahedra of quasi-fourfold and quasi-sixfold coordination, respectively (E
indicates the LEP of both Sb atoms). Note that SbS3 units have one Sb(1)-S(2) and two Sb(1)-S(1)
bonds of 2.558 and 2.569 Å, respectively, leading to an average Sb-S bond distance of 2.565 Å. In
turn, SbS5 units are composed of Sb(2)-S(3), Sb(2)-S(2) (2×), and Sb(2)-S(3)(2×) bonds of 2.499,
2.664 and 2.842 Å, respectively, leading to an average Sb-S bond distance of 2.703 Å. The larger
average Sb-S bond distance in SbS5 units is consistent with the larger coordination with respect to
SbS3 units and supports the cation coordinations at room pressure shown in Fig. 1a. Stacking of
SbS3 and SbS5 units yield a crumpled sheet-type disposition with infinite (Sb4S6)n units resulting in

layers extending mainly in the b-c plane and piled up mainly along the a axis. This description of
the structure of Sb2S3 is similar for isostructural compounds Sb2Se3 and Bi2S3.
As regards lattice dynamics, group theory predicts 60 zone-center phonon modes for Sb2S3
belonging to the following irreducible representations: Γ = 10Ag + 5B1g + 10B2g + 5B3g + 5Au +
10B1u + 5B2u + 10B3u. Three of these modes (B1u, B2u and B3u) correspond to acoustic phonons and
Au modes are silent modes. There are 30 Raman-active (R) optical modes (Γ = 10Ag + 5B1g + 10B2g
+ 5B3g) and 22 infrared-active (IR) optical modes (Γ = 9B1u + 4B2u + 9B3u). Figure 2b shows the
room-pressure unpolarized RS spectrum of Sb2S3 together with the position of all the calculated
Raman-mode frequencies. As observed, the RS spectrum shows a mixture of narrow and broad
bands between 35 and 320 cm-1. Our experimental and theoretical results (see Table 2) are in good
agreement with recently reported polarized RS spectra and calculations at room conditions.26 It
must be noted that the RS spectrum of natural (stibnite) or synthetic Sb2S3 at room conditions has
been the subject of several previous works. However, most of the reported RS spectra correspond to
laser-damaged samples as discussed by Kharbish et al.27 Therefore, most of the RS spectra of this
compound at room conditions reported to date are not valid with the exception of recent
measurements.26
The large number of Raman-active modes in our RS spectrum at room pressure and the
broadening of experimental peaks makes their identification, using only the RS spectrum at room
pressure with the help of ab initio calculations, almost impossible. However, we will show later that
the knowledge of the experimental and theoretical pressure coefficients of the different Raman
modes helps in the tentative assignment of the symmetries of some of the modes, as summarized in
Table 2.
In general, most optical vibrational modes in Sb2S3 include displacement of both Sb and S
atoms due to the complex structure and low symmetry of Sb2S3. In this respect, the modes with low
frequencies (<150 cm−1) should be mainly contributed by the movement of heavy Sb atoms, while
the modes with high frequencies are expected to be mainly determined by the displacement of light
S atoms. As observed in Table 2, all our theoretically calculated vibrational modes come in pairs:
(B1g+B3g) and (Ag+B2g) in the case of Raman-active modes, and (Au+B2u) and (B1u+B3u) in the case
of the IR phonons. In (B1g+B3g) and (Au+B2u) modes, atoms vibrate along the b axis, i.e., the main
direction along which the layers extend. In turn, in (Ag+B2g) and (B1u+B3u) modes the atoms vibrate
in directions perpendicular to the b axis. The relation between the structural SbS3E and SbS5E units
and vibrational modes in stibnite is more extensively described in the Supporting Information.

4.2. High-pressure XRD measurements
Angle-dispersive XRD patterns of Sb2S3 at selected pressures are shown in Fig. 3a. As observed, all
diffraction peaks exhibit the expected shift to larger angles upon compression as a consequence of
the pressure-induced decrease of interplanar distances. Figure 3b shows an example of a Rietveld
refinement inside the diamond anvil cell for the pattern at 2.9 GPa. No phase transition was
observed up to 20 GPa, in good agreement with a recent study on slightly As-doped stibnite up to
25.7 GPa.28 Above 7 GPa, the XRD scans display strong signal from Cu (see pattern at 10.8 GPa),
so we were not able to extract information about the atomic positions with Rietveld refinements
above this pressure. In this sense, we measured in two different regions at each pressure: one with
most of the signal coming from the sample (to characterize our sample in optimal conditions) and
another region with a huge calibrant signal (to obtain a precise value of the pressure inside the
diamond anvil cell). However, the sample cavity becomes smaller with increasing pressure and the
signal coming from both (sample+calibrant) get mixed in our experiment above 10 GPa.
Figure 4 shows the volume vs. pressure data as obtained from our experiment and from our
theoretical calculations.

A fit of experimental and theoretical data to a third-order

Birch−Murnaghan EOS allows us to obtain the zero-pressure volume (V0), bulk modulus (B0), and
its pressure derivative (B0’), which are summarized in Table 3. Our experimental bulk modulus (B0
= 37.6(2) GPa with B0’=3.8(7)) is only slightly larger than our theoretical value (B0= 32.2 GPa with
B0’= 6.2). Lundegaard et al. obtained a smaller value (B0= 26.9 GPa) from high-pressure singlecrystal XRD measurements in stibnite samples,11 although with a much larger pressure derivative
value (B0’=7.9, twice larger than the value obtained in the present work). Similarly, a value B0=
28.2 GPa with B0’=3.1 has been recently reported for slightly As-doped stibnite from energydispersive XRD measurements.28
For a better comparison with isostructural compounds, a fit of our experimental data by
fixing the experimental B0’ value to our theoretical one (6.2) yields B0 = 33.3(3) GPa, which is in
better agreement with previous experimental data and also with our theoretical results. The value of
our experimental bulk modulus for Sb2S3 is similar to that of Sb2Se3 (B0= 30(1) GPa with B0’=
6.1(2)) [10] and Bi2S3 (with average values of B0= 37.5 GPa and B0’=6.0(5)).8,12 Furthermore, our
calculated bulk modulus for Sb2S3 is of the same order than the recently calculated value for
Bi2S3.29 Note that the above results on the three isostructural compounds show a disagreement with
other bulk moduli theoretically calculated,25,30 which seem to be largely overestimated.
The pressure dependence of the experimental and theoretical lattice parameters (a, b, and c)
of Sb2S3 is plotted in Fig. 5a. The experimental lattice parameters obtained from the XRD pattern at
room conditions are also shown. As can be seen, the theoretical results closely follow our

