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Phase diagrams and electronic properties of B-S and H-B-S systems under high pressure
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Pressure has become an effective way to obtain new materials with desirable properties. Considering the
various stoichiometries, wide applications, and unique structures of binary H-S, H-B, and B-S compounds,
especially at high pressures, it is worth expecting that they might form ternary compounds with interesting
properties as well. Here, phase stabilities of H-B-S ternary compounds, in the pressure range from 0 to 200 GPa,
are reliably determined through first-principles unbiased structural search calculations. A hitherto unknown or-
thorhombic HBS compound with Ama2 symmetry is identified to be stable above 25 GPa, in which B and S atoms
alternate to form distorted chains and H atoms are covalently bonded with Bs. With pressure, Ama2 HBS under-
goes a semiconductor-to-metal electronic transition and even becomes superconducting. The exploration of the
binary B-S phase diagram indicates that B-S compounds tend to decompose into elemental solids above 208 GPa.
However, two S-rich phases, B2S3 and BS2, are predicted at low pressures, exhibiting semiconducting and metal-
lic properties, respectively. BS2 shows a calculated Tc value of 21.9 K at 200 GPa, becoming a superconductor
among bulk binary B-S compounds.
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I. INTRODUCTION

One of the most important challenges in condensed mat-
ter physics and materials science is the prediction of high-
temperature superconductors [1,2]. Among the various su-
perconducting materials, high-pressure stable hydrogen-rich
compounds have become the main candidates to supercon-
ductor at room temperature due to the strong electron-phonon
coupling and light atomic mass of hydrogen [3–7]. Recently,
the synergy between experimental and theoretical studies
has again broken the record of superconducting transition
temperatures, reigniting a new wave in the research of H-rich
compounds [8–11].

Up to now, most studies were focused on binary hydrides
[12–20]. The recent progress on this theme can be found
in review articles [21–27]. However, ternary hydrides might
also be potential high-temperature superconductors [28–33],
and some studies have shown that they not only show high
superconducting transition temperatures (Tc) but also exhibit
unexpected superconducting mechanisms. For example, the
predicted ternary hydride MgSiH6 has a Tc value of 63 K
at 250 GPa, and its superconducting transition mainly comes
from phonon softenings along � → X and � → M directions
[34]. H6SSe, obtained from H3S with half of its S atoms
replaced by Se, presents a lower Tc value than that of H3S, in-
dicating that a strong covalent bonding is a dominant factor in
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these superconducting materials [35]. Pressure-induced stable
H3SXe might also become a high-temperature superconduc-
tor, where Xe facilitates the hydrogen-bond symmetrization
[36]. Additionally, several ternary hydrides, such as Fe2SH3

[37], BaReH9 [38], KAuH2 [39], CaYH12 [30], and MgCH4

[40], also show superconductivity.
It is well accepted that pressure favors the stabilization of

unusual stoichiometric compounds [41–44], exhibiting inter-
esting physical and chemical properties. For example, several
stable sulfur hydrides (e.g., H2S3, H3S2, HS2, H3S, and H4S3)
[45–47] have been identified at high pressures. More inter-
estingly, H3S shows a remarkably high Tc value of 203 K
[48]. On the other hand, boron (B) and H can form stable
binary compounds at both ambient and high pressures. B2H6

is a highly reactive and versatile reagent and a high-energy-
density material at ambient pressure which metallizes and
even becomes a superconductor under high pressure [49–55].
Extensive efforts have been made to investigate their high-
pressure phase diagram [56,57]. Thus far, two stable boron
hydrides have been found (e.g., BH and BH2). The semicon-
ducting Ibam BH phase transforms into the metallic P6/mmm
structure, which also becomes a superconductor with a Tc

