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Synthesis of calcium polysulfides at high pressures
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Chalcogenides have attracted wide attention on the structural characterizations and physicochemical properties
due to their potential practicability and scientific interests, such as the intriguing stoichiometries and involved
fascinating morphologies of sulfur under compression. In this work, our ab initio structure prediction simulations
for the Ca-S system predicted unprecedented tetragonal I4/mcm-CaS2 and P-421m-CaS3 containing the isolated
dimeric S2

2– and V-shape trimeric S3
2– units, respectively, under high pressure. Motived by these theoretical

results, remarkably, we have successfully synthesized CaS2 and CaS3 as unambiguously identified through in
situ x-ray diffraction and Raman spectra measurements. The present results have unraveled the high-pressure
structure behavior of Ca-S system and further provided key insights for exploring other interesting polysulfides
at extreme conditions.

DOI: 10.1103/PhysRevB.104.054117

I. INTRODUCTION

In recent decades, alkaline-earth metal sulfides (AESs,
AE = Be, Mg, Ca, Sr, Ba) have attracted considerable
interest and were extensively investigated in experimental
and theoretical studies, due to their excellent technical
applicability as large band-gap semiconductors applied in mi-
croelectronic and luminescent devices, etc. [1–3]. Normally,
these compounds crystallize in a NaCl-type structure with
Fm-3m symmetry (except for BeS) at ambient conditions, that
essentially determines their basic physicochemical properties.
Moreover, these AES compounds undergo a representative
structural phase transition from the ambient NaCl-type
(Fm-3m) structure to a CsCl-type one (Pm-3m) under
compression, accompanying with atomic reconstructions [4].
Actually, pressure plays an indispensable role in altering the
interatomic distances and bonding patterns, which can result
in phase transitions and the appearances of unprecedented
compounds with intriguing stoichiometries [5–10]. These
newfangled high-pressure compounds not only possess
outstanding performance unavailable at ambient conditions
(such as compelling high-temperature superconductivities
in polyhydrides [11–13]), but also bring new perceptions
of Earth’s evolution (such as unique FeO2 providing an
interpretation of oxygen circulation in earth [14]).

A series of experimental and theoretical investigations
have explored the AESx family and extended the number of
alkaline-earth polysulfides under pressure. In past decades,
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unconventional BaS2, BaS3, Ba2S3, SrS2, and SrS3 were syn-
thesized under high pressures [15–18]. Recently, a theoretical
work suggested that BeS2 with Pa-3 symmetry can be sta-
ble from 25 GPa to at least 100 GPa as a direct band-gap
semiconductor, which may have potential applications in op-
tical and electrical technologies [19]. Although calcium is
one of the most abundant elements on earth and forms lots
of significant compounds, there has been no information on
calcium polysulfide until very recently. In 2021, moreover,
Liu et al. theoretically investigated the stability of the Ca-S
system above 50 GPa and proposed that the metallic CaSx

compounds are superconductors [20]. Therefore, it is still an
open question to further investigate, especially for experiment,
the details of various CaSx compounds under compression,
motivated by the following objectives: (i) to study the stability
of traditional CaS in considering any possible decomposi-
tion; (ii) to explore whether the new CaSx compounds can
be synthesized at moderate conditions; (iii) to determine the
ground-state structures and relative properties of CaSx under
high pressure; and (iv) even to regulate the involved valence
states of sulfur or its unit.

Here, we conducted a joint theoretical and experimental
exploration on the compressed Ca-S system. We performed
a theoretical structure prediction for the Ca-S compounds
under pressures below 50 GPa using the state-of-the-art
swarm intelligence algorithm combined with the ab initio
simulation, and carried out the following high-temperature-
pressure experimental work. Here, we propose a high-pressure
I4/mcm CaS2 phase with S2

2– units and have synthesized
the CaS2 and CaS3 structures with precursors of Ca and S
at about 21 GPa/2500 K and 34 GPa/2500 K, respectively.
Both x-ray diffraction (XRD) and Raman spectra experi-
ments confirmed that their crystal structures are in very good
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FIG. 1. (a) Ground-state and static enthalpies of formation per atom of the CaSx phases at 30 and 50 GPa. The symbols on the solid lines
denote that the sulfides are stable at the corresponding pressure, while those on the dashed lines represent that the sulfides are unstable with
respect to their decomposition into elements or other sulfides. (b) Stable phases and their range of pressure of the Ca-S system.

agreement with our theoretical proposals, that provides reli-
able insights for the understanding of the compressed Ca-S
system.