experimental data, although with the slight underestimation of the c parameter commented in the
previous section. Interestingly, the experimental curves corresponding to the a and c parameters
cross each other at around 1 GPa due to the larger compressibility of Sb2S3 along the a axis than
along the c axis at very low pressures. This result is in good agreement with data reported by
Lundegaard et al.11
By fitting the experimental and theoretical data of Fig. 5a with a modified Birch-Murnaghan
EOS,

31

we obtain the axial bulk modulus at room pressure for the a, b, and c lattice parameters

summarized in Table 3. Our experimental axial bulk moduli values are consistent, although slightly
larger, than those reported by Lundegaard et al.11 They are also similar to that of the b axis reported
for slightly As-doped stibnite by Fan et al.;28 however, the values of the bulk moduli for the a and c
axes in the latter work are clearly in disagreement with those of Lundegaard et al. and also with our
results. At present, we have no explanation for this disagreement, but these differences cannot be
ascribed to the presence of As (3%) in the natural stibnite samples28 since all three works (ours and
Refs. 11 and 28) report the expected larger bulk modulus of the b axis of Sb2S3 relative to the a and
c axes. This result is clearly due to the fact that the (Sb4S6)n units extend along the b axis forming
rods and, as a consequence, the main forces present along the b axis are strong covalent Sb-S bonds.
On the other hand, the bulk moduli of Sb2S3 along the a and c axes are much smaller than that of the
b axis, being the bulk modulus of the c axis larger than that of the a axis. This behavior can be
explained because the rods extending along the b axis are also linked by weak Sb-S forces along the
c axis forming distorted layers, while the resulting layers are stacked along the a axis where they are
bonded by much weaker van der Waals forces. The slightly smaller bulk modulus of Sb2S3 along
the a axis than along the c axis is also related to the presence of cation LEPs, which point closer to
the [100] direction than to the [001] direction.
With regard to isostructural compounds Sb2Se3 and Bi2S3, the compressibilities of a, b and c
axes at room pressure in Sb2S3 are similar to those previously reported for Sb2Se3 and Bi2S3 (see
Table 4). This result is consistent with the similar bulk modulus of the three compounds previously
mentioned, which suggests that the explanation given in the previous paragraph to explain the
different axial bulk moduli in Sb2S3 is also valid for Sb2Se3 and Bi2S3.
As already commented, a pressure-induced IPT related to a change in the electronic band
structure, and which could correspond to a pressure-induced ETT, has been recently suggested in
Bi2S3 and Sb2S3.8,9 An ETT or Lifshitz transition is produced when band extrema of the electronic
band structure, associated with a Van Hove singularity in the electronic density of states (EDOS),
cross the Fermi level thus changing the topology of the Fermi energy surface.32 Under these
conditions, the strong redistribution of the EDOS at the Fermi level gives rise to a 21/2-order IPT at

0 K in the Ehrenfest classification. The ETT does not cause a discontinuity in the volume or in the
Wyckoff positions, but it leads to anomalies in mechanical, vibrational, thermodynamic and
electrical properties.33 ETTs in metals are well known for many years,34 but recently ETTs have
been observed in some small-bandgap semiconductors, as reviewed in the case of Bi2Te3, Sb2Te3,
Bi2Se3 at high pressures.35 Pressure-induced changes of the bulk modulus, B0, and of the slope sign
in the c/a axial ratio of Bi2Te3, Sb2Te3 and Bi2Se3 have been observed and related to high values
(>4) of B0’. Consequently, the presence of minima in the axial ratios with increasing pressure in
other A2X3 compounds has been associated to the occurrence of a pressure-induced ETT. Recently,
this hypothesis has been put into question since such minima could correspond to the presence of an
IPT or just to changes in the compressibility of different bonds in layered compounds but without
being related to an ETT.36 In fact, no change of structural parameters has been observed for the
recently reported pressure-induced ETT in black phosphorous.37,38 For the sake of comparison with
previous studies of A2X3 compounds, we show in Fig. 5b the experimental and theoretical a/b, c/b,
and a/c axial ratios as a function of pressure in Sb2S3. As can be seen, there is a strong decrease of
a/b and a/c axial ratios at low pressures with a minimum in the theoretical a/c ratio around 6 GPa,
which is not observed in our experiment. However, this minimum around 5 GPa in Sb2S3 has been
reported by Sorb et al.9 with experimental data taken from Lundegaard et al.11 Similarly, minima in
axial ratios have been observed in isostructural compounds Bi2S3 and Sb2Se3 around 4 GPa and 10
GPa, respectively.8,10
We have to stress that the minimum of the c/a ratio found in Bi2Te3, Sb2Te3 and Bi2Se3
compounds with layered tetradymite structure plays the role of the a/b ratio in the stibnite structure.
Note that this is the axial ratio between interlayer and intralayer bond distances; i.e., the ratio
between weak van der Waals and strong covalent interactions. In this regard, no clear minimum has
been observed either experimentally or theoretically for the a/b axial ratio in Sb2S3, unlike in
isostructural compounds Bi2S3 and Sb2Se3, where a minimum has been reported near 4 and 15 GPa,
respectively.8,10 The fact that a minimum in the a/b ratio is found in these two compounds, but no
minimum has been observed in black phosphorous,37 suggests that the behavior of the axial ratio
alone does not provide a clear evidence for the existence of a pressure-induced ETT.
Second-order IPTs, not necessarily associated to an ETT but solely arising from a strong
pressure-induced decrease in the activity of the LEP have also been recently reported. This is the
case of other binary compounds involving group-15 and group-16 atoms such as tetragonal βBi2O3.39 In this case, a large B0’ and a change in the c/a ratio, accompanied with an increase of
symmetry of all occupied Wyckoff sites, has been observed.39 To evaluate the possibility of an IPT
of this kind in Sb2S3, we have examined the experimental (up to 7 GPa) and calculated evolution of

