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Superconductivity above 12 K with possible multiband features in CsCl-type PbS
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Binary metal sulfides are a large material family with distinct physical behavior. Here, we report the super-
conductivity observed in PbS by means of pressure engineering. PbS undergoes a series of electronic phase
transitions upon compression, and superconductivity occurs above 23.9 GPa in the high-pressure CsCl-type
cubic phase. Further compression suppresses the superconductivity while the Tc is reduced from ∼12.0 K at
23.9 GPa to 6.8 K at 44.3 GPa. Marginally higher Tc ≈ 12.3 K is observed at 19.1 GPa during pressure release.
The magnetic field effect verifies the superconductivity with possible multiband features. It is noted that PbS is
one of the few binary metal sulfide superconductors with a Tc above 10 K. This work demonstrates that PbS has
a high Tc under a moderate pressure due to the chemical “precompression” effect, which is very close to the Tc in
pure sulfur at ∼100 GPa. PbS also shows unexpected multiband behavior in the cubic structure, benefiting the
study of pressure-induced superconductivity and the underlying mechanism in metal sulfide compounds.
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I. INTRODUCTION

Element superconductors have been an important research
topic in recent decades. Most elements can be superconduc-
tors (SCs) at ambient or high pressure, extending the scope
of superconductors and enriching our understanding of the
superconductivity mechanism [1–3]. Among them, the SC
with the highest Tc is expected to be metallic hydrogen, which
theoretical calculations predict to be a room temperature SC
above at least 400 GPa [4–7]. Otherwise, metallic elements
generally have a higher Tc, and the latest high-pressure studies
show that Ti has a record-high Tc, reaching 23.6 K at 145 GPa
[8] or 26.2 K at 248 GPa [9]. Among the nonmetal elements,
sulfur has the highest Tc beyond hydrogen [1], reaching 15 K
at 100 GPa [10], while an ac magnetic susceptibility measure-
ment suggests a potentially higher Tc ≈ 17 K above 157 GPa
[11] or 17.3 K at 200 GPa [12].

It is worth noting that the SCs elements with high Tc only
exist under ultrahigh pressure conditions (>100 GPa), and
even the metallization of pure hydrogen has not yet been
achieved experimentally due to the high critical pressure, let
alone superconducting hydrogen [7]. However, achieving high
Tc SCs by chemical doping or precompression is quite promis-
ing. Recently, chemical doping and high pressure helped to
stabilize the hydrogen atomic network to be a SC with a Tc

close to room temperature, such as H3S and LaH10, which
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reduces the critical pressure on a large scale [13–16]. Moti-
vated by this idea, we planned to achieve a relatively high Tc

SC transition in sulfur at a moderate pressure using chemical
doping or precompression. We chose sulfur because it has the
highest Tc among the nonmetal elements, bar hydrogen.

Although numerous research works on the binary metal
sulfide SCs [17–30] have been conducted over recent decades,
as shown in Fig. 1, most of their initial motivations dif-
fer from this work. At ambient pressure, FeS, 2H-NbS2,
NbS3 are representative compounds showing superconduc-
tivity, and their Tc values are 5, 6, and 2.15 K, respectively
[19,23,31]. Under pressure, the pristine non-SC binary metal
sulfide compounds start to show superconductivity and other
emergent phenomena as well, such as charge density wave
(CDW). Among them, MS2 and MS3 (M = metal) are two
sets of typical material families in which the SC and CDW
show competing or coexistence behavior [22,24,32]. The
highest Tc in binary metal sulfides is observed in 2H-TaS2

(16.4 K at 157.4 GPa) [22] or MoS2 (12 K at 200 GPa) [21].
However, no zero-resistance state is presented in 2H-TaS2

and MoS2 at the pressure where the maximum Tc is observed
[21,22]. The main reason may be the worse hydrostatic pres-
sure environment at such high pressures. For other SCs in
binary metal sulfides, though the target pressure for the Tc

maximum of the SC transition is much lower than those in
2H-TaS2 and MoS2, the Tc values are relatively low. None
exceed 10 K. Therefore, is it possible to find a binary metal
sulfide compound showing a high Tc (above 10 K) at moderate
pressure?