II. METHODS

A. Calculations

The crystal structure predictions of CaS, CaS2, CaS3,
CaS4, Ca2S3, and Ca3S4 within 40 atoms were based on
the state-of-the-art particle swarm optimization technique im-
plemented in our developed CALYPSO code [21–23] at 0,
10, 30, and 50 GPa, which has been developed for years
as a powerful method for predicting unprecedented materi-
als with given pressures and chemical positions [6–9], and
solving structural conundrums in experiments [24,25]. All
structural relaxations and most of the property simulations
were performed using the projector augmented-wave (PAW)
[26] method with Perdew-Burke-Emzerhof (PBE) exchange
correlation function [27] in the Vienna ab initio simulation
(VASP) code [28]. Raman simulations were performed with the
local density approximation (LDA) and generalized gradient
approximation (GGA) functions [29]. The 3p64s2 and 3s23p2

serve as the valence electrons for Ca and S, respectively. The
kinetic cutoff energy of electronic wave functions was set
to 600 eV and appropriate Monkhorst-Pack k meshes were
used to ensure that the enthalpy calculations are converged
to better than 1 meV/atom in all cases. Phonon calculations
were carried out using the PHONOPY code [30,31] to check
the dynamical stabilities of the candidate structures.

B. Experiments

In experimental study, samples were prepared in a glove-
box with Ar atmosphere that had low contents of O2 and H2O
(less than 0.01 ppm). Elemental calcium and sulfur powder
were compressed into flakes with thickness of ∼2 μm and
loaded into a sample chamber (100 μm) with a preindented
T301 steel gasket. CaF2 was used and formed a sandwichlike
structure as both a thermal insulator layer and pressure media
sticking to the culets with diameter of 300 μm. Pressures
were determined by diamond Raman edge [32]. Compressed

samples were heated with an off-line pulsed infrared laser and
temperatures were estimated by fitting the thermal radiation
spectra to the Planck radiation function. Room-temperature
Raman spectra were excited by a 633-nm laser and recorded
by a homemade spectrometer (SpectraPro HRS-500 equipped
with a PyLoN:100 charge-coupled device, Princeton Instru-
ments). The typical exposure time of Raman is about 10 sec.
In situ high-pressure angle-dispersive synchrotron XRD data
were collected to investigated crystal structures at room tem-
perature at BL15U1 of the Shanghai Synchrotron Radiation
Facility and BL4W2 of the Beijing Synchrotron Radiation
Facility (λ = 0.6199 Å). For XRD measurements, the x-ray
beam sizes and exposure time are about 3 × 5 and 10 ×
30 μm2, and 30 and 600 sec for BL15U1 and BL4W2, re-
spectively. The sample-detector distance and other geometric
parameters were calibrated using a CeO2 standard. Two-
dimension Bragg diffraction patterns were collected using
a MAR-345 image plate detector and analyzed using FIT2D

software [33], integrating powder diffraction rings and con-
verting the two-dimensional data to one-dimensional profiles.
Rietveld profile matching refinements were performed using
the GSAS + EXPGUI programs [34,35].