the Sb Wyckoff positions (Fig. 6a) together with the calculated pressure dependence of the Sb(1)-S
and Sb(2)-S bond lengths (Fig. 6b and Fig. 6c).
As can be seen in Fig. 6a, there is a smooth change of the Sb atomic positions with
increasing pressure. A good agreement between refined and calculated Sb coordinates is observed.
An overall good agreement is also found for S atomic positions (not shown), although the error of
the refined S sites was larger than for Sb sites. As observed, the x coordinate of the Sb(1) site
becomes negative above 5 GPa (experimentally) and above 9 GPa (theoretically), but do not tend to
zero. Similarly, other coordinates of Sb do not tend either to a more symmetric (or asymmetric)
position with increasing pressure. Consequently, our results indicate that there is no net change in
symmetry in the atomic Wyckoff positions of Sb2S3 with increasing pressure. Therefore, no
pressure-induced IPT from a low symmetry phase to a high symmetry phase (or vice versa) seems
to occur up to 20 GPa in Sb2S3.
The monotonous change in the atomic positions with increasing pressure found by our
calculations, and confirmed by our experiments up to 7 GPa, leads to a monotonous change in the
Sb(1)-S and Sb(2)-S bond lengths up to 20 GPa as shown in Fig. 6b and Fig. 6c, respectively. This
smooth reduction of the average Sb(1)-S and Sb(2)-S distances with pressure leads to more regular
polyhedral units upon compression. This is illustrated in Fig. 1b and Fig. 1c, which show the unitcell of Sb2S3 at 6.3 and 21.2 GPa, respectively, for comparison with that at room pressure (Fig. 1a).
As can be seen in Fig. 1, the main effect of the reduced distance between Sb and S sites is the
transformation of the SbS3E and SbS5E units into SbS7 units above 20 GPa. However, the strong
decrease of Sb(1)-S distances at low pressures leads to an intermediate coordination with distorted
SbS6 units above 6 GPa.
A similar behavior of the cation-anion distances under compression is observed in Bi2S3 and
Sb2Se3 (see Figs. S1 and S2 in the Supporting Information) due to the decrease of the activity of the
cation LEP with increasing pressure. This result is in good agreement with what happens in other
group-15 sesquioxides and sesquichalcogenides. For the sake of consistence, a comparison of
experimental and theoretical values of lattice and atomic parameters for Sb2Se3 and Bi2S3 at room
pressure are given in Tables S1 and S2 in the Supporting Information. In the case of Bi2S3, our ab
initio structural calculations (Fig. S1), which have been performed at more pressure values than the
experimental points shown by Efthimiopoulos et al.8 suggest a progressive and smooth change of
the different Bi-S bond lengths in Bi2S3 upon compression. Our theoretical results and subsequent
interpretation are consistent with the experimental data of Lundegaard et al.12 In that work, a
monotonous evolution of the Bi-S bond lengths resulting in sevenfold cation coordination above 10
GPa, together with a smooth reduction of the LEP volume, was reported. Similarly, our theoretical

results for Sb2Se3 (Fig. S2) suggest a progressive and smooth change of the different Sb-Se bond
lengths upon compression that also result in sevenfold cation coordination above 10 GPa, in good
agreement with experimental data.10 Thus, no abrupt changes that could be related to any secondorder IPT is observed in any of the three isostructural compounds Sb2S3, Sb2Se3 and Bi2S3.
In summary, the compression of Sb2S3 is characterized by progressive structural changes
that lead from a layered structure at room pressure (with quasi-fourfold and quasi-sixfold
coordinated Sb atoms) to a quasi-3D structure above 20 GPa (with sevenfold coordinated Sb
atoms). Similar conclusions are reached in the case of Bi2S3 and Sb2Se3, where sevenfold cation
coordination is attained at a smaller pressure (around 10 GPa). These changes do not involve any
major change in atomic Wyckoff sites and are mainly related to the reduction of the LEP activity of
Sb/Bi atoms with increasing pressure. All three isostructural compounds (Sb2S3, Sb2Se3 and Bi2S3)
show rather similar structural behavior under pressure; no clear confirmation of the presence of a
pressure-induced IPT has been found. Therefore, we cannot confirm the recently reported

9

presence of a pressure-induced ETT only from structural data.

4.3 High-pressure Raman measurements
We have also performed high-pressure RS measurements on Sb2S3 in combination with DFT
lattice-dynamical calculations in order to better understand the behavior of this compound under
compression and gain still further insight about a possible pressure-induced IPT or ETT. As
demonstrated in numerous previous investigations, RS measurements are highly sensitive to detect
IPTs in chalcogenide compounds even for the most elusive ETTs. Anomalies in the experimental
pressure coefficients and widths of different Raman peaks have been reported around the ETT in
Bi2Te3,40 Sb2Te3,41 and Bi2Se3.42 Other IPTs related to the LEP activity, like those found in β-Bi2O3
39

or cubic α-Sb2O3,43 also show clear changes in the pressure coefficient of several soft modes

