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Abstract
Normally, bismuth-sulfur binary system always crystallizes in stoichiometric Bi2S3 with excellent functional
properties. In this paper, combining the crystal structure prediction method and first principles calculations, we
extensively explored the structural stabilities of other Bi-S compounds under high pressure. We theoretically
predicted that unconventional semi-metallic layered BiS2 and metallic body-centered cubic BiS can be synthesized
above 9 and 19 GPa, respectively. Furthermore, with laser heating and in-situ x-ray diffraction, we successfully
confirmed that Bi2S3 decomposed into Bi and BiS2 in the diamond anvil cell experiments. Our additional
electron-phonon coupling calculations indicate that the superconductivity exists in Bi-S compound. These studies
shed light on a way for the design and synthesis of new functional V-VI group compounds with counterintuitive
stoichiometries and new structures at extreme conditions.
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I. Introduction
The binary V-VI group compounds, such as Bi2Se3, Bi2Te3, and Sb2Te3, have attracted significant research
interest in recent years, in particular focusing on their three-dimensional topological behavior, excellent
thermoelectric properties and superconductivity. First, Bi2Se3, Bi2Te3, and Sb2Te3 were predicted to be
3-dementional topological insulators, which have robust and simple surface states consisting of a single Dirac cone
at the Γ point [1]; the surface state of Bi2Te3 was subsequently confirmed by angle-resolved photoemission
spectroscopy experiment [2]. Furthermore, compression plays an important role in tuning these materials and their
physical properties, which are mainly governed by their crystal structures. For example, it has been found that the
thermoelectric properties of Bi2T3 and Sb2Te3 improve remarkably [3,4] at high pressures. The superconducting
temperature (Tc) of ~3 K was observed between 3 to 6 GPa in Bi2Te3, indicating the possibility that the bulk state
could be topological superconductor. [5] Further experimental studies indicated that superconductivity in Bi2Te3
shows variation at high pressures, which may be correlated to its high-pressure phase transitions. [6] Subsequently,
it has been reported that Bi2Te3 undergoes a series of structural phase transitions from an ambient pressure R-3m
phase to a C2/m phase, then to a C2/c structure, accompanied by an increase in coordination number from 6 to 7/8,
and finally 9/10 [7,8]. The same (or similar) high-pressure phase transitions have been observed in Sb2Te3 [9,10]
and Bi2Se3 [11–13].
In addition to inducing phase transitions, high pressure can also modify chemical behavior and lead to the
stabilization of new compounds with novel properties. It enables us to uncover new physical and chemical
processes that illuminate our understanding of the nature of the materials more generally. Thus far, many
computational and experimental studies have reported the occurrence of unexpected compounds with new
structures that are stabilized at high pressures, but which cannot occur at ambient pressure. For instance, intriguing
Cs-F [14], and Hg-F [15] compounds were predicted to be stable under compression on the basis of computational
results. Subsequently, some of these predictions (Xe3O2 [16,17], XeNi3 [18,19], NbH3 [20,21], NaCl3/Na3Cl [22],
Sn3Se4 [23] etc.) have since been confirmed by successfully synthesized materials observed experimentally at
extreme conditions. Other than the well-known A2B3-type structures, which are important both in fundamental
science research and in practical applications, so far no group V-VI compound has been reported. Here, we
investigate the possibility that other, as yet unknown, stable compounds exists in this significant group. Such
structure prediction could, for example, yield materials with improved materials properties, which could potentially
be synthesized and developed for potential future application. Initially, the well-known Bi-S system has been
chosen for study as representative of group V-VI compounds more generally.
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At ambient pressure, Bi2S3, bismuthinite, is a typical semiconductor with direct bandgap of ~1.3-1.9 eV [24,25]
and finding applications in thermoelectric [26], electronic [27] and optoelectronic devices [28]. Bismuthinite
crystallizes in an orthorhombic structure with space group Pnma (Z=4) [29], [30] in which Bi is irregularly
coordinated by S in two distinct crystallographic sites, with 7- and 8-fold irregular coordination. High-pressure
x-ray diffraction (XRD) investigations found that bismuthinite retains Pnma symmetry up to 50 GPa above which
point a disordered or amorphous phase was proposed to exist. A possible second-order isosymmetric transition in
the Pnma phase was suggested to occur around 4-6 GPa