III. RESULTS AND DISCUSSION

A. Stability of CaSx under high pressures

First, the known ambient structure (Fm-3m) of CaS and
its high-pressure phase (Pm-3m) as well as the experimental
phase transition pressure (37.1 ± 2.9 GPa) were successfully
reproduced in this work, confirming the reliability of our
structure prediction method and simulations that make our
following work more convincing. These two phases and sulfur
[36,37] corresponding to the applied pressures are adopted
to investigate the stabilities of other stoichiometric calcium
polysulfides. Therefore, their formation enthalpies relative to
CaS and sulfur substance are defined as

�Hf (CaxSy) = [H (CaxSy) − xH (CaS)

− (y − x)H (S)]/(x + y)
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FIG. 2. The crystal structures of (a) CaS2 (I4/mcm) and (b) CaS3

(P-421m) at 30 GPa. Large green and small yellow spheres represent
Ca and S atoms, respectively.

and calculated convex hulls [Fig. 1(a)] were plotted to de-
scribe the considered structures, where the stoichiometries
lying on the solid lines are thermodynamic stable under the
corresponding pressure. By contrast, others on the dashed
lines will decompose into the adjacent compounds or elements
from the perspective of energy. As shown in Fig. 1(a), the
predicted CaS3 and CaS2 become thermodynamically stable
at elevated pressures. In order to estimate their detailed forma-
tion and decomposition pressures, we further calculated and
plotted the pressure-composition phase diagram [Fig. 1(b)].
Conventional CaS always exists with respect to elements or
other compounds during the whole range of pressure in this
study; CaS3 is calculated to be stable above ∼10 GPa; and
CaS2 is energetically preferable between ∼5 and 45 GPa,
then tends to decompose into the adjacent CaS and CaS3

compounds. In addition to the thermal stability, the phonon
band structures were also calculated to guarantee the dynam-
ical stabilities of the predicted compounds. It is clear that no
imaginary phonon mode exists at the given pressures (see
the Supplemental Material (SM)) [38], which confirms the
stabilities of these two structures.

The predicted CaS2 structure is isomorphic with other
alkaline-earth metal chalcogenides such as CaO2, SrS2, and
BaTe2 [Fig. 2(a)] [17,39,40]. It contains the dimeric sul-

fur units (S2
2–) which lie in layers perpendicular to the

(001) direction and the units are arranged oppositely to the
counterparts in adjacent layer. Ca atoms lying between the
layers are surrounded by eight sulfur atoms. The S-S bond
length is calculated to be 2.08 Å at 10 GPa and decreases
slightly to 2.02 Å at 30 GPa. CaS3 containing the isolated
V-shaped trimeric sulfur (S3) unit crystallizes in a BaS3-type
structure [15]. Viewed along the c axis, the S3

2– units are
located at the face centers around the c axis. Ca atoms oc-
cupying the body center or edge centers are surrounded by 12
sulfur atoms. The theoretical S-S bond length and S-S-S bond
angle of the S3

2– unit are 2.05 Å, 108.9° at 30 GPa and reduced
to 2.03 Å, 105.9° with the pressure increasing to 50 GPa. We
also note the same proposal of CaS3 structure [Fig. 2(b)] in
the recent report [20], that shares the similar configuration in
BaS3, SrS3, and CaO3 [15,18,41].

Since the stability of the system may be influenced at the
finite temperature, the entropy of vibration of each structure is
considered and the phase boundaries were estimated by Gibbs
free energy based on the quasiharmonic approximation, as
shown in the SM [38]. CaS2 and CaS3 are still stable at higher
temperature, but the stable range of CaS2 becomes a little bit
narrow compared to that at zero temperature.

B. Syntheses and vibrational properties

Inspired by the above systematic enthalpy simulations on
calcium polysulfides, we further performed related experi-
ments employing laser-heated diamond anvil cell (DAC) to
check whether anticipated CaS2 and CaS3 can be synthesized
at appropriate conditions. Before laser heating, only Raman
signals of amorphous or III-phase S can be observed in the
compressed mixed precursors (Fig. 3) (CaS has no Raman
mode), indicating that high temperature is necessary to over-
come the barrier of expected chemical reactions.