around the phase transition that also correlate with anomalies of the peak widths and intensities.
We have plotted in Fig. 7 room-temperature RS spectra of Sb2S3 at selected pressures. We
would like to note that there is an overall intensity reduction of the Raman signal above ~15 GPa
that does not affect the evolution of the observed Raman features with pressure. The decrease of the
Raman intensity could be attributed to the gap decrease as will be explained in the following
section. We would also like to note that our RS spectra at different pressures are rather different to
those recently reported by Sorb et al.,9 excited with 532-nm light and which most likely correspond
to laser damaged samples due to laser absorption, as suggested by Sereni et al.26 in relation to older
works. Thus, taking into account our present results, we conclude that the Raman data reporting

evidence for a pressure-induced ETT in Sb2S3 9 must be revisited since conclusions reached from
laser-damaged samples must be taken with caution, as discussed by Kharbish et al.27
As already mentioned, it is very difficult to assign the features that show up in the roompressure RS spectrum of Sb2S3 (see Fig. 2b) due to strong overlapping. However, it is possible to
perform a tentative peak assignment by studying the pressure behavior of the Raman-active peaks in
combination with the results of lattice-dynamical calculations. Figure 8 shows the pressure
dependence of the experimental and theoretical Raman-active mode frequencies of Sb2S3. In
general, both experimental and theoretical Raman modes do not show a simple monotonic behavior
with increasing pressure; however, some of the theoretical curves in Fig. 8 closely match the
experimental data. This is particularly clear in the case of Ag modes, which exhibit in several cases
a remarkable agreement between theory and experiment. For the rest of symmetries, although the
assignments bear some degree of ambiguity, our DFT lattice-dynamical calculations reproduce
rather well the overall pressure behavior of experimental Raman-active modes in Sb2S3. Table 2
summarizes the experimental and theoretical frequencies at room pressure (ω0) and the pressure
coefficients as obtained from fits of experimental and theoretical Raman-mode frequencies reported
in Fig. 8 as a function of pressure (P) to the equation ω(P) = ω0 + α·P + β·P2. The assignments of
the features that appear in the RS spectrum of Sb2S3 are reported in Table 2 and Figure 8.
It is noteworthy that some of the Raman-active modes of Sb2S3 exhibit moderate softening
in a given pressure range, others mix and/or cross other modes, while others display complex anticrossing behavior. However, neither the experimental points nor the theoretical curves seem to
display a markedly anomalous behavior around any specific pressure value. Instead, the observed
evolution of the modes may be ascribed to the progressive pressure-induced changes in atomic
positions and bond lengths. Consequently, our high-pressure RS measurements do not provide clear
evidence for an IPT or ETT in Sb2S3 as in the case of the results obtained by XRD.
In order to confirm that no second-order IPT is observed in Sb2S3 we have calculated the
phonon dispersion curves of Sb2S3 at several pressures up to 20 GPa (not shown). In the pressure
range studied, no soft-mode behavior that could be indicative of a second-order IPT is observed in
this compound up to 20 GPa. This result for Sb2S3, extended to the case of the isostructural
compounds Sb2Se3 and Bi2S3, is in agreement with recent calculations of the elastic constants of
Bi2S3 as a function of pressure, which indicated that this compound is stable up to 10 GPa.29
As regards the comparison of our RS results with those in Bi2S3 and Sb2Se3, our RS results
contrast with those in Bi2S3, where some anomalies in the 6-10 GPa range, well above the region
corresponding to the minimum in the c/a ratio (4 GPa), have been reported.8 In order to further
understand the pressure behavior of isostructural compounds, we have performed lattice-dynamics

calculations in Bi2S3 and compared the results with the reported RS measurements (see Fig. S3 in
the Supporting Information). Despite a clear assignment of experimental Raman-active modes of
Bi2S3 on the basis of our calculations is difficult, the comparison of the pressure dependence of the
experimental and theoretical Raman-active phonons of Bi2S3 is very similar to that of Sb2S3, i.e., a
non-monotonic behavior of the Raman-active modes is observed, with some modes showing a
certain softening followed by crossings and anti-crossings, but with no clear evidence of a general
change at a certain pressure value. This behavior of Raman-active modes in Bi2S3 is consistent with
the progressive repositioning of the atoms within the orthorhombic Pnma unit cell and a progressive
overall decrease of average Bi-S bond lengths (see Fig. S1), leading to more regular polyhedral
units and highly coordinated Bi atoms as already commented. Consequently, our results and
analysis suggest that most of the anomalies reported in Bi2S3 by Efthimiopoulos et al.8 may actually
correspond either to the non-linear behavior of several Raman-active modes with pressure or to
phonon modes that undergo crossings and anti-crossings upon compression, which are difficult to
analyze without the help of theoretical calculations. An example of this latter case is the crossing of
the B1g(2) and Ag(2) near 200 cm-1 between 7 and 10 GPa (according to notation of Efthimiopoulos
et al.) which likely correspond to the crossing of B1g and B3g modes predicted by the calculations
(see Fig. S3).
Regarding Sb2Se3, the behavior of first-order Raman-active modes up to 300 cm-1, with
crossings at different pressures, has been reported up to 45 GPa without observation of any
pressure-induced IPT or ETT.10 We show in Fig. S4 in the Supporting Information the pressure
dependence of the Raman-active mode frequencies as a function of pressure, where our
theoretically calculated modes are compared to experimental frequencies reported in the literature.
Noteworthy, a smaller number of Raman-active modes has been measured in Sb2Se3 than in Sb2S3
and Bi2S3. No clear assignment of experimental Raman-active modes of Sb2Se3 on the basis of our
calculations is possible, most likely because the experimental Raman features actually arise from a
mixture of different Raman modes with close frequencies. As predicted by our calculations, strong
overlapping is particularly expected in Sb2Se3 between 100 and 200 cm-1. As can be seen in Fig. S4,
the theoretical Raman-active modes exhibit a non-monotonic behavior with some modes showing a
certain softening followed by crossings and anti-crossings, but with no clear evidence of a general
change at any particular pressure value as in the previous isostructural compounds. In fact, the
number of crossings and anticrossings in Sb2Se3 is much larger than in Sb2S3 and Bi2S3 because of
the large number of Raman-active modes located in a narrow frequency range due to the larger
mass of Se than of S. Again, the behavior of Raman-active modes in Sb2Se3 is consistent with a
progressive repositioning of the atoms within the orthorhombic Pnma unit cell and a progressive