Here, we report the superconductivity in the high-pressure
cubic phase of PbS. Earlier studies have revealed the structural
phase transitions of PbS under pressure. Below 50 GPa, PbS
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FIG. 1. The Tc-P chart for binary metal sulfide superconduc-
tors [17–30] and pure sulfur [10–12]. The Tc of SRT is from the
temperature-dependent resistance measurement, while the Tc val-
ues of Smag are from the low-temperature magnetic susceptibility
measurement.

will experience two phase transitions. The first one is around
2.1–2.6 GPa from the original NaCl-type cubic phase (B1
phase) to an orthorhombic phase [33,34], and the second is
around 21.1–23 GPa from the orthorhombic phase to a CsCl-
type cubic phase (B2 phase) [34–36]. The accurate structure
of the intermediate orthorhombic phase is still controversial
and highly dependent on the characterization methods and
starting sample [33–36]. Meanwhile, Timofeev et al. reported
the SC transition in PbS and found a Tc = 6.3 K with a
force load on a diamond-anvil cell, while the actual pressure
was not well resolved [37]. In this work, the electrical trans-
port properties of PbS single crystal were investigated in the
standard four-probe geometry using the latest high-pressure
techniques. The transport behavior change under pressure is
consistent with the structural phase transitions. A clear picture
is provided to demonstrate the superconductivity in PbS. The
highest Tc reaches 12.3 K at 19.1 GPa, and the SC in PbS
shows some multiband behavior features. PbS is one of the
few binary metal sulfide SCs with a Tc above 10 K, while its
critical pressure is much lower.

II. EXPERIMENTAL AND CALCULATION METHODS

The PbS single crystal was synthesized by the chemical
vapor transport method. High-purity Pb and S powders were
mixed by 1:1 stoichiometric ratio, and sealed in a quartz tube
with high vacuum. Then the powder mixture was heated at
850◦ C at one side of the tube and single crystal was then
formed at 500◦ C at the other side.

The temperature-dependent electrical resistance of PbS
single crystal under high pressure was measured via the stan-
dard four-probe geometry in a commercial cryostat (Janis
Research) from 1.7 to 300 K by a Keithley 6221 current
source and a 2182 A nanovoltmeter. A BeCu alloy diamond-
anvil cell with two opposing 300-µm culet anvils was used
to generate high pressure. A thin flake was cut from the
bulk crystal along the easy exfoliation direction, and a small
piece of the sample was loaded into the sample chamber in
a rhenium gasket with c-BN insulating layer. Four Pt elec-
trodes were placed onto the surface of the samples in the
chamber. KBr was used as the pressure medium. Finally, a
ruby ball was loaded to serve as an internal pressure stan-
dard. The high-pressure Raman spectra were collected using
a Renishaw micro-Raman spectroscopy system equipped with
a second-harmonic Nd:YAG laser, and silicon oil was used as
pressure medium. A 532-nm laser was used, with a spot size of
1–2 µm. A pair of low fluorescent diamonds was used for
Raman measurement. The laser power was maintained at
a relatively low power level to avoid overheating during
measurements. In situ high-pressure ultraviolet-to-visible-
to-near-infrared (UV-VIS-NIR) absorption spectroscopy was
performed on the home-designed spectroscopy system
(Ideaoptics, Shanghai, China). The high-pressure infrared ex-
periments were performed at room temperature on a Bruker
VERTEX 70v infrared spectroscopy system with a HY-
PERION 2000 microscope. The spectra were collected in
transmission mode in the range of 600−8000 cm−1 with a
resolution of 4 cm−1 through an ∼50×50 µm2 aperture. KBr
was used as pressure medium for UV-VIS-NIR and infrared
spectroscopy measurements.

Our density functional theory calculations are performed
using the Vienna ab initio simulation package [38] with
the projector augmented wave method [39]. The Perdew-
Burke-Ernzerhof revised for solids [40] exchange correlation
functional is adopted for the evaluation of structural and elec-
tronic properties of B2-type PbS under pressure. The valence
states 5d10 6s2 6p2 for Pb and 3s2 3p4 for S are used with
the energy cutoff of 800 eV for the plane-wave basis set.
The Brillouin-zone sampling is performed using a 20×20×20
k-point grid for the total energy and electronic band structure
calculations. The electronic density of states (DOS) is calcu-
lated using the Gaussian smearing with a broadening energy
of 0.1 eV and 4000 grid points on which the DOS is evalu-
ated. Convergence criteria employed for both the electronic
self-consistent relaxation and the ionic relaxation are set to
10−8 eV and 0.01 eV/Å for energy and force, respectively. In
the B2-type PbS crystal structure, the Pb and S atoms occupy
the 1a (0.0, 0.0, 0.0) and 1b (0.5, 0.5, 0.5) Wyckoff positions,
respectively. The lattice parameters are calculated to be 3.341,
3.275, 3.222, and 3.179 Å under 20, 30, 40, and 50 GPa,
respectively.