of 14.1 ∼ 21.4 K at 168 GPa [56]. For B-S compounds,
most of the current studies are focused on structures and
electronic properties at ambient pressure [58–62]. Structural
phase transitions of BS and B2S3 have been studied below
50 GPa [63–65]. Thus far, their high-pressure phase diagram
with a wide range of chemical compositions has not been fully
determined yet.
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Considering the rich structures, phase stabilities, and di-
verse properties of H-S, H-B, and B-S binary systems, it
may be worth studying H-B-S ternary compounds under high
pressure. In this work, to reliably determine the phase diagram
of H-B-S ternary compounds, we first explore the stable B-S
compounds with various BxSy (x and y = 1 − 5; x = 1 − 5
and y = 1; x = 2 − 3 and y = 3 − 2) compositions at high
pressures through first-principles swarm-intelligence struc-
tural calculations [66,67]. Then, candidate structures of H-B-S
ternary compounds with HxBySz (x = 1 − 10; y = 1 − 2; z =
1 − 2) compositions are considered to build the ternary phase
diagram. There is just one stable chemical composition in H-
B-S under high pressure. The semiconducting orthorhombic
HBS is found to be stable at 25 GPa, which becomes metallic
at ∼200 GPa and appears to be superconducting at 300 GPa.
Stable binary B-S compounds become unstable with respect
to elemental solids at very high pressures. Interestingly, the
newly identified BS2 compound becomes a superconductor
with a Tc of 21.9 K at 200 GPa. Our work provides an
opportunity to understand the structures and properties of
H-B-S and B-S systems at high pressures.

II. COMPUTATIONAL DETAILS

First-principles-based structural prediction technology
plays an important role in the discovery of new materials,
especially at high pressures [66,68–70]. In order to reliably
determine the phase stability, finding adequate candidates is a
necessary prerequisite. Our structure searches of H-B-S and
B-S systems were performed with the CALYPSO prediction
method based on swarm intelligence [67]. CALYPSO is able
to find the most stable structure by just knowing the chemical
composition, whose effectiveness has been confirmed in vari-
ous kinds of compounds [37,45,71–74]. Specific details of the
calculations are given in the Supplemental Material [75].

Calculations of the structural relaxations and electronic
properties were carried out using density functional theory
(DFT) [76,77] as implemented in the Vienna ab initio Sim-
ulation Package (VASP) code [78]. The exchange-correlation
energy was treated within the Perdew-Burke-Ernzerhof (PBE)
[79] generalized gradient approximation (GGA) [80]. The
adopted all-electron projector augmented-wave (PAW) [81]
pseudopotentials of B, S, and H treat 2s2 2p1, 3s2 3p4, and
1s1 electrons as the valence electrons. To obtain a better
energy convergence, we have chosen a plane-wave cutoff
energy of 800 eV and Monkhorst-Pack k meshes [82] of

2π × 0.03 Å
−1

. Phonon dispersion calculations, as imple-
mented in the PHONOPY code [83], were used to determine
the dynamic stability of thermodynamically stable phases.
The electron-phonon coupling for superconducting properties
of stable metal phases are performed within the framework
of the linear-response theory via the Quantum ESPRESSO

package [84].

III. RESULTS AND DISCUSSION

A. Phase stability

To reliably determine the phase stability of ternary com-
pounds at high pressures, we need to know the stable

structures of the corresponding binary compounds or ele-
mental solids. As discussed above, the high-pressure phase
diagrams of binary B-H and S-H compounds have been
extensively studied, but the binary phase stability of B-
S compounds at high pressures has not been explored.
First, we perform an extensive structure search to find the
most stable structures for each BxSy (x = 1 and y = 1 −
5; x = 1 − 5 and y = 1; x = 2 − 3 and y = 3 − 2) com-
position at 0 K and selected pressures of 1 atm and
25, 50, 100, and 200 GPa via first-principles swarm-
intelligence search calculations. The calculated convex hull
is shown in Fig. S1 (see Supplemental Material [75]). Be-
sides reproducing the already known structures, we find
another two S-rich phases of B2S3 and BS2. Notably, B-
S compounds, stabilized at atmospheric and low pressures,
tend to decompose with respect to elemental solids above
208 GPa.

