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Semiconducting BaS; phase featuring v-shape S; unit at high pressure
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Pressure-induced structural transformation of known compounds has become an effective routine to obtain
new materials. The sulfur motifs that are present in compounds have a considerable effect on their crystal
structures and electronic properties. Here, we focus on exploring the evolution of S motifs in the BaS; compound
under high pressure. A novel P3,21-BaS;, consisting of an equivalent V-shape S; unit and quasi-hexagon Ba
ring, is identified through the combination of first-principles swarm-intelligence search and phonon softening
calculations. The bond angle in the S; unit decreases, accompanied by pressure-induced structural phase transi-
tion. P3,21-BaS; shows a semiconducting character, mainly originating from the contribution of S 3 p-electron
states. Along with the newly proposed BaS; structure, the temperature effect on stability is estimated using the
temperature-dependent effective potential method. For another S-rich BaS,, the disappearance of the S, unit
induced by pressure (> 150 GPa) is mainly responsible for structural instability.

DOI: 10.1103/PhysRevResearch.4.023046

I. INTRODUCTION

Pressure, as a fundamental thermodynamic parameter,
plays an irreplaceable role in triggering chemical reaction, sta-
bilizing functional materials, and inducing structural phases
that are inaccessible at ambient conditions [1-4]. As a typical
representative, pressure-induced hydrides such as H3S [5-7]
and LaHjy [8,9] exhibit remarkable high superconducting
transition temperatures, approaching the dream of room-
temperature superconductivity. On the other hand, pressure
can also induce extraordinary changes in chemical attributes
and oxidation states of atoms, which are of great impor-
tance for fundamental science and application research. For
instance, Cs in pressure-induced CsFs demonstrates the at-
tribute of p-blocking elements [10], and Au in LisAu acts as
a 6p-element [11]. Pressure-induced OsFg and IrFg break the
limits of transition-metal fluorination [12,13], achieving a 48
oxidation state of Os and Ir, and they have extremely high
electron affinity.

As for s-block alkali-earth elements, they have high chem-
ical reactivity, but invariably +2 oxidation state. Ba, as the
heaviest nonradioactive-decay member of alkali-earth metals,
demonstrates the strongest relativistic effect and reactive ac-
tivity [14]. At high pressure, Ba also shows unusual chemical
characters. The reaction of Ba with F can activate its inert
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5p-electrons, showing a high oxidation state greater than +2
[15]. Ba3S,; is predicted to be stable at above 40.2 GPa, in
which Ba exhibits the mixture valence states of Ba™ and Ba>*
[16]. BaCl exhibits ferromagnetism, rarely observed in main-
group elements, which can be attributed to pressure-induced
s-d transition in the Ba atom [17].

The alkali-earth metal chalcogenide compounds M,Ch,
(M =Mg, Ca, Sr, Ba, and Ch =0, S, Se, Te) are tech-
nologically important materials exhibiting widespread appli-
cations, such as in microelectronics, light-emitting diodes,
and magneto-optical devices [18-20]. On the other hand,
chalcogenide species (e.g., Ch%’, Ch*, CK*) in this kind of
compound arouse considerable scientific interest, especially
at high pressure. Pressure-induced CaO3; and CaS; contain
V-shape trimeric 0%’ and S%’ units, respectively [21-23]. The
formal charge of 0%‘ in CaOg is in sharp contrast to O3 in
KO3 at ambient pressure [24]. More interesting, the finding
of CaOs; offers insights for elucidating prominent seismic
anomalies and oxygen cycles in Earth’s interior. Additionally,
S is in favor of the formation of diverse motifs (e.g., dimer,
trimer, chain, and ring) in S-rich compounds that show inter-
esting properties and applications [25-29].

