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Helicity transitions and emerging superconductivity in chiral α-HgS
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A helical structure shows a naturally fluctuating behavior in charge distribution, analogous, to some extent,
to the charge density wave. It is an open question whether superconductivity can be induced by suppressing
the helical structure in a largely gapped system. Here, we report the superconductivity in chiral α-HgS with
a band gap of 1.9 eV after a pressure-driven helical-nonhelical transition. The maximum critical temperature
(Tc) reaches 11 K at 25.4 GPa, and the Tc-critical magnetic field (Bc2) relation exhibits multiband features.
Furthermore, an isostructural-like transition, together with a transition of direct-indirect band gaps, is presented
due to the reduced distance of the helical chains near 8 GPa, at which the second harmonic generation shows a
strong response. Phonon softening plays a key role in the stability of the helical structure and the emergence of
superconductivity. This Letter may inspire the exploration of superconductivity and other new physics in other
helical/chiral systems and will extend our understanding of the versatile behavior in such kinds of materials.
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Chirality refers to the inherent asymmetry preventing an
object from superimposing onto its mirror image, break-
ing spatial inversion and reflection symmetries, which is
one of the basic nature properties that is significant in
many fields from condensed matter physics to analytical
chemistry, molecular biology, and crystallography [1,2]. The
chirality generally produces intriguing physical phenomena,
such as optical dichroism, chirality-induced spin selectiv-
ity, and asymmetric scattering of polarized electrons [3,4].
In chiral superconductors, the noncentrosymmetric structure
may favor a triplet p-wave superconductivity [5]. Mean-
while, magnetism can also show spin chirality, showing large
magneto-optical dichroism [6] and new magnetic states, such
as magnetic skyrmions [7]. Helical structures are special
types of chiral structures with a screw axis, and DNA is
a representative example. In inorganic materials, the helical
structures can bring about some unconventional phenomena.
For example, the metallic helical crystals trigonal TaRh2B2,
NbRh2B2 [8–10], and hexagonal (Pt0.2Ir0.8)3Zr5 [11] display
superconductivity with anomalous upper critical field values
that exceed the Pauli limit. Helical tungsten disulfide nan-
otubes display nonreciprocity behavior with nonequivalent
forward and backward supercurrent flows [12]. Recently, the
chirality-induced selectivity of phonon angular momenta has
been observed in helical quartz [13,14]. These works sig-
nificantly advance our understanding of how chiral and/or
helical structures impact the materials’ properties, and inspire
us to study or manipulate the properties in helical systems by
artificial methods.
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α-HgS is a typical chiral material with threefold helical
chains, standing out from other monosulfides with predom-
inantly cubic or hexagonal structures, as outlined in Table
S1 in the Supplemental Material [15] (see also Refs. [16–36]
therein). Recently, chiral phonon splitting in α-HgS has been
observed by circularly polarized Raman spectroscopy [37].
The cinnabar phase’s space group is a subgroup of the NaCl
phase, so the cinnabar structure could be regarded as a dis-
torted cubic structure. The helical structure shows a naturally
periodic fluctuation of charge distribution, and it gives a few
satellite diffraction peaks near the main peaks of the NaCl
structure (Fig. 1), which is analogous to the satellite diffrac-
tions from the charge density wave (CDW) in many materials.
It has been reasoned that there is a high chance to observe su-
perconductivity near a critical point where CDW is suppressed
[38]. Motivated by this idea, will HgS turn into a supercon-
ductor when its CDW-like helical structure is suppressed? A
positive answer is given by this Letter.

Here, we report the superconductivity in HgS by suppress-
ing the helical chain structure via pressure. Meanwhile, the
x-ray diffraction (XRD) reveals an isostructural-like transition
with a change in the c/a ratio near 8 GPa, at which α-HgS
undergoes an electronic phase transition from a direct band
gap to an indirect band gap, and second harmonic generation
(SHG) shows a strong response. Importantly, Tc reaches 11 K
at 25.4 GPa, which is also the highest one among NaCl-type
metal sulfide superconductors. Clear phonon softening behav-
ior is observed and is responsible for the structural instability
of the helical phase and consequent superconductivity. This
Letter provides a different strategy or paradigm to search
for superconductivity in CDW-like helical systems and may
extend our knowledge of chiral materials.