[31]. Furthermore, a pressure-induced

semiconductor-metal transition in Bi2S3 was indicated at around 20 GPa from measurements of the temperature
dependence of its electrical resistance. [32]
Here, we report the results of our systematic theoretical and experimental studies on Bi-S system in an
exploration of a the new compound found in the binary system at high pressures. We explore variable chemical
compositions of BixSy using the crystal structure prediction methods combined with first principles calculations.
Enthalpy calculations indicate that Bi2S3 tends to spontaneously decompose above 24 GPa into two new phases
with stoichiometries BiS2 and BiS, which have abnormal valence states and should become enthalpically stable
above 9 and 19 GPa, respectively. Using diamond anvil cell (DAC) and laser heating techniques, we have
successfully observed our predicted BiS2 phase during high-pressure/high-temperature experiments. We also
suggest that metallic BiS displays a superconducting transition at low temperature and BiS2 shows a semi-metallic
behavior, on the basis of our density functional theory (DFT) calculations.
II. Computational and experimental details
The crystal structures of Bi-S compounds were systematically probed using the Crystal structure AnaLYsis by
Particle Swarm Optimization (CALYPSO) code [33,34], which is based on a global minimum of search of free
energy surfaces calculated by the DFT total energy calculations. The simulation cell comprised of one to eight
formula units (equivalent to 24 atoms) with six stoichiometries (Bi2S, BiS, Bi2S3, BiS2, Bi2S5, and BiS3) at 10, 40,
and 60 GPa. Generally, the search was terminated after the generation of 2000-2500 structures. DFT calculations,
including structural optimizations, enthalpies, electronic structures and phonons, were performed with Vienna Ab
initio Simulation Package (VASP) [35] code using the Perdew-Burke-Ernzerhof [36] exchange-correlation
functional. The 6s26p3 and 3s23p4 electrons were treated as valence electrons for Bi and S, respectively. To ensure
that all enthalpy calculations were well-converged to about 1 meV/atom, a Monkhorst-Pack grid was selected with
sufficient density (2π×0.02 Å−1) in reciprocal space, as well as appropriate energy cutoff (350 eV). The phonon
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calculations and modulations of soft phonon modes were carried out using a finite displacement approach [37]
through the PHONOPY code [38], which uses the Hellmann-Feynman forces calculated from the optimized
supercell through VASP. Molecular dynamics (MD) calculations based on VASP were performed with a constant
volume and temperature (NVT) ensemble at 300 K, where the supercell containing 192 atoms was calculated over a
total time of 10 ps with the step of 1 fs. Electron-phonon coupling (EPC) calculations were performed using density
functional perturbation theory. Norm-conserving pseudopotentials for Bi and S were adopted with a kinetic energy
cutoff of 100 Ry. A K-mesh of 16×16×16 and q-mesh of 8×8×8 and for the the first Brillouin zone (BZ) of the BiS
structure was used in the EPC calculations with the Quantum Espresso package [39].
High-pressure/high-temperature synthesis experiments were carried out using the laser-heared diamond anvil
cell (DAC), with direct observation using synchrotron X-rays. Pressure was generated using a DAC with culet
diameter of 300 μm. A gasket of T301 steel, thickness 250 μm, was pre-indendented and provided the sample
chamber. Bi2S3 powder from Alfa Aesar (99.9% purity) was prepressed into a thin sheet (~ 10 μm) and then loaded
between two layers of MgO to form a sandwich structure, where MgO was used as both the thermal insulator and
pressure medium. Pressures were determined by the ruby fluorescence method [40]. An ytterbium fiber laser (1064
nm excitation line) was used to heat the sample. Temperatures were measured by fitting the visible portion of the
black-body radiation from the heating spot on the sample to the Planck radiation function. Room-temperature X-ray
diffraction (XRD) measurements were performed principally at beamline 15U1 of the Shanghai Synchrotron
Radiation Facility using monochromatic X-rays of wavelength λ = 0.6199 Å. Some additional experiments were
condicted at the 4W2 High Pressure Station of the Beijing Synchrotron Radiation Facility. A 2D image plate
detector recorded powder diffraction patterns. The sample to detector distance and other geometric parameters were
calibrated using a CeO2 standard. The software package Dioptas [41] was used to integrate powder rings and
convert the 2-dimensional data to 1-dimensional diffraction profiles.