Taking into account these considerations, we explore the
potential S-rich BaS; and BaS, compounds with the aim
of finding novel S motifs. We conducted structural search
for BaS; and BaS; at high pressures and found a new
P3,21-BaS; phase deriving from the predicted P3,21-BaS;
induced by phonon softening at 100 GPa. A Fd-3m-BaS;
structure was found at 150 GPa, which is identical with the
phase transition result of the P4,2;1-BaS, structure at the
corresponding pressure. The favorable motifs in the two com-
pounds are V-shape S; and dumbbell S,, respectively. We
found a distinct structural feature of the Ba layers modulated
by the S; units in the two BaS;3 phases. Besides determin-
ing the crystalline structure, we also systemically investigate
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the temperature effect on the structure and stability of BaS,
and BaSs;.

II. METHOD

The crystal structure predictions of BaS, and BaS; at 50,
100, and 150 GPa were performed by the in-house-developed
particle swarm optimization method as implemented in the
CALYPSO package, which has been proved to be an ef-
ficient tool for discovering unprecedented materials only
with given pressures and chemical compositions [30,31].
Part of the predicted compounds have been experimentally
confirmed, leading to breakthrough findings such as con-
ventional high-temperature superconductors [4,32-34]. All
of the geometrical optimizations and property simulations
were carried out using the projector augmented-wave [35]
method with Perdew-Burke-Ernzerhof [36] exchange corre-
lation function in the Vienna ab initio simulation package
[37]. The 5s25p%6s® and 3s23p* serve as the valence elec-
trons for Ba and S, respectively. The kinetic cutoff energy
of the plane waves was set to 600 eV, and appropriate
Monkhorst-Pack k-meshes were chosen to guarantee the en-
thalpy of the simulated system converging to 1 meV /atom.
To check the dynamical stability of the proposed structures,
phonon dispersion curves were carried out using the fi-
nite displacement method as implemented in the PHONOPY
code [38,39]. The temperature-dependent effective potential
(TDEP) method was used to estimate the finite-temperature
effect [40-42].

III. RESULTS AND DISCUSSION

The known BaS; phase with P-42;m symmetry was read-
ily reproduced at 50 GPa [16], validating the reliability of
our adopted structural prediction and geometry optimization
methods, which make our following work more convincing.
In a recent study, Li et al. [16] proposed a BaS; phase with
C2 symmetry becoming more energetically favorable than
the already known P-42;m phase at a pressure greater than
approximately 75 GPa. We propose a new BaS3 phase crys-
talizing in P3;21 symmetry with six formula units (Z = 6)
at 100 GPa, having a lower enthalpy than that of the ones
proposed by Li et al. at corresponding pressures [Fig. 1(a)].
Notably, we did not find the structure in a straightforward
manner through the structural search calculations. The orig-
inal structure obtained from the structural search is the one
having P3,21 symmetry with three formula units (Z = 3).
However, P3,21-BaS; is dynamically unstable in view of
the presence of imaginary phonon vibration modes at point
A [Fig. 1(b)] along the high symmetry path, indicating that
this phase is not a local minimum structure. Subsequently,
the frozen-phonon calculations were performed to investigate
whether there exists a more stable structure derived from the
P3,21-BaS; phase induced by the soft mode. The enthalpy is
calculated as a function of the corresponding atomic displace-
ments along or opposite to the eigenvector of the soft mode
at point A, while the other parameters maintain the values in
the parent structure. Notably, the points equivalent to point
A resulting from the rotational operations corresponding to
the P3,21 space group are also discussed in Supplemental

Material (Supplemental Material Fig. S2) [43]. As shown in
Fig. 1(c), two equivalent enthalpy minima were explored on
the path of the structure going through, indicating that there
appear to be two structures derived from the P3,21-BaS;
phase with six formula units (6 f.u.). Further analysis confirms
that the two structures are identical, named as P3;21-BaSs.
On the other hand, we also carried out a structural search with
6 f.u. The previously mentioned P3,21-BaS; phase is readily
identified in the structural search (see Supplemental Material
[43]), which confirms the reliability of our adopted soft-mode
method.