Considering that H-rich compounds might show high su-
perconducting transition temperatures, we have mainly fo-
cused in the structural prediction of H-rich compositions of
HxBySz (x = 1 − 10; y = 1 − 2; z = 1 − 2) at 25, 50, 100,
and 200 GPa. Then, we have chosen the structure with the

FIG. 1. Phase diagram of H-B-S system at (a), (b) 25 GPa, (c),
(d) 50 GPa, and (e), (f) 200 GPa. At 25 GPa, P-1 H3B [50], C2/c H3S
[46], P21 H3S2 [47], R-3m BS [57], Cc B2S3, P63/m (1/2) H2 [86],
Pnnm for B [87], and I41/acd for S [88] are used to determine the
phase stability. On the other hand, at 50 GPa, Ibam HB, P21/c H3B
[56], C2/c H3S [46], P212121 H4S3 [46], Cc B2S3, P-3m1 BS [64],
P63/m for (1/2) H2, Pnnm for B [56], and I41/acd for S [88] are
chosen. Finally, at 200 GPa, P6/mmm HB [56], Im-3m H3S [46],
C2/c for (1/2) H2, Cmca for B [56], and R-3m for S [89] are selected.
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FIG. 2. Crystal structures of the stable compounds: (a) Cc B2S3

at 50 GPa, (b), (c) P-3m1 BS2 at 200 GPa, and (d), (e), (f) Ama2
HBS at 100 GPa. Pink, green, and purple spheres represent H, B, and
S atoms, respectively.

lower enthalpy to determine the relative phase stability. In
general, for ternary compounds, the structure with a negative
formation enthalpy with respect to binary compounds, ele-
mental solids, or their combinations becomes a potential can-
didate for experimental synthesis. The calculated convex hulls
for H-B-S compounds are shown in Fig. 1, where the phases
located at the edges of the polyhedron are thermodynamically
stable [85]. In the pressure range we are considering, HBS
is the only stable ternary compound. The absence of any
imaginary frequencies in the calculated phonon dispersion
curves of Cc B2S3, P-3m1 BS2, and Ama2 HBS indicate they
are dynamically stable (Fig. S2 [75]).

B. Structural geometry

Previous studies found two stable phases for B2S3 [61,63]
with P21/c and I41/a symmetries. However, according to our
structural predictions, another B2S3 phase [space group Cc,
four formula units per cell; Fig. 2(a)] becomes stable above
15 GPa. In Cc B2S3 each B atom is four-coordinated, whereas
S atoms have two different coordination environments: one
is two-coordinated while the other is three-coordinated. The
basic building block is a B3S3 six-membered ring with an
alternated arrangement of B and S atoms, which has also been
observed in the other two low-pressure phases (Fig. S3 [75]).
Cc B2S3 decomposes into BS and S above 95 GPa (Fig. S4
[75]). P21/c BS2 is already stable at ambient pressure [58] but
decomposes with pressure (Fig. S5 [75]). However, according
to our structural search, BS2 becomes stable again at the pres-
sure range of 170 ∼ 208 GPa [space group P-3m1, 1 formula
unit per cell; Figs. 2(b) and 2(c)]. In P-3m1 BS2 each B atom

is six-coordinated with S atoms, whereas S atoms are three-
coordinated both with B and S, forming an interconnected
zigzaglike S atom layer with an S-S distance of 2.06 Å, which
is shorter than S2

2−(2.12 Å) in Li2S2 [90]. HBS stabilizes into
an orthorhombic structure [space group Ama2, four formula
units per cell; Fig. 2(d)] and has no phase transitions in the
considered pressure range. The most striking feature is that B
and S atoms alternate to form a distorted chain along the c
direction, in which H atoms attach to B atoms. These chains
are crosslinked through B-S bonds in the ac plane, showing
a typical layered structure. Moreover, the above-mentioned
alternated arrangement of B3S3 six-membered rings is also
observed.

FIG. 3. Projected density of states (PDOS) within the HSE06
hybrid functional of (a) Cc B2S3, (b) P-3m1 BS2, and (c) Ama2
HBS at 50, 200, and 25 GPa, respectively. The vertical dashed
line represents the Fermi level. (d), (e), (f) The ELF of B2S3, BS2,
and HBS, respectively. (g) The calculated band gap of Ama2 HBS
as a function of pressure from 0 to 200 GPa. (h) The Eliashberg
spectral function α2F (ω) and integrated electron-phonon coupling
parameters λ(ω) of P-3m1 BS2 at 200 GPa.