III. Results and discussions
To validate our computational prediction method and DFT calculations on the Bi-S system, we successfully
reproduced the known orthorhombic (Pnma) bismuthinite structure of Bi2S3 at both atmospheric pressure and 10
GPa using the Particle Swarm Optimization (PSO) search. We were also able to reproduce the known equation of
state, verifying the reliability of our methodology. We then extended our approach to consider more stoichiometries
that were explored as a function of pressure. The formation enthalpy of each phase at each stoichiometry can be
defined as
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where the R-3m and Im-3m phases [42] were used for Bi, and the α, P3221 and I41/acd phases [43] were employed
for S as the endpoint compositions, at the appropriate pressures. Here, the zero-point energy is not considered since
it is expected to be an insiginificant and negligible contribution in view of the heavy element nature of these
materials. The enthalpic convex hulls, showing enthalpoes as a function of pressure, were calculated and are
summarized in figure 1, where the points on the convex extrema are stable stoichiometries. At ambient pressure, it
we find (reasonably) that the only stable phase is the one with Bi:S ratio of 2:3, confirming the reliability of our
method yet again. At elevated pressures, BiS2 and BiS become energetically stable at 9 and 19 GPa, respectively.
Furthermore, their energies become lower than that of the known bimsuthinite phase, Bi2S3. Above 24 GPa it is
apparent that Bi2S3 tends to decompose above 24 GPa (figure 1-insert), according to the reactions:
(i) 𝐵𝑖6 𝑆8 → 2𝐵𝑖𝑆 + 𝑆, (ii) 𝐵𝑖6 𝑆8 →

8
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;