Then, the samples were heated to 2500 K at 21 GPa. As
Fig. 3(a) shows, two new strong Raman peaks of annealed
samples appear at room temperature, where the modes marked

FIG. 3. Black/blue experimental and red calculated Raman spectra of (a) CaS2 at 21 GPa and (b) CaS3 at 34 GPa. At corresponding
pressures, experimental Raman spectra of reactants before heating are marked by the blue lines at bottoms of the two panels. Raman signals
of redundant sulfur are marked with blue stars.
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FIG. 4. The XRD patterns of (a) CaS2 and (b) CaS3 with the wavelength of 0.6199 Å. The black open circles and red solid lines represent
the Rietveld fits and observed data, respectively, and the blue solid lines are the residual intensity. Vertical ticks correspond to the Bragg
positions of CaSx , CaF2, and S; (c) volumes as a function of pressure for CaSx . The symbols, dashed lines, and solid lines represent the
experimental data, fits, and simulations of CaSx , respectively. (d) The calculated volume shrinkage at about 45 GPa where the CaS2 compound
is calculated to decompose into CaS and CaS3.

by the star symbols are attributed to residual sulfur. Modes at
551 and 572 cm–1 belong to the stretching vibration of the S2

units, suggesting that the CaS2 compound has been synthe-
sized. Encouraged by the successful synthesis of CaS2, we
attempted to obtain a CaS3 compound with higher S content
and the samples were compressed to a higher pressure of
34 GPa and heated to about 2500 K, which is a more rigorous
condition in contrast with that for previously synthesized SrS3

(5 GPa, 600 or 1200°C). The Raman spectrum of the heated
sample at 34 GPa is collected and shown in Fig. 3(b), where
the features of the laser heated pure sulfur sample are repre-
sented by the star symbols. Some strong modes are observed
at about 197, 279, and 478 cm–1 indicating that the formation
of a different phase. As the two elements (Sr, Ca) belong to
the same main group, the stricter condition for CaS3 may be
due to the relative weak activity of the calcium element, thus
this also means that the reaction between calcium and sulfur
should overcome a much higher energy barrier.

Usually, the uncertainty of precursors composition and
temperature gradient effect, in complicated high-pressure-
temperature experiments, prevents us from synthesizing a
pure phase. Additionally, because of the preferred orientation
in sample and other facts, the intensity of Raman may be
changed for different experimental runs. All Raman spectra of

the samples were performed on same facility in our laboratory,
thus full width at half maxima (FWHM) should be similar,
which can be evidenced by the nearly equal FWHM of the re-
dundant sulfur marked with blue stars in Fig. 3. The resolution
of our Raman equipment is 1.78 cm–1, which can distinguish
the linewidths of these peaks. The wider linewidths of the
presented Raman spectrum for CaS2 can be understood from
two aspects: (i) Some unknown factors such as defect, etc.,
may be introduced in the crystallization process for the CaS2

compound which may weaken the signal of the Raman spec-
trum of CaS2 resulting in broadening of the peak linewidths.
(ii) Based on the uncertainty principle, the wider linewidths
may be from the shorter intrinsic phonon lifetime, which is
perhaps associated with the anharmonic vibration of the S2

unit that is beyond the main topic of this study.
It is known that the LDA functional tends to overbind

molecules and the usage of PBE functional for predicting
vibrations may compensate for the error from neglecting
quantum effects. Taking account of these complicated effects,
we have compared the Raman spectra of CaS2 using different
exchange correlation functions. The lattice parameters of unit
cells employed for the GGA and LDA Raman simulations
adopt the values from the structure relaxations using the corre-
sponding exchange correlation functions. The Raman results
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TABLE I. Bader charges in CaS, CaS2, and CaS3 at 30 GPa.