It is intriguing to investigate the details of the transi-
tion from the structure corresponding to the saddle point [
P3,21-BaSs, Fig. 1(c)] of the potential energy surface (PES)
to the one corresponding to the local minimum. As shown
in Fig. 2(a), the P3,;21-BaS; phase consists of 12 S atoms
forming a ring, with an S-S distance of ~2.11 A. There are
two types of S atoms inside the ring—named S1 [repre-
sented by yellow sphere in Fig. 2(a)] and S2 (represented
by the orange sphere), respectively. As Fig. 2(a) shows, in
the P3,21-BaS; structure, one S2 atom links to four Sl
atoms, while one S1 atom links to two S2 atoms, demon-
strating an alternant arrangement. As mentioned earlier, the
unstable P3,21-BaS; structure will transfer to the stable one
with a lower symmetry P3,21, driven by phonon softening
at point A. Once the P3,21 structure is expanded along
the ¢ direction, it is obvious that the Ba atoms keep their
positions.

We carefully analyzed the phase transition process as il-
lustrated in Fig. 2(a). The S2 atoms have tiny movements
along the eigenvector of the soft mode (indicated by the black
arrows) to form the S; unit (in P3;21). The dashed black
lines indicate the broken bonds resulting from the movements.
Combined with Fig. 1(c), it is clearly seen that the S2 atom
linking to two S1 atoms is energetically preferable rather than
linking to four S1 atoms, leading to the breaking of the S
ring and accompanied by the appearance of the Sz units with
an S-S-S angle of 98.6° (e.g., V-shape S3 unit) and an S-S
distance of ~2.03 A that is slightly shorter than ~2.11 A in the
P3,21 phase. The absence of imaginary frequency modes in
the whole Brillouin zone of the P3;21-BaS; phase [Fig. 1(d)]
indicates its dynamical stability. On the other hand, the bond
angle of the S3 unit in the two BaSj3 phases becomes smaller
with pressure (e.g., 115.1° for P-42ym at 0 GPa, and 98.6° for
P3,21 at 100 GPa).

P3,21-BaS; contains two inequivalent Ba atoms—Bal
and Ba2—occupying the 3b (0.1428, 0.0000, 0.8333) and 3a
(0.1497, 0.0000, 0.3333) sites, and consists of three inequiv-
alent S atoms sitting at the 6¢ (0.6791, 0.4761, 0.1308), 6¢
(0.6829, 0.4921, 0.6344), and 6¢ (0.4096, 0.9586, 0.0881)
positions. Both Bal and Ba2 are surrounded by 12 S atoms
forming polyhedra with 15 faces. We named the edge (or
center) S atom in the S; unit as S1 (or S2), which follows the
same name in the S ring of the P3,21-BaS; structure. From
the side view [Fig. 2(b)], Ba atoms could be considered as a
layer-like structure, but with a quite short interlayer distance
of about 2.78 A, with the S; unit staying upon or beneath
the layers alternatively. From the top view, Ba atoms form a
hexagon ring [Fig. 2(b)] with a tiny distortion relative to the
adjacent layers. We employ Bader charge analysis to identify
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FIG. 1. (a) Enthalpy differences per atom as a function of pressure for the conventional P-42,m, previously proposed C2, and the newly
predicted P3,21 phases, where the enthalpies of the P-42;m phase at the considered pressure points are chosen as the basis. (b) The phonon
dispersion relations of the predicted P3,21 phase show a large image frequency at point A. (c) Enthalpy evolution as a function of the atom
displacement induced by the soft mode corresponding to point A of the high-symmetry path at a pressure of 100 GPa for the P3,21-BaS;
structure. Inset figures show the two equivalent structures with P3;21 symmetry corresponding to the two equivalent local minima of the PES.
(d) Phonon spectra of P3,21-BaS; derived from the instable P3,21 structure induced by the soft mode.

