PHYSICAL REVIEW B 99, 220503(R) (2019)
Rapid Communications
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van der Waals (vdW) layered compounds provided a fruitful research platform for the realization of
superconductivity. However, a vdW layered superconductor with a high transition temperature (Tc ) at ambient
conditions is still rare. Here, using variable-composition evolutionary structure predictions, we systematically
explored the stable compounds in the P-S system up to 20 GPa. Opposed to the complex stoichiometries
at ambient conditions, only one compound, PS2 , is predicted to be thermodynamically stable above 8 GPa.
Strikingly, PS2 is a vdW layered material isostructural to 3R-MoS2 exhibiting a predicted Tc of around 11 K
at ambient pressure, both in the bulk and the monolayer form. PS2 has been successfully synthesized via
high-pressure experiments following the theoretical predictions. This enables replacing transition metals with
group V elements in transition-metal dichalcogenides and paves the way in the search for vdW layered materials
with superior properties.
DOI: 10.1103/PhysRevB.99.220503

vdW layered materials such as graphite, black phosphorus,
and transition-metal dichalcogenides (TMDs) have attracted
extensive interest due to the weak interlayer interactions that
make them easily exfoliable [1–5]. The electronic properties,
such as superconductivity, can change dramatically upon reduction from bulk to two dimensions and can effectively be
tailored by an external field or charge-carrier doping [3–8].
Recently, superconductivity for the vdW layered compounds
has been extensively investigated [4–8]. At ambient pressure
conditions, the majority of vdW layered materials are semiconductors while a few of them show metallic or semimetallic behaviors. For semiconducting vdW layered materials,
superconductivity can be induced by chemical intercalation,
external pressure, and electrostatic gating [9–17]. In the TMD
family, there is a strong competition between the charge
density wave (CDW) and superconductivity. The transition
from a CDW state to superconducting state can be triggered
by an external stimulus, as observed in TiSe2 [12], MoS2 [15],
and MoTe2 [14]. Bulk MoS2 exhibits superconductivity with
a Tc of ∼12 K at an ultrahigh pressure of 120 GPa [13].
Thin-film MoS2 becomes superconducting when it is heavily
gated to the conducting regime, in which Tc reaches 10 K at
optimal gating [15]. Electrostatically induced superconductivity has also been realized in thin films of 2H-WS2 [16] and
2H-MoSe2 [17]. For semimetallic vdW materials, superconductivity has been observed in the Weyl semimetal MoTe2 but
with low Tc values (∼0.1 K) under ambient conditions [14].
Upon compression, the Tc of MoTe2 dramatically increases to
a maximum value of 8.2 K at 11.7 GPa, accompanied by a
1T  -to-2H polytype transformation [14]. Metallic 2H-NbSe2 ,
*
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a record holder in intrinsic superconducting TMDs, exhibits a
transition temperature of 7.2 K at ambient conditions [18].
Economically, it is also valuable to replace transition
metals in TMD materials with more abundant and inexpensive main group elements. Group IVA chalcogenides have
attracted great attention because of their emergent physics
phenomena such as surface state, quantum spin Hall effects,
and superconductivity [19]. SnSe2 has been reported to become superconducting by organometallic intercalation [20],
physical gating [19], and external pressure [21]. Recently,
Zeng et al. induced a superconducting state (Tc ≈ 3.9 K) in
1T -SnSe2 by using the ionic liquid gating technique [19]. It
was also reported that 1T -SnSe2 exhibits robust superconductivity with a nearly constant Tc ≈ 6.1 K between 30.1 and
50.3 GPa [21].
In recent years, the search for layered vdW materials
that exhibit superconductivity has intensified [6–8]. In this
Rapid Communication, we report that phosphorus and sulfur,
two neighboring elements in the periodic table, can form
an unexpectedly stable layered compound PS2 under relatively low-pressure conditions. Following this prediction, PS2
was confirmed by performing high-pressure experiments in
a laser-heated diamond anvil cell (LHDAC), starting from
an elemental P-S mixture. The synthesized compound was
characterized via in situ synchrotron x-ray diffraction (XRD)
and Raman spectroscopy measurements. PS2 is predicted to
be superconducting with a transition temperature (∼11.3 K)
comparable to that (11.5 K) of CaC6 at ambient pressure [10].