𝐵𝑖𝑆6 + 𝐵𝑖 , (iii) 𝐵𝑖6 𝑆8 → 𝐵𝑖𝑆 + 𝐵𝑖𝑆6 .
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The decomposition pathway depends on the, as yet unmeasured, potential energy surface of this system, which is
beyond the scope of our present study.
In addition to the calculations of the enthalpies of these structures, we have also calculated the phonon
dispersion curves of BiS and BiS2 (Figure 2). For the simple cubic (sc) BiS structure, no imaginary phonon
frequencies were found across the Brillouin zone (BZ), confirming the dynamic stability of this structure (Figure
2a). However, phonon calculations of the newly-predicted BiS2 structure (Cmca, 8 f.u./cell) reveal a soft phonon
branch with negative frequencies running from the U-point (0, 0.5, 0.5) to the R-point (-0.5, 0.5 0.5) of the BZ
(Figure 2b), indicating that this structure is dynamically unstable and that an alternative structure should exist. It is
difficult to identify this crystal structure by simply searching across the complicated potential energy surface, so
instead we have identified it by modulating the structure of the Cmca BiS2 phase. We did so by adding
displacements corresponding to the wavevector of the U-point within a supercell of Cmca structure, to obtain a
structure with space group of P2/m (16 f.u./cell). We find that the structural topologies of the Cmca and P2/m
phases are very similar. Compared to the Cmca structure, the layers of atoms (Bi or S) are distorted in the P2/m
structure. In addition, phonon calculations reveal that the P2/m structure is dynamically stable (Figure 2c), with an
energy is ~ 3 meV/f.u. lower than that of the Cmca structure. Furthermore, MD simulation also show that this
structure experiences no additional structural change after relaxation. Therefore, it is safe to conclude that the
modulated P2/m structure is the ground state of BiS2.
The stable crystal structures of each stoichiometry within the Bi-S binary at 20 GPa are shown in Figure 3.
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The familiar bismuthinite structure of Bi2S3 (Pnma) is composed of stacked irregular BiS7 co-ordination polyherda
(Figure 3a). The sc structure of BiS (Pm-3m), on the other hand, comprises stacked with regular BiS8 hexahedra
(Figure 3b). Finally, BiS2 adopts a monoclinic structure formed by BiS9 triskaidecahedra, and can be described as a
layer-liked structure with a stacking sequence ···S-Bi-S-S-Bi-S-Bi-S-S-Bi-S··· along the b-axis (Figure 3c).
Typically, increasing pressure results in crystalline materials becoming denser and trending towards close-packed
arrangements, with a concomitant increase in coordination number of atoms or ions. Our results show that, in these
Bi-S compounds, the coordination of Bi by S increases from 7 (Bi2S3) to 8 (BiS) or 9 (BiS2) during
pressure-induced decomposition. However, this increase in coordination number results in an increase in the
average bond length, despite the increase in pressure. For example, at 20 GPa the inter-atomic distances of the Bi-S
bond changes from 2.68-2.75 Å in Bi2S3 to 2.92 Å in BiS and 2.75-2.96 Å in BiS2. This can be understood in terms
of the enhancive repulsive interactions between nearest neighbor atoms arising from the increase in coordinating S
atoms. Interestingly, we observe that covalent S-S bonds (2.04 Å) exist in BiS2, as depicted in figure 3c, which is
exceedingly close to value of 2.08 Å for the S-S covalent bond seen in the in the chain-structure of elemental S-II
(P3221) at 20 GPa.
To confirm the theoretical predicted stoichiometries given by our ab initio computational results, further
high-pressure experiments were performed to synthesize compounds across the Bi-S composition range, including
(in particular) BiS2 and BiS. The starting material was a well-characterized sample of bismuthinite, Bi2S3, that was
checked carefully before heating to confirm the absence of any Bi impurity [see Supplemental Material (SM)]. In
addition to compression, high temperature is necessary to induce the thermally-activated high-pressure breakdown
of bismuthinite. The sample was, therefore, heated to 1800 K at 31 GPa for 30 minutes, following which the
pressure was decreased to 24.5 GPa and finally the sample was cooled down. Then the sample was then
compressed to 38 GPa and heated up to about 2000 K for another 30 minutes in a second run. The pressure was
then decreased to 31.5 GPa after laser heating. The quenched sample was scanned by an x-ray beam in order to
investigate any heterogeneity caused by the temperature gradient. XRD mapping results showed that many new
grains had formed with a typical length scale of several µm. We note that the experimental intensities of XRD
patterns were dominated by obvious texture and pseudo-single crystal statistics (rather than powder) after the
experiments that had provoked rather coarse recrystallization from high temperature. Clear diffraction peaks of a
body centered cubic (bcc) structure were observed in certain parts of the sample, which were identified as bcc Bi.
In addition to bcc Bi, at least two additional phases were always observed. Using the results of the computational
structure predictions we were able to test these structures against those predictions, and we were able to conclude
6