Multiple experiments were conducted to investigate var-
ious aspects of HgS under pressure, including the crystal
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FIG. 1. Atomic structures, phase transitions, and second harmonic generation in HgS under pressure. (a) The atomic structures of cinnabar
phase P3121 (space group No. 152) at ambient pressure and NaCl phase Fm3̄m (space group No. 225) at high pressure. Yellow and purple
balls represent S atoms and Hg atoms. The helical chains are displayed along different directions. (b) The XRD patterns of HgS with an
x-ray wavelength of 0.6199 Å under pressure up to 46.9 GPa. Green short lines mark the Bragg positions at ambient pressure. (c) The lattice
parameters of the cinnabar phase and NaCl phase under pressure. (d)–(h) Polarization-resolved SHG measurements of HgS at various pressures.
(i) The pressure dependence of maximum SHG intensity. A peak is somewhat consistent with the kink point of the lattice parameter c/a ratio
as presented in (c).

structure, helicity transition, electronic structure, phonon be-
haviors, electric transport properties, and ac susceptibility
measurements. Synchrotron x-ray diffraction (XRD) and SHG
were employed to track the evolution of the helical structure of
HgS. Raman spectroscopy and ultraviolet-to-visible-to-near-
infrared (UV-vis-NIR) absorption spectroscopy were utilized
to investigate its vibrational modes and electronic structure.
Optical experiments were conducted using symmetric dia-
mond anvil cells (DACs), electrical transport properties were
examined using a BeCu DAC with the standard four-probe
method, and ac susceptibility was measured by the mutual in-
duction method. Further details on the experimental methods
can be found in the Supplemental Material [15].

The helical α-HgS crystallizes in the cinnabar phase (space
group No. P3121). Upon compression, the helical structure
will be suppressed and transformed to a nonhelical NaCl
structure (space group No. Fm3̄m) at 21 GPa. The helical
chain structure of HgS shows a spacing of a between the two
closest chains and a repeating unit length of c, as shown in
Fig. 1(a). Under compression, the chains are close enough
to connect with each other and construct a cubic lattice [39].
The phase transition process is examined by x-ray diffraction
(XRD) and SHG as shown in Fig. 1 (see Fig. S1 in the Sup-
plemental Material [15] for complete XRD patterns and the
structure sequence). The structural phase transition from the
cinnabar phase to the NaCl phase happens at around 21 GPa.
In the patterns of the cinnabar phase, there are some weak
diffraction peaks near the NaCl main peaks, which show a
similarity to the satellite peaks in CDW systems, as shown in
Fig. 1(b).

More structural details of HgS under pressure are obtained
by refinement, such as lattice parameters, unit cell volumes,
and Hg-S bond lengths of HgS under pressure [see Fig. 1(c)
and Fig. S2 in the Supplemental Material [15]]. The lattice
parameter a is more compressible than c, with c/a increas-

ing with pressure. A kink is presented near 8 GPa in the
pressure-dependent c/a, as indicated by the dark yellow arrow
in Fig. 1(c), suggesting an isostructural-like transition. The
lattice parameters and atomic positions of the two phases are
listed in Table S2 in the Supplemental Material [15]. The
evolution gives the picture that the pressure effect on the ap-
proaching interchain is greater than the in-chain contraction.