Ca (e) S/S1 (e) S2 (e) S/S2/S3 unit (e)

CaS (30 GPa) 1.301 −1.301 −1.301
CaS2 (30 GPa) 1.310 −0.655 −1.310
CaS3 (30 GPa) 1.364 −0.635 −0.094 −1.364

within GGA and LDA functional are similar, whereas the
Raman results within the GGA functional show more obvious
offsets compared to the experimental results, indicating that
LDA functional could provide a better description for the
vibrational properties of this Ca-S system. Our calculated
Raman spectra of CaS2 and CaS3 at 21 and 34 GPa match up
well with the results of experiments. More analysis demon-
strates that two peaks of the CaS2 Raman spectrum having
different energies [Fig. 3(a)] belong to two different A1g and
B2g vibrational modes. The strongest peak [Fig. 3(b)] at about
478 cm–1 of CaS3 can be assigned to the stretching vibration
mode of the S3 unit.

C. Crystal structures and compressibilities

After the observation of anticipated Raman peaks of CaS2

and CaS3 from annealed samples, we performed the studies
of their crystal structures and equation of states with the same
samples.

In the direct two-dimensional (2D) XRD images and in-
tegrated patterns [Fig. 4(a)] two new distinct peaks at 14.2°
and 16.8° and several weak ones appear that are not contained
in the patterns of the other possible compounds (CaS, CaF2,
and S). Contrasted with the calculated XRD patterns, we find
that these two strong peaks located 14.2° and 16.8° can be
refined well with the reflection of the (112) and (202) crystal
planes of the predicted CaS2 structure, respectively. As shown
in Fig. 4(b), the further observed XRD patterns can be refined
by the mixture of our proposed tetragonal CaS3, CaS, CaF2,
and redundant elemental S. Especially, three selected strong
peaks at 12.3°, 13.4°, and 16.1° match up well with the (101),
(210), and (201) crystal planes of P-421m-CaS3.

The experiment lattices can be refined with the Rietveld
method [Figs. 4(a) and 4(b)], where the relatively high fitted
R values of 11.8% and 13.2% may be caused by the preferred
orientation, the strongly anisotropic peak broadening effects,
and especially, the multiphase in high-pressure-temperature
synthesis. The experimental lattice parameters are in good
agreement with those of our DFT simulations. Moreover, the
evolution of the room-temperature XRD pattern as a function
of pressure during decompression is given in the SM [38],
where the features associated with CaSx are emphasized with
blue vertical ticks. For CaS2, the features become weak grad-
ually with the pressure decreasing. The peak around 21.6°
refined with the reflection of (213) lattice plane could persist
to 17.2 GPa and the one at about 15.2° refined with the
reflection of (211) lattice plane disappears when the pressure
is lower than 12.8 GPa. For CaS3, the signals become weaker
but could persist to at least 19.8 GPa during decompression.

The calculated P-V data of decompressions are fitted to a
third order Birch-Murnaghan equation of state [42]:

P = 3

2
B0

[(
V

V0

)−7/3

−
(

V

V0

)−5/3]

∗
{

1 + 3

4
(B′

0 − 4) ∗
[(

V

V0

)−2/3

− 1

]}
,

where B0 and B′
0 represent the bulk modulus and its first

derivative, and V0 is the equilibrium volume at zero pressure.
The fitted experimental and theoretical compression behaviors
of CaS, CaS2, and CaS3 compounds are plotted in Fig. 4(c),
which presents excellent consistency and further proves the
credibility of calcium polysulfides. CaS2 and CaS3 show sim-
ilar compressibility, whose B0 values are 56(8) and 51(7) GPa,
respectively, while CaS has a slightly larger B0 with 59(8)
GPa. In this system, the B0 values decrease with the sulfur
content increasing, which indicates that the phase with higher
sulfur content is prone to be compressed. At about 45 GPa,
there is a slight volume shrinkage of �V/V = −3.90% be-
tween CaS2 and 1/2 CaS3 + 1/2 CaS [Fig. 4(d)]. It can be
seen that the PV term of CaS and CaS3 has the advantage with

FIG. 5. Calculated band structures (left panel) and projected density of states (PDOS) (right panel) of (a) CaS2 at 30 GPa and (b) CaS3 at
30 GPa.
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FIG. 6. Calculated electron localization functions (ELFs) of (a)
CaS2 on (001) plane and (b) CaS3 on (110) plane at 30 GPa.

pressure increasing, thus CaS2 is energetically preferable at
low pressure.