the number of transferring electrons from the Ba atom to the
S atom. Generally, Bader analysis underestimates the electron
transfer value, thus we selected the CsCl-type BaS compound
as a standard, in which the Ba atom is considered to lose
all the s-orbital electrons, inducing S to show a -2 state. As
illustrated in Table I, each of the two edge S1 atoms acquires
approximately one electron, while the center S2 atom barely
gains an electron. Combined with the electron localization
functions (ELF) analysis [Fig. 2(c)], it is clearly seen that
each edge S1 atom gains one electron from three adjacent
Ba atoms. As mentioned earlier, it is clearly seen that one Ba
atom is surrounded by six S1 atoms, and, in reverse, one S1
atom is surrounded by three Ba atoms. Therefore, it is rea-
sonable to consider that the both valence electrons of the Ba
atom are divided without bias by the six S1 atoms, indicating
one S1 atom obtains 1/3 (2/6) electrons from each Ba atom,

which confirms the inner-layer hexagonal configuration of the
Ba atoms.

To gain more quantitative insight into the S-S bonding
states, we also calculated the crystalline orbital Hamiltonian
population (COHP) and integrated crystalline orbital Hamil-
tonian population (ICOHP) to characterize the S—S bond in
the S; unit and the S ring. The S—S bond between the S1
and S2 atom in the S3 unit and the corresponding one in the
S ring are chosen in the COHP and ICOHP calculations. The
appearance of the large bonding states and small antibonding
states [Fig. 3(a)] below the Fermi level reveals that bonding
interaction in the Sz unit and the S ring is strong. However, the
bonding interaction in the S3 unit is slightly stronger than in
the S ring, which implies the instability of the P3,21 structure
and prefers to form the S; unit in the BaS; compound at
high pressure. On the other hand, the weak S2-S1 bonding
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FIG. 2. (a) The crystal structures of the BaS; structure with P3,21 and P3,21 symmetry. Large green and small yellow (orange) spheres
represent the Ba and S1 (S2) atoms, respectively. The black arrows indicate two of the S2 atoms moving along the eigenvector of the soft
phonon mode, and the black dashed line shows the broken bond induced by atomic movement. (b) Side view (along the a-axis) and the top
view of the stable P3,21-BaS; phase. (c) Calculated ELF of P3,21-BaS; on the (001) plane is used to confirm the hexagonal configuration of
the Ba atoms and (d) the P4,2,2-BaS; structure proposed by Li et al. [16] at 100 GPa (left) and the F'd-3m-BaS, structure at 150 GPa (right).
To distinguish the S, units, we reduced the Ba radius. (¢) The ELF results of the P4,2,2-BaS, compound at 100 GPa and Fd-3m-BaS, at
150 GPa. The image in the large purple circle shows the localized electron in the S—S bond.

interaction and S2 atom located at the center of four S1 atoms
in P3,21-BaS; could lead to the vibration of S2 at a finite tem-
perature. Subsequently, we investigated the effect of the finite
temperature through performing ab initio molecular dynamics
(AIMD) simulations at 300 K with the TDEP method. The
stability of the P3,21-BaS; structure at a temperature of 300
K can be illustrated by the calculated phonon dispersion curve
[Fig. 3(c)], in which there is no imaginary frequency in the
whole high-symmetry path, throwing light on the P3,21-BaS3
phase with the S ring could be synthesized at high-temperature
and high-pressure conditions.

Moreover, in addition to the P3;21-BaS; structure, we
found another BaS; structure (space group P3,21, 6 for-
mula units). The enthalpy difference between the two
phases is less than 1.5 meV/atom. To distinguish the
two phases, the newly found structure is named 7-BaS;
{here, T means the trigonal system; Supplemental Material
Fig. S3(b) [43]}, also consisting of the Sg’ unit as it ap-
peared in P3,21-BaS;. However, the Ba atoms in 7-BaS;
are arranged in a different stacking order along the c-axis,
as shown in Supplemental Material Fig. S3(a) and (b) [43].