III. RESULTS AND DISCUSSION

PbS is a NaCl-type B1 phase at ambient pressure, a semi-
conductor with a small band gap of 0.42 eV [41]. As shown
in Fig. 2, the transport measurement at 1.1 GPa shows a
typical semiconducting behavior. Further compression en-
hances the semiconducting behavior. The resistance is too
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FIG. 2. The electrical transport behavior of PbS under pressure. (a) The R-T curves from 1.1 to 22.3 GPa upon compression; (b) the
normalized R-T curves from 22.3 to 44.3 GPa upon compression; SC occurred above 23.9 GPa; (c) the normalized R-T curves from 44.3 to
14.4 GPa during the decompression process; (d) the R-T curves from 14.4 to 4.5 GPa during decompression; the SC transitions disappeared,
and the sample returned to an insulating state.

large to be measured above 2.5 GPa, consistent with the
structural phase transition from the low-pressure B1 phase
to the intermediate orthorhombic phase [33,34,36,42]. Pre-
vious resistance measurements at room temperature also
show a considerable resistivity enhancement between 2.4
and 3.8 GPa [36]. The resistance increase is expected to
stem from the larger band gap for the intermediate phase
[42]. Above 10.7 GPa, the resistance of the sample becomes
detectable again, and it decreases with pressure, while the

R-T curves show weak temperature dependence. Metalliza-
tion starts from 22.3 GPa, though the sample still shows
some semiconducting features in the low-temperature range
below 100 K. A sudden resistance dop is observed below
12 K at 23.9 GPa, suggesting a possible SC transition.
Zero-resistance state is then observed at 26.4 GPa, and
the SC transition is very sharp. Higher pressure suppresses
the superconductivity as the Tc shifts to a lower tempera-
ture with pressure. The occurrence of metallization and the
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FIG. 3. The magnetic field effect on the superconducting transi-
tion in PbS crystal at 37.4 GPa and the relationship between the upper
critical fields and SC transition temperature Tc. (a) The R-T curves
near the SC transition at various magnetic fields; (b) the relationship
plot of the upper critical magnetic field and Tc (T onset

c , T zero∗
c , and

T zero
c ), and the two-band model fitting.

following SC transition above 22.3 GPa is consistent with
the orthorhombic-B2 cubic phase transition [34–36]. The R-T
curves during decompression were also collected to check the
stability of the SC state, and a higher Tc at 12.3 K is observed
at 19.1 GPa. After that, the SC transition disappears, and
the sample gradually returns to a semiconducting/insulating
state.

The magnetic field effect further verifies the supercon-
ductivity, as presented in Fig. 3(a). At 37.4 GPa, the Tc is
∼8.3 K (as indicated by the arrow), and the external mag-
netic fields suppress the superconductivity, signaled by the Tc

decline and broadening of the SC transition. Based on the R-T
curves at various fields, the relation between the upper critical
magnetic field and the Tc is plotted in Fig. 3(b). Unlike most
binary metal sulfide SCs, the behavior of μ0Hc2-Tc shows
clear curvature behavior in the low magnetic field range,
which is generally a feature of multiband superconductiv-
ity or anisotropic single-band superconductivity [43]. Similar

curvature behavior has been observed in MgB2, YNi2B2C,
and 2H−NbSe2 [44,45], and they are typical multiband SCs.
Since CsCl-type PbS crystallizes in a highly symmetric cubic
structure, it is reasonable to assume the positive curvature
behavior results from the multiband superconductivity, rather
than the anisotropic single-band superconductivity. Currently,
most multiband SCs are in the form of layered or highly
anisotropic structures [43]. Therefore, CsCl-type PbS may
represent a rare case of a cubic structure showing multiband
SC features. Of course, more study is still required to con-
firm the multiband SC behavior, such as in situ high-pressure
Andreev reflection spectroscopy characterization, which is
beyond the scope of the current work. The curvature be-
havior was then fitted by the two-band model [43], giving
η = 5.16, D1 = 3.88, and a zero-temperature upper critical
field of μ0Hc2 ≈ 1.86 T, when using T onset