that the Bi2S3 may have decomposed into Bi and BiS2. Fortunately, apart from a number of unidentified peaks,
most of the diffraction patterns at 31.5 GPa can be explained accurately by the model of our predicted BiS2 (P2/m)
and bcc Bi (Figure 4a). The residual unidentified peaks (indicated by question marks) may be from additional
unconsidered metastable phase(s), possibly of stoichiometry beyond our current calculations arising from the
complicated chemical interactions within the sample assembly at high pressure and high temperature. We find
compressibility of Bi that is highly consistent with the previously-reported equation of state of Bi [44] (Figure 4b),
further supporting the existence of decomposed Bi. The reduction in pressure after heating contributes to the
obvious volumetric collapse upon decomposition. Newly-formed BiS and BiS2 are denser and more incompressible
than the original bismuthinite, Bi2S3, as is indicated by their equation of states and elastic moduli [SM].
Encouraged by the successful observation of BiS2, we also suggest that sc BiS could be synthesized with S and
excessive Bi at moderate temperature and pressure.
Since it is difficult to control chemistry with the DAC to obtain pure phases by laser heating techniques, the
electronic properties of BiS and BiS2 were investigated by first principles calculations. Because DFT usually
underestimates the band-gap of materials, we employed the screened hybrid functional of Heyd, Scuseria, and
Ernzerhof (HSE06) [45] to better describe the band structure and density of states (DOS) of our predicted BiS and
BiS2 high pressure phases. In BiS (figure 5a), the valence bands and conduction bands completely overlap
indicating a metallic state, which is in consistent with the high DOS at the Fermi level. From the projected DOS,
we find that most of the electronic states below the Fermi level are associated with the S_3p electrons, but also
partly by Bi_6s and Bi_6p orbitals; above the Fermi level, the main contribution is from the Bi_6p and S_3p
orbitals. The valence band of BiS2 is occupied by S_3p (Figure 5b). It can be seen that there is slight overlap along
the T-Y direction and that the DOS is near zero at the Fermi level, indicating that BiS2 is a semi-metallic phase. The
diverse electronic properties can be understood intuitively in terms of the different concentrations of nonmetallic S
in these phases, which leads to a reduction in electron transfer from Bi to S in metallic BiS. Thus, the delocalized
electrons enhance the conductivity in BiS.
Experimental observations indicate that the superconductivity arises in Bi2Te3 [5,6], while there have been no
repsorts of superconductivity in Bi2S3 to date. The Bi-S compounds, none the less, have the potential to show
superconductivity as a function of chemical compositions or pressure at extreme conditions. Thus, we performed
the EPC calculations on metallic BiS to explore its possible superconductivity. In these calculations, the Gaussian
broadening was set to 0.03 Ry and the critical temperature Tc was calculated via the Allen-Dynes modified
McMillan equation [46]:
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Using the obtained Eliashberg spectral function α2F(ω) and the total EPC parameter λ (Figure 6a), the critical
temperature was estimated to lie between 9.3 and 10.6 K at 20 GPa with typical values of μ* ranging from 0.1 to
0.13. Our λ integration show that ed all vibrational modes contribute to Tc. Moreover, the calculated Tc was found
to decrease slowly over its stable range of pressures (Figure 6b). These calculations inform our understanding of
the properties of these materials and we anticipate that the electrical properties and superconductivity will be
measured in the future, as soon as pure stpichiometric BiS can be synthesized.
Earlier studies have suggested that the significant V-VI group compounds can show complex high-pressure
structural evolution. Compared to many V-VI compounds, Bi2S3 seems more stable and robust, maintaining
structural stability to high pressure. In contrast, Bi2Te3 shows alloying order-disorder behavior, withe almost equal
atomic radius (rBi/rTe ~ 0.97 at 20 GPa [7]) and electronegativity between Bi and Te, which meet the Hume Rothery
Rules under compression. Our experimental work on the Bi-S system encourages us to believe that, besides the
A2B3-bimsuthinite structure type, many undiscovered structures with interesting and potentially useful properties
may exist among the V-VI group compounds,. High-pressure and high-temperature techniques will be particularly
valuable in the search for such structural variability. For instance, by substituting S by Te in the sc BiS (Pm-3m)
phase we can extend our observations to consideration of the stability of the Bi-Te system. Although the other
stoichiometries have not been considered here, our energy calculation indicate that, at least, 9/10 fold-coordinated
Bi2Te3 is thermodynamically unstable within the convex hull [SM] of this system and sc BiTe has a lower energy at
30 GPa (Bi2Te3 → 2 BiTe + Te + 0.037 eV). The calculated lattice parameter of sc BiTe is 3.597 Å at 26 GPa,
matching the experimentally reported value for cubic Bi2Te3 (3.571 Å) very closely. Thus, the observed
substitutional alloy can be better understood according to the following perspective: compression induces Bi2Te3 to
decompose into Te and sc BiTe, where 20 % Bi is replaced by redundant Te (Bi0.8Bi0.2Te → Bi0.8Te0.2Te). At the
same time, the observed cubic phase in Bi2Te3 indirectly supports our prediction that the sc AB-type structure is
stable in the Bi-S system. It seems likely, therefore, that previously unreported stoichiometries exist widely within
the V-VI group of compounds, which can be engineered or controlled by tuning these compositions under
8