The ab initio evolutionary algorithm USPEX [22,23] was
used to explore thermodynamically stable P-S compounds and
their structures. In these calculations, all stoichiometries were
allowed (with the constraint that the total number of atoms
in the unit cell is no more than 32 atoms), and calculations
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one from 1 to 8 GPa. Surprisingly, an unreported compound
PS2 is found to be the only compound thermodynamically
stable above 8 GPa as shown in Fig. 1 and Fig. S3 [24]. Below
8 GPa, PS2 is a metastable compound. We also performed
the phonon dispersion curves for PS2 at a series of pressures
(Fig. S4) [24]. The absence of imaginary phonon frequencies
confirmed its dynamical stability within the entire range of
pressure.
As shown in Fig. 2(a), PS2 is a layered vdW solid isostructural to 3R-MoS2 , belonging to the D3d (R3m) space group
[34,35]. Its unit cell is composed of three phosphorus atoms
occupying 3a Wyckoff sites (0, 0, 0) and six sulfur atoms at 6c
(0, 0, z). We mention that MoS2 has two different forms of 3R
polytypes: One is the CdCl2 -type structure (space group R3m)
with inversion symmetry [34,35] which occurs in γ -TaS2
[35] and β-TaSe2 [35] as well as our PS2 , and another is
the R3m structure with broken inversion symmetry which is
well known in the TMD family [4,35,36]. Considering that
layered TMDs exhibit a variety of polytypes [2–4,14] such
as 2H, 1T , 1T  , and Td , we also examined the possibility of
these structures occurred in PS2 . Our density functional theory
(DFT) calculations suggested 3R-MoS2 with R3m symmetry
is indeed the ground state among these polytypes [24]. In
addition, in order to evaluate the influences of interlayer
vdW interaction on structural parameters of PS2 [24], we
considered the versatile vdW density functional proposed by
Peng et al. (SCAN+rVV10 method) [37], which can produce
excellent interlayer spacing and intralayer lattice constants.
The calculated lattice parameters are 3.258 Å for a and
17.344 Å for c at ambient conditions, which yields a density
of 2.971 g/cm3 and an interlayer spacing of 5.782 Å. The optimized internal free parameter z is 0.256. PS2 holds a slightly
lower interlayer spacing than that (6.15 Å) of 3R-MoS2 [34].
In order to verify the theoretical predictions and explore the
pressure range of the stability of PS2 , we performed LHDAC
experiments (Fig. S5 [24]) on the phosphorus-sulfur mixture
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FIG. 1. The predicted convex hull diagrams in a P-S system at
pressures of 0 and 10 GPa.

were performed at 1, 5, 10, and 20 GPa, respectively. The
pressure-composition phase diagram of the P-S system is
shown in Fig. 1 and Supplemental Fig. S1 [24], in which
the convex hull was constructed from the normalized formation enthalpies of all the stable structures for each pressure. Thermodynamically, the convex hull at a given pressure
connects all stable phases against decomposition into other
binaries or elements. We first considered the phase transitions
on two ending members (elemental P and S). Phosphorus
transforms from the orthorhombic A17 structure (Cmca) to
the rhombohedral A7 phase (R3m) to the simple cubic phase
in the pressure range considered [25,26], whereas sulfur in
this pressure range undergoes a series of phase transitions
from F ddd to P32 21 to R3 and to I41 /acd [27–29]. Using
variable-composition evolutionary searches, we found that
the P-S system holds a richer phase diagram at pressures
lower than 3 GPa. Four previously reported compounds with
discrete cagelike molecules, P4 S3 [30], P4 S7 [31], P4 S9 [32],
and P2 S5 [31] (Supplemental Fig. S2) [24], are thermodynamically stable at zero pressure within a narrow pressure range:
P4 S3 (<2 GPa); P4 S7 (<6 GPa); P4 S9 (<1 GPa), and P2 S5
(<2 GPa). The reported phosphorus polysulfide, P2 S7 [33]
with neutral polymeric strands, is thermodynamically stable
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FIG. 2. (a) The crystal structure of the vdW layered compound PS2 . The lattice parameters a and c and interlayer spacing d at zero
pressure given. (b) Integrated XRD patterns before laser heating (LH) and after LH to 800 K, respectively. Vertical ticks correspond to
expected (assuming continuous Debye rings, see Supplemental Material [24]) positions and intensities of XRD peaks of SC-P, S-III, and PS2 .