c as the fitting data,
as seen in Fig. 3(b). The μ0Hc2 is ∼1.31 T by fitting the
H−T zero∗

c curve, and ∼ 0.93 T for H−T zero
c . In pure sulfur,

the zero-temperature upper critical field is estimated to be
slightly higher than 1.7 T [10]. Here, a similar μ0Hc2 (1.86
T) is observed in PbS, suggesting that the superconductivity
is mainly contributed by the electrons from sulfur itself, as
the critical field for Pb is quite low (less than 0.1 T) and
the Tc of Pb is only ∼2 K at 20 GPa [46,47]. Meanwhile,
we also note that the pressure suppresses the superconduc-
tivity in PbS, opposite to the pressure-enhanced SC in pure
sulfur [11]. Therefore, Pb may be critical for superconductiv-
ity because Pb displays typical negative pressure-dependent
SC behavior [47]. The electronic band structure calculation
demonstrates that S contributes more electrons at the Fermi
level rather than Pb, as seen in Fig. 4, which may reveal
the origin of superconductivity in PbS, and verify the as-
sumption of S-dominated superconductivity. Meanwhile, it
is found that the DOS of S atoms decreases with pressure,
and it could explain the negative pressure dependence of Tc

to some extent. However, further theoretical calculations are
still required to reveal the correlation between Pb and S, and
the electron-phonon coupling behavior, which will provide a
much clearer picture to understand the SC behavior in PbS.
For the SC in 2H−TaS2 and 2H−MoS2 with a Tc higher than
10 K, the zero-temperature upper critical field is 1.1 T for
the SC-II phase of TaS2, and 7.5–8.1 T for MoS2 [21,22].
Thus, the SC mechanism of PbS may be similar to the SC-II
phase of TaS2 (where the SC is dominated by sulfur itself),
unlike MoS2, in which Mo plays a critical role in forming
Cooper pairs. Such an assumption is supported by the linear
plot of the Tc-P relationship among PbS, 2H-TaS2, and pure
sulfur, as shown in Fig. 1, whereas 2H-MoS2 is far from the
line. This linear behavior also validates our initial motivation
of precompressing sulfur by a metal. PbS becomes the first
binary metal sulfide with a Tc higher than 10 K at moderate
pressure.

While previous works mainly focus on the structural phase
transitions under pressure, the optical behavior of the NaCl-
type phase and the intermediate phase of PbS is rarely studied
by in situ experiments. Here, by employing UV-VIS-NIR
and infrared spectroscopies, we obtained the absorption and
reflectance information of PbS, as presented in Fig. 5. The
NaCl-type PbS is a small band gap semiconductor, and
the initial band gap is ∼0.42 eV [41], which is consistent
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FIG. 4. Electronic band structure and density of states (DOS) for B2-type high-pressure PbS phase. (a) Electronic band structure under
20 GPa. (b) Total and partial density of states under 20, 30, 40, and 50 GPa.

with our optical measurement, as shown in Figs. 5(a) and
5(e). The pressure suppresses the band gap, and it is only
∼0.2 eV near 2.5 GPa, above which PbS starts to transform

to the intermediate phase, accompanied by a much larger band
gap of ∼0.81 eV. Meanwhile, the sharp absorption edge of the
NaCl-type phase disappears, replaced by a marginally wider

FIG. 5. The optical absorption and reflection spectroscopy for PbS under high pressure. (a) The infrared (IR) absorption spectra collected
from ambient condition (am) to 2.5 GPa; (b) infrared absorption spectra collected during the B1-intermediate structure phase transition; (c) the
UV-VIS-NIR spectra collected from 2.5 to 16.2 GPa; (d) infrared reflection spectra from 16.2 to 30.3 GPa; (e) the optical band gap fitting for
ambient condition and recovered sample after high pressure; (f) the pressure-dependent optical band gap; inset: the band gap extracted from
the IR data at 16.2 GPa.
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FIG. 6. The Raman spectra of PbS under high pressure. (a) The Raman data collected during compression; (b) the Raman data collected
during decompression; red arrows show the Raman signal during the B2-intermediate structure phase transition. After fully releasing pressure,
the sample returns to the original NaCl-type phase.