overall decrease of Sb-Se bond distances (Fig. S2), leading to more regular polyhedral units and
highly coordinated Sb atoms as already commented.
In summary, RS measurements of Sb2S3 show a complex behavior of phonon modes with
increasing pressure. However, there is no clear evidence of a sudden change at a defined pressure
that could be attributed to the presence of an IPT or an ETT. Our lattice-dynamical ab initio
calculations for isostructural Bi2S3 and Sb2Se3 show that previously reported results for these two
compounds may be interpreted in the same way as for Sb2S3. Thus, we conclude that all three
isostructural compounds (Sb2S3, Sb2Se3 and Bi2S3) exhibit rather similar vibrational properties
under compression, again with no clear confirmation of the presence either of a pressure-induced
IPT or ETT.

4.4 Electronic structure calculations
Since ETTs are very subtle transitions, we have performed band-structure calculations in Sb2S3 at
different pressures in order to identify possible changes of the band extrema that could be related to
an ETT. We show in Fig. 9 the electronic band structure at 0, 1.0, 3.9, and 6.3 GPa. As can be seen,
the predicted structure at ambient pressure exhibits a quasi-direct fundamental bandgap (theoretical
value around 1.1 eV), since the conduction band minimum (CBM) and valence band maximum
(VBM) are located in the Z-Γ direction at slightly different wavevectors. However, the energy of
the predicted indirect bandgap is close to that of the direct bandgap at Γ. This picture is similar to
that previously reported and reviewed in calculations of Sb2S3 at room pressure.2
With increasing pressure, the bandgap closes and both the VBM and the CBM move
progressively toward the Γ point. Around 1 GPa, our calculations show that the CBM is already
located at the Γ point, but the bandgap remains indirect. Above 4 GPa the VBM is already located
at the Γ point and the bandgap becomes fully direct. This result could explain the change in the
electric resistivity measurements around 4 GPa recently reported.9 Notwithstanding, this change in
electrical resistivity must be taken with caution because it has been measured in compacted powders
with randomly-oriented grains and not in single crystals with well-defined faces. In this way, the
measured resistivity represents an average along the three orthorhombic axes and additionally is
affected by inter-grain connections whose effect is unknown. At higher pressures, the direct
bandgap exhibits a progressive closing and no other relevant changes are predicted by our
calculations. The perspective offered by our theoretical calculations of the pressure dependence of
the electronic band structure in Sb2S3 is in good agreement with that provided by prior photoelectric
measurements under pressure.44 In this regard, we have to note that although DFT calculations
underestimate the bandgap value, its pressure coefficient is well described. Thus, we estimate that

the direct bandgap of Sb2S3 should close at pressures beyond 14-15 GPa taking into account the
small pressure coefficient of the direct bandgap above 4 GPa. Consequently, it is possible that the
strong decrease of the Raman signal we have measured above 14 GPa could be related to the strong
decrease and even closure of the bandgap above this pressure.
As can be seen in Fig. 9, the evolution of the electronic structure is progressive and
relatively smooth, and therefore the change of the EDOS around the Fermi level with pressure is
expected to be very small. Thus, it can be concluded that the calculated pressure-induced variation
of the electronic band structure of Sb2S3 is that of a conventional semiconductor and does not
exhibit any sizable change in the EDOS around the Fermi level that could be linked to an ETT.
Therefore, our calculations do not support the occurrence of a pressure-induced ETT in Sb2S3.
For the sake of completeness, we have also performed electronic band structure calculations
including spin-orbit coupling (SOC) in Bi2S3 and Sb2Se3 at different pressures (see Figs. S5 and S6
in the Supporting Information). Our calculations show that these two semiconductors have also
rather large bandgaps, around 1.15 eV and 0.75 eV for Bi2S3 and Sb2Se3, respectively. These results
agree qualitatively with those of recent GW calculations, which yield energies of 1.5 eV (Sb2S3),
1.4 eV (Bi2S3) and 1.3 eV (Sb2Se3), which should be closer to real values.2 Our calculations show
that the bandgap decreases in the three isostructural compounds with increasing pressure; the
bandgap closes above 10-15 GPa in all three compounds, being Sb2Se3 the first one to become
metallic above 10 GPa and Sb2S3 the last one to become metallic above 15 GPa.
As in the case of Sb2S3, we are not able to identify any anomalies in Bi2S3 and Sb2Se3
around the band extrema at low pressures that could be related to an ETT. In Bi2S3, a change of the
VBM from the Γ-X to the Γ-Z direction is observed near 3.5 GPa, with a calculated bandgap value
around 1 eV. Calculations for Bi2S3 predict that this compound has a pseudo-direct bandgap up to
larger pressure values than Sb2S3. The bandgap closes with increasing pressure as in Sb2S3, but is
wide open up to pressure values well above 10 GPa. Therefore, the electronic structure only shows
smooth changes and, consequently, we can safely conclude that the change of the EDOS around the
Fermi level with pressure may be expected to be very small, with no ETT expected to occur in this
compound around 4-6 GPa. As regards Sb2Se3, our calculations predict that this compound has a
direct or quasi-direct bandgap, whose VBM and CBM are located along the Γ-Z direction at room
pressure. The calculations predict a change of the CBM from the Γ-Z to the Γ-Y direction above 1
GPa, for which the calculated bandgap value is around 0.65 eV and the real value must be above 1
eV. The new indirect bandgap closes progressively with increasing pressure and decreases below
0.5 eV above 3 GPa, but is wide open up to pressure values above 10 GPa. Hence, our calculations
allow us to explain the conducting behaviour of Sb2Se3 observed by Kong et al. between 3 and 10

GPa,6 if we consider that their samples have a considerable unintentional carrier concentration due
to non-stoichiometry, which can contribute to electrical conductivity as the bandgap closes. The
electronic band structure of Sb2Se3 shows smooth changes up to 10 GPa. Thus, we conclude that the
change with pressure of the EDOS around the Fermi level may be expected to be very small near 1
GPa, with no ETT expected to occur in this compound.
In summary, our electronic band structure calculations show some changes in the CBM and
VBM of the three isostructural compounds Sb2S3, Bi2S3 and Sb2Se3 at low pressures. At such
pressure values the bandgap of the three compounds is wide open (above 0.6 eV), and therefore any
changes of the EDOS around the Fermi level may be expected to be very small to yield a pressureinduced ETT as claimed in previous works.