(c) Pressure dependence of the lattice parameters of PS2 . The inset shows the pressure dependence of the cell volume. Experimental data are
shown with solid symbols and theoretical predictions with solid lines. The solid red curve in the inset is the third-order Birch-Murnaghan (3rd
BM) equation of states fit to the experimental data.
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FIG. 3. Frequencies of Raman modes of PS2 against pressure
upon decompression. Experimental results with solid symbols and
theoretically predicted with solid lines. The inset shows the experimental Raman spectrum at 14 GPa in comparison with the
theoretically predicted Raman modes. Eigenvectors of Raman modes
Eg and A1g also given.

S in-plane, basal plane vibrations) and A1g (S out-of-plane,
along c-axis vibrations) along with two infrared active modes
Eu (twofold degeneracy, in-plane S and P displacements) and
A2u (out-of-plane S and P displacements) (see Fig. 3 and Fig.
S7 [24]). The Raman spectrum, using the 514.5-nm line of an
Ar ion laser for excitation, of the new phase depicted in Fig. 3
shows the presence of two distinct Raman active modes. Relative intensity and frequency separation of the modes allowed
us to confidently assign the two modes to the A1g (higher
intensity/frequency) and Eg (lower intensity/frequency) of
the layered PS2 compound. Upon pressure release both modes
show normal mode behavior (redshift) and can be traced
down to 3–4 GPa, in agreement with XRD measurements. Experimental Raman mode frequencies and frequency-pressure
slopes are in good agreement with the theoretically calculated
ones, given the fact that the generalized gradient approximation (GGA) underestimates the phonon frequencies [43].
The distinctive layered features in PS2 aroused our intense
interest in exploring its electronic properties. Remarkably, PS2
is predicted to be a phonon-mediated superconductor even at
zero pressure. The energy bands of PS2 at 3 GPa are shown
in Fig. 4(a). There is only one energy band crossing the Fermi
level along several high-symmetry directions in the Brillouin
4
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at various pressures from 10 to 20 GPa and temperatures
from 800 to 2000 K. All synthesis experiments concluded the
formation of the layered PS2 compound independently of the
starting pressure, the maximum achieved temperature, and
the presence or not of thermal insulation (LiF). This observation agrees with the theoretical prediction that the layered
PS2 is the only thermodynamically stable composition above
8 GPa. In Fig. 2(b) we show the XRD patterns (λ = 0.4959
Å) acquired during a synthesis attempt at 14 GPa. The XRD
pattern before LH at room temperature (RT) is representative
of a heterogeneous mixture of orthorhombic sulfur (S-I) and
simple cubic phosphorous (SC-P). As expected, amorphous
red phosphorus converts to the corresponding crystal structures of black phosphorus above 7 GPa [38,39]. The corresponding cell volumes are in excellent agreement with previous high-pressure equation of state (EOS) studies of sulfur and
phosphorus [26,28]. New narrow Bragg peaks appear after LH
[see Fig. 2(b)], while the Bragg peaks of S-I disappear and the
ones of SC-P become narrower due to temperature annealing.