The SHG experiments on single-crystal HgS were con-
ducted to provide detailed information about the helicity
transition. The polar plots depicting polarization-resolved
SHG [Figs. 1(d)–1(h)] showcase apparent SHG signals,
revealing the noncentrosymmetric nature of helical HgS.
Throughout the compression process, the anisotropy of the
polarization curve remains almost unchanged, indicating the
absence of any symmetric or structural transition below
21 GPa. The maximum intensity is shown in Fig. 1(i), and
it is clear that between 7 and 10.9 GPa, the SHG intensity
shows a maximum. The intensity then decreases with further
compression. At around 21 GPa, a sudden disappearance of
the SHG signal marks the noncentrosymmetric (helical) to
centrosymmetric (nonhelical) structural transition. This obser-
vation aligns with the pressure response of HgS as indicated
by our x-ray diffraction results. The kink behavior of the
pressure-dependent SHG intensity between 7 and 10.9 GPa
is also well consistent with the isostructural-like transition
around 8 GPa as mentioned above.

The Raman spectra of HgS under pressure further confirm
the phase transition at 21 GPa and show a prominent phonon
softening behavior in the cinnabar phase. The cinnabar phase
has a point group of D3 and vibrational modes of 2A1 + 3A2 +
5E . Two A1 modes are Raman active, three A2 modes are
inferred active, and five E modes are active in both Raman
and inferred spectroscopy. The main peaks at 253.6 and 45.1
cm−1 are A1 modes [40], called the chain breathing modes:
atomic displacements in the ab plane along the direction per-
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FIG. 2. The phonon softening and electronic transitions of HgS under pressure investigated by Raman and UV-VIS-NIR absorption
spectroscopy. (a) The sequence of Raman spectra of HgS under compression. (b) The position of Raman peaks is modulated by pressure.
Dashed lines separate different phase regions. (c) The intensity evolution of two A1 modes. (d) The schematic diagrams of atomic motions
of A1 modes and the chain-structure evolution projected onto the ab plane. (e), (f) UV-VIS-NIR absorption spectra. (g) The optical band-gap
evolution obtained by the Tauc plot method. The inset shows the linear extrapolation and the optical band gap is the intercept.

pendicular to the c axis, corresponding to two different bases,
nearly pure S motions with a higher frequency and pure Hg
motions with a lower frequency [41]. Upon compression, two
A1 modes show a competition relation under pressure: The
high-frequency A1 mode becomes softened while the low-
frequency A1 mode becomes hardened, as seen in Figs. 2(a)
and 2(b). Most Raman peaks are widened and indistinguish-
able above 21 GPa, corresponding to the metallization and
structural transition. In addition, both A1 modes exhibit an
abnormal enhancement in intensity above 6.3 GPa and reach
a maximum intensity at 8.2 GPa [Fig. 2(c)], consistent with
the isostructural phase transition. The intensity anomaly was
also observed during decompression (see Fig. S3 in the Sup-
plemental Material [15]). The atomic displacements of two A1

modes are presented in Fig. 2(d): With increasing pressure, the
Hg atoms are closer while the in-chain Hg-S bond experiences
a slight stretching, causing the low-frequency A1 mode with
Hg motions to be hardened, while the high-frequency A1 mode
with S motions is softened. Consequently, the distorted HgS
triangle prefers to be in a nondistorted triangle under high
pressure.

The phonon anomaly and softening are generally accom-
panied with a transition of electronic behavior. To check for a
possible electronic transition, optical absorption spectra under
pressure are collected as shown in Figs. 2(e) and 2(f). HgS is
a semiconductor/insulator with a direct band gap of 1.9 eV at
0.7 GPa. A clear absorption edge can be observed in the low-
pressure range, which moves to lower energy with increasing
pressure, indicating a reduced band gap. The Tauc plot method

[42] is used to obtain the optical band gap, and more details
are shown in Fig. S4 in the Supplemental Material [15]. Below
9.6 GPa, the absorption edges show a redshift with increas-
ing pressure and approach to a constant. After 9.6 GPa, the
absorption gap changes dramatically with pressure, and the
absorption edge is slightly widened, so an indirect band gap
is preferred in this case. By analyzing the intercept of the
linear fitting line, the direct optical band gaps, indirect band
gaps, and their pressure dependence are obtained as shown in
Fig. 2(g). Prior first-principles calculations have claimed that
the cinnabar phase is a direct band-gap semiconductor at pres-
sures below 8 GPa and an indirect band-gap semiconductor
above 8 GPa [43]. This matches well with our results. Hence,
the isostructural phase transition results in an electronic phase
transition and abnormal phonon intensity change, suggesting
a strong electron-phonon coupling.