5. Conclusions
We have reported a joint experimental and theoretical study of Sb2S3 under compression. Our study
indicates that its quasi-laminar orthorhombic Pnma structure undergoes progressive and monotonic
changes of lattice parameters and atomic positions with increasing pressure resulting in a quasi-3D
material above 20 GPa. This structural change is consistent with an overall increase of Sb
coordination and with a decrease of the lone electron pair activity of Sb upon compression. In this
way, Sb2S3 is composed of SbS3 and SbS5 polyhedral units at room pressure, which become
distorted SbS7 polyhedra at pressures above 20 GPa. The continuous changes observed in the axial
ratios, bond lengths and Raman mode frequencies as a function of pressure of Sb2S3 can be
attributed to the different compressibility along the three orthorhombic axes, which in turn are
related to the different compressibility of the interatomic forces in different pressure ranges. We
have found no clear evidence either for a second-order IPT or for an ETT in Sb2S3 at low pressures.
The same conclusion can be drawn for isostructural Bi2S3 and Sb2Se3 on the light of the comparison
of our theoretical results with previous experimental data. Furthermore, no first-order phase
transition has been observed in Sb2S3 up to 25 GPa, in good agreement with the stability of the
Pnma structure in Bi2S3 and Sb2Se3 previously reported up to 50 GPa.
In summary, our joint experimental and theoretical work allows us to conclude that the three
isostructural compounds Sb2S3, Bi2S3, and Sb2Se3 exhibit similar structural and vibrational
properties with increasing pressure, with no pressure-induced ETT in the low pressure regime
(below 10 GPa) despite the decrease upon compression of the direct and indirect bandgap values in
all three compounds.
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Table 1. Experimental (exp.) and theoretical (the.) values of atomic parameters of Sb2S3 at room
pressure. Experimental and theoretical lattice parameters at room conditions are: experiment: a=
11.3049(9), b= 3.8351(3) Å, c= 11.2264(10) Å, theory: a = 11.2746 Å, b = 3.8306 Å and c =
10.8941 Å.
Atom

x

y

z

Sb(1)

0.0294(3) (exp.)

0.25 (exp.)

0.6703(4) (exp.)

0.1258 (the.)

0.25 (the.)

0.5576 (the.)

0.3498(3) (exp.)

0.25 (exp.)

0.4633(4) (exp.)

0.2898 (the.)

0.25 (the.)

0.3083 (the.)

0.0514(12) (exp.)

0.25 (exp.)

0.1405(14) (exp.)

0.0483 (the.)

0.25 (the.)

0.1271 (the.)

0.3722(12) (exp.)

0.25 (exp.)

0.0607(12) (exp.)

0.4761 (the.)

0.25 (the.)

0.1742 (the.)

0.2152(12) (exp.)

0.25 (exp.)

0.8039(15) (exp.)

0.1534 (the.)

0.25 (the.)

0.9679 (the.)

Sb(2)

S(1)

S(2)

S(3)

Table 2. Theoretical (the.) and experimental (exp.) Raman mode frequencies and their pressure
coefficients in Sb2S3 as fitted with equation ω(P) = ω0 + αP + βP2. The superscripts indicate
different (B1g + B3g) and (B2g + Ag) vibrational pairs.

Mode
number

Symmetry

ω0 (the.)
(cm-1)

α (the.)
(cm-1/GPa)

β (the.)
(cm-1/GPa2)

1

B1g1

43.8

1.72

-0.050

2

B2g1

44.9

2.10

-0.070

3

B3g1

46.4

1.84

-0.030

4

Ag1

52.2

1.59

5

B1g2

65.7

6

B3g2

7

*

ω0 (exp.)
(cm-1)

α (exp.)
(cm-1/GPa)

β (exp.)
(cm-1/GPa2)

37.5

1.92

-0.020

-0.050

51.9

1.42

-0.030

2.15

-0.040

60.3

2.60

-0.090

65.8

2.30

-0.070

Ag2

74.7

0.60

-0.070

72.2

1.86

-0.130

8

B2g2

92.9

*

*

9

Ag3

100

-0.46

102

-0.005

+0.001

10

B2g3

112

*

*

-

11

B2g4

122*

2.97*

-

12

Ag4

128

4.00

-0.120

129**

3.17

-0.050

13

B2g5

159

9.42

-0.300

14

Ag5

159

7.56

-0.200

158

7.02

-0.150

15

B1g3

182

2.67

-0.002

186**

3.38

-0.050

16

Ag6

190

4.94

-0.110

194

3.67

-0.009

17

B3g3

191

*

4.10

*

18

B2g6

193

5.97

-0.090

19

B3g4

197*

1.75*

-

20

B1g4

203

2.45

-0.060

21

B1g5

225

3.39

-0.060

239

3.49

-0.100

22

B3g5

227

3.46

-0.080

23

Ag7

250*

1.11*

-

24

B2g7

251

1.61

-0.030

25

Ag8

261

*

26

B2g8

278

*

27

Ag9

28

B2g10

29

Ag10

30

B2g9

6.42

1.25

0.010

-

-0.87

*

-

-1.06

*

0.300

275**

-0.60

-

280

-2.32

0.500

282*

-1.61

0.200

291

*

-2.28

*

0.120

**

-0.17

-

293

*

-2.02

*

0.400

294

1.31

1.90

-0.020

0.080

299

312

Values obtained from a fit of low pressure data; ** Values extrapolated to zero pressure from a fit of high pressure data.