The new Bragg peaks can be indexed with a mixture of the
predicted PS2 structure and tetragonal S-III. According to
previous studies, at elevated pressure S-I transforms to tetragonal S-III at temperatures below the temperatures achieved
by LH in this study and S-III is quenchable at ambient
temperature [29]. Bragg peaks of S-III were indexed with a =
8.423 Å and c = 3.521 Å at 14 GPa, in excellent agreement
with Ref. [29]. The remaining Bragg peaks can be indexed
with the R-3m-PS2 with a = 3.149 Å and c = 15.501 Å,
in good agreement with the theoretically predicted values
(a = 3.120 Å and c = 15.231 Å at 14 GPa). A representative
Le Bail refinement (λ = 0.3344 Å) is shown in Supplemental
Fig. S6 [24].
With decreasing pressure, the newly synthesized phase
remains stable down to 4 GPa, as evidenced from XRD
measurements and optical observations. Below this pressure
the XRD patterns are representative of a mixture of crystalline
P and a disorderedlike (broad Bragg peaks) phase. It is plausible to assume that this disordered phase is the disordered
metastable phase of sulfur previously observed on the pressure
release of S-III by Degtyareva et al. [29]. Thus, we conclude
that PS2 decomposes to P+S below 3 GPa. However, our
phonon calculations suggested that PS2 should be quenchable
to the ambient condition. The observed decomposition may
be a result of small grain size and large ratio of interfaces,
which to some extent reduce the decomposition barrier [40].
Pressure dependence of the lattice parameters and EOS of PS2
together with the theoretically predicted ones are shown in
Fig. 2(c). Experiment and theory agree closely for the lattice
parameters and the cell volume. In particular, the experimental
and theoretical unit cell volumes differ by less than 4%,
which is within the expected accuracy of DFT calculations
[41]. We conducted EOS fits to the experimental and calculated PV data using a third-order Birch-Murnaghan EOS
and determined the bulk modulus B0 and the first derivative
3
B0 [42]. The results of the fits are V0 = 152.5(7) Å , B0 =

78.7(15) GPa, B0 = 4.0(5) for the experimental EOS, and
3
V0 = 149.5 Å , B0 = 56.5 GPa, B0 = 5.9 for the calculated
one.
For PS2 , there are four distinct optical phonon modes at the
zone center: two Raman active modes Eg (twofold degeneracy,
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FIG. 4. Energy band, projected electronic density of states
(PDOS) (a), Brillouin zone (b), and Fermi surface (c) of PS2 at 3 GPa.
The Fermi level was taken as the energetic reference point.
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FIG. 5. Phonon spectrum, in which the linewidths for phonon
mode qν (i.e., γqν ) are represented by the area of the red circle,
partial atomic phonon DOS, Eliashberg spectral function α 2 F (ω),
and integrated λ(ω) for PS2 at the pressure of 3 GPa.

zone [BZ, see Fig. 4(b)]. The most interesting feature is the
presence of nearly flat bands lying right at the Fermi level
along the B1 -B and X -Q directions in the BZ. The occurrence
of flat and steep slopes near the Fermi level resembles a
favorable condition for enhancing Cooper pair formation,
which is essential to phonon-mediated superconductivity [44].
The calculated density of states (DOS) shows that there is
a strong hybridization between the S-p and P-s electrons in
the whole BZ, indicating that these electrons dominate the
electronic properties of PS2 . As shown in Fig. 4(c), the Fermi
surface (FS) of the PS2 consists of a small electronlike pocket
around  point and six linked electron-hole tubes (nearly
elliptical sections) with a large surface area running through
the BZ borders along the -Z direction, exhibiting an evident
2D behavior. The existence of nearly parallel pieces of the
FS is beneficial to the electron-phonon coupling [45]. Both
the Fermi pockets and the obvious FS nesting lead to strong
electron-phonon interactions in PS2 .