A superconductivity transition is directly observed at
22.9 GPa by electrical transport measurements, as displayed
in Fig. 3, and phonon softening and structure instability are
responsible for that. Below 15.9 GPa, the resistance of HgS
is too large and out of the detection limit in our experi-
mental setup. The sample still behaves as a semiconductor
at 15.9 GPa and the resistance increases significantly from
103 � at 300 K to 107 � below 2 K, as seen in Fig. 3(a).
The resistance decreases overall monotonously with pressure,
indicating a continuously reduced band gap under pressure. At
22.9 GPa, the sample turns into a metal and shows supercon-
ductivity with a Tc of 5.4 K (Tc without special instructions
stands for T 90%

c where the resistance drops to 90% of the
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FIG. 3. The insulator-metal transition and superconductivity of HgS under pressure. (a) The R-T curves are from 15.9 to 22.9 GPa. The
inset shows the criteria of T onset

c , T 90%
c , and T zero

c . (b) The R-T curves are from 25.4 to 44.8 GPa. The inset shows the ac susceptibility signal
at 28.5 GPa which is consistent with the resistance measurement. (c) Superconductivity transition under different external magnetic fields at
27.3 GPa. (d) Two band fittings of upper critical magnetic fields and Tc relations at three different pressures.

normal state value), as shown in the inset of Fig. 3(a). The SC
transition becomes shaper, Tc is enhanced, and reaches 11.0 K
at 25.4 GPa, above which the superconductivity is gradually
suppressed though the metallic behavior of the sample be-
comes better, as seen in Fig. 3(b).

To confirm the superconductivity of HgS under pressure,
an ac magnetic susceptibility measurement was also con-
ducted. The diamagnetic signal is evident in the inset of
Fig. 3(b), with a Tc of 9.2 K at 28.5 GPa, consistent with
the resistance measurements. Thus, both resistance and ac
susceptibility measurements conclusively demonstrate the su-
perconductivity of HgS under compression.

Conventional BCS theory [44] and the McMillan strong-
coupling theory [45] state that superconductivity arises from
phonon-mediated electron pairing. The superconducting prop-
erties depend on the electron-phonon coupling λ, which is
inversely proportional to the average squared phonon fre-
quency. So the phonon softening lowering the frequency
distribution could enhance the electron-phonon coupling
and promote superconductivity [46]. This phenomenon is
observed across many conventional and high-temperature su-
perconductors, such as doping-dependent phonon softening
in YBa2Cu3O7 and HgBa2CuO4 [47,48] as well as element
superconductors Sn and Pb [49,50]. For HgS, the softened
in-chain A1 mode during the structural evolution contributes
to the structural transition and superconductivity. As can be
seen in Fig. 3(a), the superconductivity emerges along with
the metallization, without a non-SC metal intermediate state.

We investigate the magnetic field effect on the supercon-
ductivity of HgS up to 5.0 T. At 27.3 GPa, the zero-field Tc

is 10.3 K, and it decreases with increasing field, as seen in
Fig. 3(c). When the magnetic field reaches 5 T, the SC is
barely identified at 1.7 K. Meanwhile, the SC transition be-
comes broader with increasing external magnetic field. Both
phenomena confirm the superconductivity of HgS. Magnetic
field versus Tc under three different pressures is shown in
Fig. 3(d). The curvature behavior in the low magnetic field
range is noteworthy, and the Ginzburg-Landau (GL) fitting is
not applicable. Since NaCl-type HgS has a high-symmetry
structure, the anisotropic single-band superconductivity is
excluded, and the curvature at low fields is attributed to multi-