compression. It should noted that variations of stoichiometry need to be carefully considered in high pressure
calculations and studies, especially in cases with additional high temperature.

IV. Conclusions
In summary, we have carried out systematic investigations into compounds that exist across the Bi-S binary
system using a PSO algorithm approach under high pressure. Two new stoichiometric BiS and BiS2 compounds are
predicted to be stable above ~9 and 19 GPa, respectively, whereas conventional bismuthinite Bi2S3 should
decompose only sbove about 24 GPa, as we have verified through synchrotron XRD experiments of samples in the
laser-heated DAC. Eight-fold coordinated (Bi by S) sc BiS and layered nine-fold BiS2 are more densely packed
compared to seven-fold coordinated Bi2S3. Electronic structure calculations indicate that the new BiS2 compound
shows semi-metallic behavior. Our calculations based the Bardeen–Cooper–Schrieffer theory predict that metallic
BiS shows a superconducting transition at ~ 10 K under 20 GPa pressure. Our results demonstrate that as well as
the familiar A2B3-type V-VI compounds, other unexpected stoichiometries may be stable and that these may show
interesting properties, and are generally stabilised under compression. High-pressure studies can provide new
insights into the design, exploration, and ultimately synthesis of novel materials with unusual chemistry and
potentially useful properties..
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Figures and captions

Figure 1: Ground-state and static enthalpy of formation per atom of Bi1-xSx structures with respect to their
end-member compositions; the sulfur molar content (x = 0 corresponds to pure Bi; x = 1 to pure S) for the ground
state and P = 1 atm, 20, 40, 60 GPa. The symbols on the solid lines denote that the compounds that we have
identified to be stable at the corresponding pressures, while those on the dashed lines represent those that are
unstable with respect to decomposition into elements and other stable compounds. The inset shows the stable
stoichiometries and their stable range of pressure.
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Figure 2: The phonon dispersion curves of (a) BiS (Pm-3m), (b) BiS2 (Cmca) and (c) BiS2 (P2/m) at 20 GPa.
11

Figure 3: The schematic crystal structures of (a) Bi2S3 (Pnma), (b) BiS (Pm-3m) and (c) BiS2 (Cmca) at 20 GPa.
Large purple and small yellow spheres represent Bi and S atoms, respectively. The S-S bond is indicated within the
blue ellipses.

12

Figure 4: (a) The experimental XRD pattern and the calculated diffraction peaks of BiS2, Bi and MgO at 31.5 GPa.
The unidentified diffraction peaks with question marks are from undefined phases. (b) The red points represent our
experimental volume of Bi as a function of pressure compared with the previous equation of state of Bi from the
reference [44]. The inset shows the compressed sample in the DAC.
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Figure 5: Band structures along high symmetry paths and the projected DOS of (a) BiS and (b) BiS2 at 20 GPa. The
Fermi level has been set to 0 eV.
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Figure 6: (a) The calculated Eliashberg spectral function α2F(ω) and the EPC parameter λ at 20 GPa. (b) The
calculated Tc of BiS (Pm-3m) as a function of pressure.
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5. The convex hull of Bi-Te system at 30 GPa. (Only BiTe and Bi2Te3 are considered here.)
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