The phonon dispersion curve, partial atomic phonon DOS,
Eliashberg spectral function α 2 F (ω), and integrated λ(ω) of
PS2 at 3 GPa are shown in Fig. 5. To gain further insights
into the nature of electron-phonon coupling, the linewidths
for phonon mode qν (i.e., γqν ) were attached to phonon
dispersion curves. One can identify the contribution to the
electron-phonon coupling strength from each phonon mode
based on the calculated phonon linewidths. The softening of
the Eg branch is observed along the X --L, B-Z, and P1 -Z-L
directions, signaling again strong electron-phonon coupling in
PS2 . Such a softening of the mode was previously observed
in the superconducting MgB2 [46]. Combining the calculated
phonon linewidths with electronic structure, we conclude
that the Eg modes are strongly coupled to electronic bands
from S-px and S-py as well as P-s states since Eg modes
involve atomic displacements in the x-y plane. The deltalike
peak around 251 cm−1 in both the spectral function α 2 F (ω)
and phonon DOS originates mostly from the Eg modes with
calculated energies in the ranges of 207–257 cm−1 , which
contributes to 33.3% of the total λ value. The A1g branch
possesses energies in the ranges of 292–371 cm−1 and holds
the highest phonon linewidth around the  point. However,
it contributes to only 3.1% of the total λ value because of
the strong anisotropy of the linewidth of the A1g branch in
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FIG. 6. Calculated Tc values and logarithmic phonon momentum
ωlog vs pressure. The inset shows the integrated electron-phonon
coupling λ as a function of pressure.

the BZ. These results indicate that the sulfur atoms dominate
superconductivity in PS2 , due to the prominent contributions
to the electron-phonon interaction. Phonons from the sulfur
atoms together with the electrons from the S-p and P-s states
provide the strong electron-phonon coupling indispensable for
superconductivity in PS2 .
From the value of λ, one can estimate the Tc using the Allen
and Dynes formula [47]. Taking a typical value of 0.11 for
μ∗ along with the calculated ωlog of 235 cm−1 , we obtained
a Tc of 11.3 K for PS2 at zero pressure. The changes of λ,
ωlog , and Tc with increasing pressure in PS2 are depicted in
Fig. 6. Applying pressure on PS2 clearly leads to a significant
decrease of λ and Tc . At 20 GPa, Tc is only 2.4 K. The sharp
drop of λ is closely associated with the decrease of DOS at the
Fermi level because the Fermi level moves up as the pressure
increases.
The single- or few-layered-thick, two-dimensional (2D)
crystals are particularly interesting due to their potential use
in low-dimensional electronics [2,5,8]. Therefore, it is interesting to discuss the superconductivity of the monolayer PS2 .
Compared with bulk superconductors, 2D superconductors
are more convenient for fabrication in modern electronic
applications. So far, the well-defined 2D intrinsic superconductors were rarely reported. For TMDs, only monolayer
2H-NbSe2 [48] was found to exhibit intrinsic superconductivity with a relatively lower transition temperature (below
3 K) than that of its bulk counterpart (7.2 K) [18,49,50].
The weakened superconductivity due to the reduction of the
dimensionality is a universal behavior in the TMD family
except for TaS2 [51]. For our PS2 , the superconductivity also
persisted from bulk to monolayer. Different from the NbSe2 ,
we surprisingly found that at ambient pressure the monolayer
PS2 has a slightly lower Tc (about 10.8 K) than bulk because
of a slightly lower coupling constant (about 0.8) than bulk,
indicating that bulk PS2 could be a 2D superconductor.
In conclusion, we report a layered PS2 compound from
a joint effort between theory and experiment. Our complete
survey on the pressure-composition phase diagram for the
P-S system at pressures up to 20 GPa yielded a compound
PS2 to become thermodynamically stable above 8 GPa. PS2
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is predicted to be an unusual example of a superconducting
vdW layered material, exhibiting superconductivity with an
unexpectedly high transition temperature (∼11.3 K) at ambient conditions. Monolayer PS2 retains the superconducting
property of bulk PS2 , suggesting that PS2 is an ideal candidate
material for exploring 2D superconductivity. Experimental
results, from diffraction and spectroscopic techniques, unambiguously identified the synthesized compounds as the
predicted layered R3m-PS2 . We believe the discovery of a
nonintuitive vdW layered compound between group V and
VI elements will open an avenue in vdW layered material
design.
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