absorption edge, as shown in Figs. 5(a)–5(c), suggesting a
transition from a direct band gap to an indirect band gap, as
predicted by theoretical calculations [42]. For the intermediate
phase, the external pressure also suppresses the band gap as
the absorption edge gradually moves towards lower energy,
as shown in Figs. 5(c) and 5(f). The metallization process is
observed by measuring the reflectance spectra of PbS from
16.2 to 30.3 GPa, as displayed in Fig. 5(d). At 16.2 GPa, there
is a clear interference signal below 0.2 eV, which becomes
much weaker at 18.3 and 20.4 GPa, and becomes invisible
above 22.5 GPa while the reflectance increases significantly.
The interference signal’s disappearance and the reflectance
enhancement are typical metallization features. The above
optical anomalies and transitions are consistent with previous
structural studies and the electrical transport measurement in
this work too.

The critical pressures for the structural phase transition
can be well defined by the Raman signal evolution, as shown
in Fig. 6. The Raman signal is extremely weak and almost
undetectable for the NaCl-type phase due to the thermally
activated metalliclike behavior at room temperature. Near
2.5 GPa, the Raman signal suddenly becomes strong, sug-
gesting the appearance of an intermediate phase, as seen in
Fig. 6(a). The intermediate phase lasts until 40.7 GPa. The
phase transition from the intermediate phase to the CsCl-type

phase (B2 phase) is well studied, and the critical pressure is
expected to be around 21.1–23 GPa [34–36]. The Raman sig-
nal above the critical pressure suggests a partial intermediate
phase coexisting with the B2 phase, which is reasonable for a
first-order structural phase transition. At 45 GPa, there is no
clear Raman signal anymore. When the pressure is released,
the critical pressure for the B2 phase–intermediate phase is
between 20.1 and 18.4 GPa, as seen in Fig. 6(b), which is con-
sistent with the transport measurement [as seen in Fig. 2(c)].
The critical pressure for the intermediate phase–B1 phase is
below 0.7 GPa.

Based on the electrical transport results and structural
evolution of PbS under pressure, a brief phase diagram is
proposed in Fig. 7. During the compression process, the B1
phase of PbS behaves like a small band gap semiconduc-
tor (Semi-I). Then it transforms to a more insulating state
(Semi-II) due to the larger band gap of the intermediate phase
that appears above 2.5 GPa, as shown in Fig. 7(a). External
pressure suppresses the band gap of the intermediate phase
and enhances the conductivity. Further compression forces
the transition from the intermediate phase to the B2 phase,
which occurs near 22.3 GPa. PbS in the cubic B2 phase is
metal and becomes a superconductor starting from 23.9 GPa
at low temperatures. A relatively high Tc > 12 K is observed
in the B2 phase, while the Tc shows quasilinear negative
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FIG. 7. Proposed brief phase diagram based on the electrical
transport measurement and structural evolution under high pressure.
The upper (a) and lower (b) panels correspond to the compression
and decompression phase diagrams, respectively. Semi: semiconduc-
tor; SC: superconductor.

pressure dependence. During the decompression process, a
higher Tc ≈ 12.3 K is observed at 19.1 GPa, while the critical
pressures of the above two transitions shift to lower pressures,
as seen in Fig. 7(b).

IV. CONCLUSION

In summary, the electrical transport properties of a typ-
ical metal sulfide, PbS, were investigated under pressure.
Superconductivity was observed in the high-pressure cubic
phase of PbS above 23.9 GPa, and it showed a high Tc

with possible multiband features. Furthermore, the external
pressure suppressed the superconductivity and the highest
Tc ≈ 12.3 K was observed at 19.1 GPa during pressure
release. This work shows a new metal sulfide superconduc-
tor with high Tc at moderate pressure. It also provides a
simple alternative material system (both the structure and
element components) to study the superconductivity mecha-
nism, and is potentially beneficial for the study of multiband
superconductors.
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