Table 3. Theoretical (the.) and experimental (exp) values of the room pressure values, the bulk
modulus and its pressure derivative of different structural parameters in Sb2S3.
Zero-pressure value
B0
B0’
V (the.)
470.4
32.2 GPa
6.2
3
V (exp.)
486(1) Å
37.6(2) GPa 3.8(7)
a (exp.)

11.306(5) Å

21(2) GPa

5.0(7)

b (exp.)

3.835(5) Å

87(2) GPa

4(2)

c (exp.)

11.225(5) Å

35(2) GPa

2.9(5)

Table 4. Experimental axial compresibilities (in units of 10-3 GPa-1) of Sb2S3, Sb2Se3, and Bi2S3.

a




Sb2Se3 a
13.6
5.0

Sb2S3 b
15.9(2)
3.8(1)

Bi2S3 c
18.7
4.1



9.3

9.5(1)

b

c

9.5

Ref. [10], This work, Ref. [12]

Figure captions
Fig. 1. Crystalline structure of orthorhombic (Pnma) Sb2S3 at ambient pressure (a), at 6.3 GPa (b)
and 21.2 GPa (c). The size of the unit cells has been normalized for comparison purposes. Only
bonds with lengths below 2.9 Å are shown, which helps us to illustrate the presence of SbS3 and
SbS5 units at 0 GPa. At pressures above 6 GPa, the former become SbS6 polyhedra due to the
overall reduction of bond lengths. At higher pressures (> 20 GPa), SbS7 polyhedra are formed at
both Sb positions.
Fig. 2. (a) Room-temperature angle-dispersive powder XRD of Sb2S3 (empty circles), Rietveld
refinement (black solid line), theoretical Bragg reflections (vertical ticks) and residuals from the
refinement (red solid line). (b) Raman spectra collected at ambient pressure with theoretical Raman
modes (bottom red vertical marks).
Fig. 3. (a) Room-temperature angle-dispersive powder XRD of Sb2S3 at selected pressures. Strong
signal from Cu shows up in the top pattern, acquired at 10.8 GPa. (b) Rietveld plot corresponding to
a XRD pattern measured at 2.9 GPa.
Fig. 4. Experimental (solid dots) and theoretical (solid line) unit-cell volume as a function of
pressure for Sb2S3. The dashed line shows the result of a fit to the experimental data using the thirdorder Birch-Murnaghan equation-of-state. The star symbol corresponds to the experimental volume
at ambient pressure. Error bars from experimental data are smaller than or equal to the width of the
plotted symbols.
Fig. 5. (a) Experimental (solid dots) and theoretical (lines) lattice parameter values as a function of
pressure for Sb2S3. (b) Experimental (solid dots) and theoretical (solid lines) lattice parameter ratios
vs pressure for Sb2S3. Star symbols correspond to the experimental data at ambient pressure. Error
bars from experimental data are smaller than or equal to the width of the plotted symbols.
Fig. 6. Sketch of the layer structure in Sb2S3 and the polyhedral units at ambient pressure. Shortest,
medium, and large bond distances inside a layer are represented as solid, long dashed, and short
dashed lines, respectively. (a) Experimental (symbols) and theoretical (lines) pressure dependence
of the Sb(1) and Sb(2) atomic coordinates in Sb2S3. (b) Theoretical pressure dependence of the
Sb(1)-S bond lengths. (c) Idem for Sb(2)-S bond lengths. The top left panel shows a sketch of the
different Sb-S bonds (<3.1 Å) in Sb2S3.
Fig. 7. Room-temperature Raman spectra of Sb2S3 at selected pressures.
Fig. 8. Experimental (symbols) and theoretical (lines) pressure dependence of the Raman-mode
frequencies of Sb2S3. Different colors represent Raman-active modes of different symmetries.
Fig. 9. Calculated band structure of Sb2S3 at 0, 1.0, 3.9 and 6.3 GPa.
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Supporting Information

S.1. Vibrational properties of Sb2S3
In order to understand the lattice dynamics of Sb2S3 it is important to remind that
the structure of Sb2S3 is composed of linked SbS3E and SbS5E units, here E refers to the
lone electron pair of Sb atoms, since the vibrational modes of chalcogenide compounds
have been usually interpreted in a simplified manner in terms of molecular-like units.
Within this context, the optical phonons of Sb2S3 have been partially interpreted in the
past as coming solely from SbS3 units (without any mention to SbS5 units) [1,2]. The
undistorted SbS3 units, which have an ideal trigonal pyramidal (C3v) symmetry, give rise
to four normal modes of vibration: symmetric stretching ν1(A1), anti-symmetric
stretching ν3(E), symmetric bending ν2(A1), and anti-symmetric bending ν4(E).
Koudelka et al. estimated the frequencies of SbS3 units from those measured in SbCl3
molecules and found them to be close to 112, 138, 269, and 302 cm−1 [1]. Following
similar arguments, the undistorted SbS5 units, which have an ideal tetragonal pyramidal
(C4v) symmetry, give rise to nine normal modes of vibration: axial stretching ν1(A1),
antisymmetric in-plane stretching ν4(B1), antisymmetric in-plane stretching+bending
S1