band superconductivity. The zero-temperature upper critical
magnetic field at 27.3 GPa is around 5.65 T by two-band
fitting. That is much higher than the 1.2 T at 100 GPa for
pure sulfur [51,52]. A previous calculation shows that the d
electrons of Hg and the p electrons of S mainly contribute to
the density of states (DOS) [43] in the NaCl phase HgS. It
is noted that the Tc in pure Hg decreases with pressure [53]
(apart from 4.2 K with pressure), while the Tc of sulfur is
enhanced with pressure from 10 to 17 K [51,52]. In this case,
p electrons in S may still dominate the contribution to the
superconductivity but are modulated by the crystal field sta-
bilized by Hg. Due to the much larger mass of Hg, the overall
phonon frequency will decrease compared to pure S, which
results in a declining trend of Tc with pressure in HgS. HgS
has the highest upper critical field and high Tc close to 11.0 K
compared to other metal monosulfides [54–60] (Fig. S5 in the
Supplemental Material [15]).

The comprehensive experiments reveal a clear structural
transition in HgS from a helical cinnabar phase to a nonhelical
NaCl phase at 21 GPa, and emerging superconductivity. Based
on these results, a phase diagram of HgS under pressure is
proposed in Fig. 4. The evolution of the band gap and Tc under
pressure is clearly shown, while a linear relationship between
lattice parameter and Tc is demonstrated in Fig. S6 in the Sup-
plemental Material [15]. Besides HgS, similar behavior was
also observed in helical Se and Te with narrower gaps of 0.88
and 0.19 eV [51,52,61]. The semiconductor-metal transition
of Te happens at 4 GPa, with the structural transition from the
helical chain structure to the superconducting monoclinic Te-
II phase [62,63]. The semiconducting Se-I phase undergoes a
metal transition to the Se-II phase when the helical structure
vanishes, and superconductivity develops in the Se-III phase
at 23 GPa, which is isostructural with Te-II [63,64]. It is noted
that either Te or Se transform from a high-symmetry trigonal
P3121 (space group No. 152) structure to a low-symmetry
monoclinic phase or even a triclinic P1̄ (space group No. 2)
phase [65]. This structural phase transition differs from that
in a CDW and superconductivity competing system, where
the system is expected to transform from a low-symmetry
phase to a high-symmetry phase as superconductivity emerges
[38,66]. Therefore, it is difficult to judge the role of helicity
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FIG. 4. Phase diagram displays the band gap and Tc evolution of
HgS under pressure, and the superconducting region is clearly shown
in yellow.

on superconductivity in these gapped helical systems. In this
case, α-HgS has been an ideal platform to understand the
relation between structural helicity and superconductivity.

It has been more than 100 years since superconductivity
was first discovered, while it has been always a mystery to
obtain specific rules to search for potential superconductors.
There seems to be a higher chance to observe superconduc-
tivity in a system with multiple competing orderings, such
as the charge density wave (CDW) [38], spin density wave
(SDW) [67,68], and the recently confirmed pair density wave
(PDW) [69], as superconductivity could emerge after sup-
pressing these orderings. The common feature among these
orderings is their long-range modulation, which opens a gap
on a scale of a few meV to tens of meV. Here, the lattice

distortion/density-wave-like state (LDW) in largely gapped
systems such as HgS plays a role as an alternative wave
form and it is promising to be strongly correlated with the
superconductivity. This long-range distortion modulation not
only extends the scope of CDW, but also provides a different
paradigm to search for new superconductors.

In summary, we propose another way to realize supercon-
ductivity in a special type of chiral material with a helical
chain structure. The natural fluctuation of charge distribution
in helical materials resembles the charge density wave. The
atomic distortion in helical HgS opens a large band gap rather
than a much smaller gap in most CDW materials, however,
such a distortion and large band gap can be well controlled by
external pressure. When the helical phase is fully suppressed
by pressure, the band gap is closed and superconductivity
emerges in HgS. The Raman anomaly and electronic phase
transition suggest a strong electron-phonon coupling effect.
The phonon softening is very significant and it is responsible
for the structural instability of the helical phase and conse-
quent superconductivity. Our study on HgS will stimulate the
exploration of superconductivity or other exotic physics in
other similar helical materials.
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