D. Electronic properties

After the successful syntheses, we further performed the
simulations of the electronical properties of the calcium
polysulfides. Commonly, sulfur takes the −2 valence state
resembling those in other chalcogenides. In this work, the in-
creasing pressure stabilizes the polysulfide structure with the
intriguing S2 and S3 subunits, which show corresponding S2

2–

and S3
2– valences supported by our Bader charge analysis. For

ionic compound, the value of electron transfer is lower than
that of ideal valence state within the framework of Bader anal-
ysis. Thus, CaS is selected as a typical standard here, in which
calcium is considered to lose all the s-orbit valence electrons
and S show −2 state. As Table I shows, each S2 subunit in
CaS2 acquires ∼1.31 electrons from each calcium atom. In
the S3 unit, each of the two edge sulfur atoms named S1 atom
in [Fig. 6(b)] acquires approximately 0.64 electron, however,
there is nearly no electron gained by the center atom [S2
atoms in Fig. 6(b)]. The sum of that electron transfer from the
calcium atom to the S3 unit is totally equal to the value (1.30e)
of CaS. So, both S2 and S3 units show −2 valence state.

The band structures and projected density of states (PDOS)
are shown in Fig. 5. CaS3 and CaS2 are typical indirect band-
gap semiconductors and the p orbit of sulfur atom is the main
contribution near the Fermi energy level; that may be because
the p orbits of the two sulfur atoms in the S2 units are fulfilled
with the electrons deprived from calcium. Normally, the in-
creasing pressure will gradually broaden the energy band and
consequently cause the reduction of the band gap. Thus, the
band gap of CaS2 decreases as expected. However, the band
gap of CaS3 shows no significant variation as the pressure
rises from 30 to 50 GPa (see the SM [38]). It is supposed that
the reduction of the S-S-S bond angle will partially cancel the
compression effect.

Figure 6 depicts the electron localization functions (ELFs)
for each structure. According to the ELFs, bonds between
the calcium and sulfur atoms that are strongly polar imply
the ionic bonds. It is clearly seen that the large ELF values
correspond to the obvious electronic locality between the S-S
bonds which are all covalence bonds in the CaS2 and CaS3.
In CaS3, the trimeric sulfur (S3

2–) units take a V shape for the
existence of two lone electron pairs. To evaluate the bonding
intensity of those structures, we also carried out the Laplacian
of the electron density and the integration of the crystal orbital
Hamiltonian population (ICOHP) analysis [43]. According to
the atoms in molecules theory [44], the Laplacian of electron
density ∇2ρ(r) of the bond critical points (BCPs) located be-
tween the bonding atoms could reveal the atomic interactions.
The ∇2ρ(r) of these BCPs in the S3 units are −2.071, and
the ones of the S-S bonds in the CaS2 are −2.965. They
are all negative, indicating that the S-S bonds are covalent
interactions. The integration of the crystal orbital Hamiltonian
population (ICOHP) values up to the Fermi level scale are also
analyzed. ICOHP values of S-S bonds are −5.407 eV/bond of
CaS2 and −5.523 eV/bond of CaS3 respectively, indicating
the S-S covalent bonds as well.

IV. CONCLUSIONS

In summary, we systematically explored the calcium poly-
sulfides compounds up to 50 GPa in this joint theoretical
and experimental study. Through high-pressure and high-
temperature experiments, we have conclusively demonstrated
the discovery of P-421m-CaS3 and I4/mcm-CaS2 structures
with compelling S3

2– and S2
2– units, being identical with our

predicted results. Under further compression, the disulfur unit
is calculated to become unstable and evolves into the more
favored trisulfur unit due to its lower energy. The present
findings have elaborated the abundant calcium polysulfides
and their detailed information under high pressure, providing
a prominent exemplification for future investigations on poly-
sulfides.
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