TABLE 1. Bader charges in CsCl-type BaS, P3,21, and
P3,21-BaS; at a pressure of 100 GPa.

Ba S/S1 S2
BaS 1.10 -1.10
P3,21-BaS; 1.15 -0.55 -0.05
P3,21-BaS; 1.10 -0.55 0.00

Specifically, the stacking periods of the Ba layers are 3 and 6
in the P3,21-BaS; and 7-BaSj structure, respectively {Sup-
plemental Material Fig. S3(a) and (b) [43]}. Therefore, the
S units in BaS3 have an effect on modulating the stacking
sequence of Ba layers.

Motivated by the prediction and analysis of the new BaS;
phase, we turned our attention to the BaS, compound. Li
et al. [16] proposed a P4,2,;2-BaS, phase holding ener-
getic and dynamical stability at a pressures range of 100 to
140 GPa. However, with the pressure increasing to 150 GPa,
the P4,2,2-BaS, phase becomes dynamically unstable. Com-
monly, the stability of one crystalline structure increases with
pressure, thus it is intriguing to investigate the factor caus-
ing the dynamical instability of the BaS, structure at higher
pressure. Fully geometrical optimizations were performed for
the P4,2,2-BaS, at 100 GPa and 150 GPa, respectively, to
guarantee the structures lying in the local minimum of the
PES at corresponding pressures. And at 150 GPa, BaS; under-
goes a phase transition from P4,2,2 to Fd-3m with a higher
symmetry, which is also identical to our structural prediction
results performed at 150 GPa (Supplemental Material Fig. S4
[43]). At 100 GPa, S atoms form the S, unit with an S-S
bond length of about 2.01 A, while at 150 GPa, the distance of
~2.30 A between the two nearest S atoms [Fig. 2(d)] is much
larger than 2.07 A at ambient pressure. Generally, a higher
pressure will decrease the atomic distance accompanying the
enhancing interaction, while the S-S distance becomes larger
in the BaS; compound. We calculated the phonon dispersion
relations corresponding to the pressure of 150 GPa and pro-
jected them on both Ba and S atoms (Supplemental Material
Fig. S5 [43]). It can be seen that the imaginary frequencies
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FIG. 3. The COHP and ICOHP analysis for the S-S bonding states of the (a) BaS; compound with P3,21 and P3,21 symmetry, and
of the (b) P4,2,2-BaS, compound at 100 GPa and Fd-3m-BaS, at 150 GPa, respectively. The phonon dispersion relations of the (c)
P3,21-BaS; at a pressure of 100 GPa and temperature of 300 K, and (d) Fd-3m-BaS, at a pressure of 150 GPa and temperature of

1000 K.

of the phonon spectrum are mainly attributed to the S atoms.
Thus, we first calculated the COHP and ICOHP to reveal
the difference between the S-S bonding states of the BaS,
compound at 100 GPa and 150 GPa, respectively. As shown
in Fig. 3(b), it is clearly seen that the negative I[COHP value
of the bond at 150 GPa is much smaller than that at 100 GPa,
indicating the interaction of the S—S bond becomes weaker at
150 GPa. We also calculated the ELF and depict it in Fig. 2(e),
indicating there is no electron localizing along the S—S bond
direction at a pressure of 150 GPa. Moreover, we performed
the AIMD simulations for the P4;2,2-BaS, structure at
150 GPa and at temperatures of 300, 500, and 1000 K, and the
phonon dispersion relations of the BaS, compound at these
three temperatures {Supplemental Material Fig. S6 [43] and
Fig. 3(d)} were carried out from the AIMD simulation results
using the TDEP method. As shown in Supplemental Material
Fig. S6 [43], the phonon spectra of the structure at 300 K still
have minor imaginary frequencies (red line) along the path
from the gamma point to point X in the Brillouin zone. How-
ever, the phonon dispersions carried out from the simulation
results at 1000 K have no imaginary frequency [Fig. 3(d)],
confirming the higher temperature will contribute more to
the dynamic stability of BaS,. From this analysis, we may
conclude that in the S-rich system, the S3/S, units are con-