ν7(E), symmetric in-plane stretching ν2(A1), antisymmetric in-plane bending ν8(E),
symmetric in-plane bending ν3(A1), anti-symmetric out-of-plane bending ν5(B1), antisymmetric in-plane bending ν6(B2) and symmetric in-plane bending ν9(E). Stretching
modes in distorted tetragonal pyramidal SbS5 units (similar to those of stibnite) can be
observed for instance in MnSb2S4, with frequency values around 283 and 300 cm−1 [3].
Despite pure vibrations of SbS3 units should display considerable higher frequencies
(340-380 cm-1) than those observed in Sb(SR)3 molecules [4,5], the vibrational
frequencies of MnSb2S4 have been previously interpreted as due to SbS3 units instead of
distorted SbS5 units. These arguments suggest that stretching frequencies around 300
cm−1 in undistorted SbS5 units and above 340 cm−1 in undistorted SbS3 units would be
expected, which are consistent with the shorter average Sb-S bond distances in SbS3
units as compared to the SbS5 units.
To finish this section and just to give an insight of the complex lattice dynamics
of Sb2S3, we can mention that both SbS3 and SbS5 units are linked in stibnite so they
have smaller symmetry than in the ideal configuration. This decrease in symmetry leads
to splitting of the doubly degenerated E modes of the isolated units. Furthermore,
normal vibrations corresponding to SbS3 and SbS5 units get mixed in Sb2S3, which
makes difficult the assignment of the Raman modes. In particular, the link of SbS3 units
with neighboring SbS3 and SbS5 units makes impossible the observation of pure
symmetric and anti-symmetric stretching modes of SbS3 units in Sb2S3. According to
our calculations, the optical mode with the lowest frequency is a silent mode of Au
symmetry with theoretical frequency near 25 cm-1 at room pressure. This mode
corresponds to the typical shear mode between alternate layers of layered materials. On
the contrary, the two highest optical modes are infrared-active modes of B1u and B3u
symmetry corresponding to the mixture of a partial symmetric stretching ν1(A1) of SbS3
units and axial stretching ν1(A1) of SbS5 units. In fact, the highest Raman active modes
are two pairs of (Ag + B2g) modes, which correspond to partial anti-symmetric ν3
stretching of SbS3 units and ν8 stretching of SbS5 units together with partial ν2 bending
of SbS3 units and ν1 stretching of SbS5 units, respectively. This mixture of stretching or
stretching and bending modes of SbS3 and SbS5 units allows us to explain why the
maximum frequency of Raman-active modes in Sb2S3 is slightly above 300 cm-1 and
well below 340 cm-1.

S2

S.2. Calculated lattice parameters and atomic coordinates of Bi2S3 and Sb2Se3.

Table S1. Experimental (exp.) and theoretical (the.) values of atomic positions of Bi2S3
at room pressure. Experimental and theoretical lattice parameters are: experiment: a=
11.269(2), b= 3.9717(3) Å, c= 11.129(2) Å (from Ref. 6), theory: a = 11.40958 Å, b =
3.9680 Å and c = 11.0068 Å.
Atom

x

y

z

Bi(1)

0.0164(2) (exp.)

0.25 (exp.)

0.6745(2) (exp.)

0.0149 (the.)

0.25 (the.)

0.6750 (the.)

0.3406(3) (exp.)

0.25 (exp.)

0.4661(2) (exp.)

0.3608 (the.)

0.25 (the.)

0.4638 (the.)

0.0494(16) (exp.)

0.25 (exp.)

0.1311(11) (exp.)

0.0476 (the.)

0.25 (the.)

0.1294 (the.)

0.3773(17) (exp.)

0.25 (exp.)

0.0604(12) (exp.)

0.3768 (the.)

0.25 (the.)

0.0554 (the.)

0.2165(16) (exp.)

0.25 (exp.)

0.8069(12) (exp.)

0.2142 (the.)

0.25 (the.)

0.8080 (the.)

Bi(2)

S(1)

S(2)

S(3)

Table S2. Experimental (exp.) and theoretical (the.) values of atomic positions of
Sb2Se3 at room pressure. Experimental and theoretical lattice parameters are:
experiment: a= 11.80, b= 3.97 Å and c= 11.65 Å (from Ref. 7), theory: a = 11.7968 Å,
b = 3.9818 Å and c = 11.2831 Å.
Atom

x

y

z

Sb(1)

0.4971(1) (exp.)

0.25 (exp.)

0.8228(3) (exp.)

0.5226 (the.)

0.25 (the.)

0.8290 (the.)

0.3432(1) (exp.)

0.25 (exp.)

0.4559(2) (exp.)

0.3499 (the.)

0.25 (the.)

0.4624 (the.)

0.7162(2) (exp.)

0.25 (exp.)

0.7105(3) (exp.)

0.7149 (the.)

0.25 (the.)

0.6966 (the.)

0.5597(3) (exp.)

0.25 (exp.)

0.3673(2) (exp.)

0.5536 (the.)

0.25 (the.)

0.3667 (the.)

0.3675(2) (exp.)

0.25 (exp.)

0.0629(3) (exp.)

0.3706 (the.)

0.25 (the.)

0.0521 (the.)

Sb(2)

Se(1)

Se(2)

Se(3)
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S.3. Pressure dependence of bond-lengths in Bi2S3 and Sb2Se3.
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Fig. S1 (a) Theoretical pressure dependence of the Bi(1)-S bond lengths in Bi2S3. (b)
Idem for the Bi(2)-S bond lengths.
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Fig. S2 (a) Theoretical pressure dependence of the Sb(1)-Se bond lengths in Sb2Se3. (b)
Idem for the Sb(2)-Se bond lengths.
S.4. Pressure dependence of Raman-active modes in Bi2S3 and Sb2Se3.

Fig. S3 Experimental (symbols) and theoretical (lines) pressure dependence of the
Raman-mode frequencies of Bi2S3. Different colors represent Raman-active modes of
different symmetries.
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Fig. S4 Experimental (symbols) and theoretical (lines) pressure dependence of the
Raman-mode frequencies of Sb2Se3. Different colors represent Raman-active modes of
different symmetries.
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S.5. Pressure dependence of electronic band structure in Bi2S3 and Sb2Se3.

Fig. S5 Calculated electronic band structure of Bi2S3 at 0, 3.9 and 5.2 GPa.
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Fig. S6 Calculated electronic band structure of Sb2Se3 at 0, 2.0, and 10.2 GPa.
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