134110-3



DU, ZHANG, LIN, ZHANG, BERGARA, AND YANG PHYSICAL REVIEW B 100, 134110 (2019)

C. Electronic properties

To reliably determine the electronic properties, we have
chosen the Heyd-Scuseria-Ernzerhof (HSE06) [91,92] hybrid
functional to calculate the electronic band structures and par-
tial density of states (PDOS) of B2S3, BS2, and HBS [Fig. S6
[75] and Figs. 3(a)–3(c)]. Both B2S3 and HBS show indirect-
band-gap semiconducting character with band-gap values of
0.8 and 2.8 eV, respectively, whereas BS2 is metallic. For
B2S3 and BS2, there is a strong overlap between S 2p and
B 2p orbitals below the Fermi level [Figs. 3(a) and 3(b)],
indicating the formation of a strong chemical bonding. For
BS2, the flatband analysis shows that the S 3p orbital makes
the major contribution to the Fermi level (Fig. S7 [75]). The
analysis of the electronic localization function (ELF) [93] fur-
ther confirms that B-S and S-S bonds are covalent [Figs. 3(d)
and 3(e)]. Bader charge analysis shows charge transfer from
B to S, indicating that B-S bonds are polar covalent (Table
S2 [75]) [94]. The PDOS of HBS exhibits there is a strong
hybridization between S 2p and B 2p, and H 1s and B 2p
or 2s states [Fig. 3(c)], which are also covalent bondings
[Fig. 3(f)]. The pressure-dependent electronic properties show
the band gap of HBS gradually decreases and eventually
closes, becoming a metal at 200 GPa [Fig. 3(g)].

Considering the already known superconductivity of bi-
nary H-S and H-B compounds and the pressure-induced
metallization of BS2 and HBS, we have also explored their
eventual superconducting transitions. Surprisingly, the cal-
culated superconducting transition temperature (Tc) of BS2

is 21.9 K at 200 GPa, which is higher than 9.3 K of HS2

[47]. The analysis of the projected phonon density of states
indicates that frequency vibrations mainly originate from the
coupling between B and S atoms (Fig. S8 [75]). The inte-
grated electron-phonon coupling parameter λ(ω) and Eliash-
berg spectral function α2F (ω) are shown in Fig. 3(h). The
calculated λ is 0.69 at 200 GPa and is much lower than the
2.19 of H3S [95]. For HBS, it shows no superconductivity at
200 GPa but becomes superconducting at 300 and 400 GPa
with Tc of 0.8 and 1.9 K, respectively. The analysis of the
projected phonon density of states indicates that the low-
frequency vibrations (<15 THz) mainly originate from the

coupling between B and S atoms; the high-frequency modes
are associated with H atoms, while the middle-frequency
stretching modes come from the coupling between B and
H (Fig. S8 [75]). The integrated electron-phonon coupling
parameter λ(ω) and Eliashberg spectral function α2F (ω) are
shown in Fig. S8 [75]. The calculated λ is only 0.27 at 300
GPa, and the low-frequency translational vibration (<42 THz)
modes give the main contribution (95%) to λ.

IV. CONCLUSIONS

In summary, high-pressure phase diagrams of B-S and H-
B-S systems are reliably built through first-principles swarm-
intelligence structural search calculations. A semiconducting
B2S3 phase is identified above 15 GPa. The identified P-3m1
BS2 compound is a superconductor in the bulk binary B-S
compounds, having a Tc of 21.9 K at 200 GPa. For ternary
H-B-S systems, the only stable compound under pressure is
HBS, exhibiting diverse pressure-related electronic proper-
ties (i.e., semiconductor → metallizatic → superconductor).
Chemical bonding analysis reveals that the structural stability
of HBS and B-S compounds is mainly attributed to the strong
B-S covalent bonds.
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