figurationally preferable than the atomic arrangement with a
homogeneous distance, leaving a lower symmetry. Moreover,
the existence of the S, subunits may also be crucial for the
stability of the Ba polysulfides, and we suggest that one may
coarsely check the dynamical stability of the future findings of
the BaS, compound using ELF or COHP simulation to replace
the source demand phonon spectra calculation.

After the structural prediction of the BaS; and BaS; com-
pounds, we further investigated the electronic properties of
the P3;21-BaS3 phase. The energy band structure and pro-
jected density of states (PDOS) are shown in Fig. 4(a). The
BaS; compound is an indirect band-gap semiconductor with
an energy band gap of about 0.5 eV, which is about 0.3 eV
lower than the calculated results using the Heyd—Scuseria—
Ernzerhof hybrid functional (Supplemental Material Fig. S7
[43]), and the S-3p-orbital contributes most to the density of
states (DOS) near the Fermi level. Moreover, we investigated
the PDOS structure of the 3p-orbital of the S atoms in detail
by separating the distribution of the electrons belonging to
S1 and S2 atoms [Fig. 4(b)]. Near the Fermi energy level,
the 3p electronic energy levels of the S1 atoms are higher
than that of S2 atoms, indicating that the charge transfer from
the Ba atoms mainly participates in the characterization of
the bonding state between the S atoms. As is well known,
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FIG. 4. (a) The simulated band structure and PDOS of P3,21-BaS; and (b) the projected DOS to the 3p-orbital belonging to the S1 and
S2 atoms of the BaS; compound at 100 GPa. IPDOS represents integrated PDOS.

the motif of the S configuration will influence the properties
of the S-contained compound. Here we throw light on the
evolution relation between the S-S-S angle and the band gap.
As the pressure ranges from 50 and 70 GPa (Supplemental
Material Fig. S8 [43]), the band gap of the P-42;m-BaS;
structure decreases slightly from 1.37 to 1.14 eV, with the
S-S-S angle decreasing from 100.0° to 95.7°. At more than
70 GPa, BaS; undergoes a phase transition from P-42;m to
the P3;21-BaS; structure, and the S-S-S angle decreases from
101.0° to 98.6°, accompanied by the band gap decreasing
from 0.80 to 0.53 eV. To be noted, the S—S bond length
almost remains unchanged with pressure. Therefore, we could
conclude that the band gap will decrease with the S-S-S angle
in the same crystalline structure.

IV. CONCLUSION

In summary, we performed structure searching for the
BaS; and BaS, compounds up to 150 GPa using the CA-
LYPSO method based on the ab initio calculations. We
proposed a new BaS; phase with P3;21 symmetry at a pres-
sure of 100 GPa by moving the S2 atoms along the eigenvector
of the soft mode of the predicted P3,21-BaS; phase. When

considering the instability of P3,21-BaS; induced by the
motivation of the S2 atoms, we further performed AIMD
simulations at a finite temperature to estimate the temperature
effect on the stability of the P3,21-BaS; phase using the
TDEP method. As expected, the higher temperature makes a
contribution to its stability. We also investigated the stability
of the BaS, compound crystallizing in Fd-3m symmetry at a
pressure of 150 GPa, pointing out that the absence of the S—S
bond in Ba$S, induces the instability of the BaS, compound at
a higher pressure. The finite temperature effect on the unstable
BaS,; compound at 150 GPa was also explored using the
TDEP method, confirming the high-temperature contribution
to phonon hardening. These findings have elaborated on the
abundant Ba polysulfides, which may provide a prominent
exemplification for future investigations of Ba-S systems.
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