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As a prototypical transition metal dichalcogenide (TMD) semiconductor, MoS; exhibits diverse tunable electronic
properties in low-dimensional systems, such as Ising superconductivity and charge density waves (CDWs). However, the
intrinsic superconductivity of bulk MoS, remains underexplored. Here, we demonstrate carrier doping in bulk 2H-MoS;
using an ionic-liquid-gating method, resulting in anisotropic bulk superconductivity with a critical temperature 7;. of 3.2 K.
Notably, the superconducting transition in the bulk requires the lowest critical carrier density (~ 103 cm~2) among all the
reported superconducting MoS; systems, while exhibiting a higher 7 than typically observed in monolayers. The electron—
phonon coupling (EPC) constant extracted from Raman spectroscopy yields a calculated 7 consistent with the experimental
observations, in agreement with the mechanism established in monolayer MoS,. We attribute these observations to the
Fermi level preferentially crossing the lower-energy Q point in the bulk, which facilitates superconducting pairing. The
results provide deeper insights into the superconducting mechanism in bulk 2H-MoS,.

Keywords: 2H-MoS,, bulk superconductivity, ionic liquid, Raman spectroscopy
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1. Introduction

Transition metal dichalcogenides, a major class of lay-
ered 2D materials following graphene, consist of atomic layers
weakly bound by van der Waals forces, enabling dimensional
engineering and exhibiting physical properties distinct from
their bulk counterpaﬂs.“‘sl In 2H-MoS;, an indirect-to-direct
bandgap transition occurs in monolayers,!®7! making it attrac-
tive for bandgap engineering, valleytronics, electronics, and

8-101 Furthermore, carrier doping in 2H-MoS,

photocatalysis. !
leads to emergent phenomena such as insulator-to-metal tran-
sitions, superconductivity, and CDW order, !!!=!3! which estab-
lish it as one of the most intensively studied TMDs.

In recent years, the superconductivity of MoS, has at-
tracted considerable attention. Among various approaches, the
electric double-layer gating technique using ionic liquids as
dielectrics has been developed to induce high-density surface
carriers in monolayer and bilayer samples.[!'* This electro-
static doping near the K and K’ valleys of the conduction band
induces superconductivity, resulting in quasi-two-dimensional
superconducting states with 7 up to 7-10 K. These states ex-
hibit Ising superconductivity, characterized by upper critical
fields that far exceed the Pauli limit.!">-!7] In addition, strong
electron doping can be achieved via alkali metal intercalation.
For instance, in Li-intercalated MoS,, superconductivity with
T. ~ 3.7 K is observed at a carrier density of approximately

fCorresponding author. E-mail: jinfeng @iphy.ac.cn
fCorresponding author. E-mail: amzhang @lzu.edu.cn
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10'5 ¢cm~2. Other alkali ions, such as KT, tend to induce a
coexisting CDW order.[1%18]

Although several studies have reported various tuning
strategies for single-crystal MoS,, investigations into the in-
trinsic superconducting behavior of bulk 2H-MoS, remain
scarce. Septianto ef al. achieved electron doping of single-
crystal MoS; via K* intercalation, leading to the emergence
of superconductivity with a 7. of approximately 5 K. How-
ever, due to structural modifications induced by intercalation,
the superconducting phase appeared in the 1T/1T phases.!!”]
Piatti et al. realized strong electron doping in bulk 2H-MoS,
using organic cations and observed the onset of a strange
metallic phase, but no transition to the superconducting state
was detected.!?’! Pereira ef al. induced superconductivity in
bulk 2H-MoS; through TEA™ intercalation. The significantly
enlarged interlayer spacing suggests a dimensional crossover
toward a quasi-two-dimensional structure, which likely al-
ters the electronic band structure and implies that the ob-
served superconductivity may originate from monolayer-like
characteristics. [>1-2?!

In this study, we successfully realized a superconducting
transition (7 = 3.2 K) in bulk MoS, via an ionic-liquid elec-
trochemical method. Structural characterizations indicate that
the material retains its intrinsic interlayer coupling. With in-
creasing carrier concentration, the system undergoes a com-
plete sequence from an insulator to a metal and eventually to

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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a superconductor. We also find that the bulk superconductor
requires a significantly lower critical carrier density compared
with the monolayers. Moreover, the 7; of bulk superconduct-
ing MoS; exceeds that of monolayers at comparable carrier
densities. Raman measurements reveal an enhancement of
EPC with increasing carrier density. We further estimate the
EPC constant A and calculate a T that agrees with the exper-
imental value, indicating that superconducting H,-MoS, fol-
lows the BCS theory. We propose that, in contrast to mono-
layer MoS, where the Fermi level must first cross the K valley
(which does not participate in superconducting pairing), su-
perconductivity in the bulk is triggered when the Fermi level
reaches the lower-energy Q point, and dimensionality effects
play a critical role in doping-induced changes of Tt..

2. Experiments

High-quality 2H-MoS; single crystals were grown by the
chemical vapor transport method (provided by Shanghai Pumi
Technology Co., Ltd.). The bulk crystals were mechanically
exfoliated into uniformly thick flakes with a typical thickness
of approximately 20 um, a dimension chosen to ensure spatial
homogeneity during doping. The electrochemical intercala-
tion process for MoS, single crystals is schematically illus-
trated in Fig. 1(a): a MoS, flake was mounted on the cathode
using indium foil,**! and a platinum wire coil served as the
anode, both immersed in EMIM-TFSI ionic liquid (1-ethyl-3-
methylimidazolium bis[(trifluoromethyl)sulfonyl]imide). The
doping concentration was systematically tuned by varying the
heating temperature, applied bias, and intercalation duration.
To investigate the phase transition behavior, all samples were
treated at 120 °C, and those doped continuously for 60 h under
bias voltages of 3.3 V,3.6 V, and 4 V were selected for detailed
studies. The voltage was limited to 4 V to avoid electrochem-
ical corrosion, which was found to occur at higher biases.

Optical observation and Raman spectra were collected
with a LABRAM HRS800 system, which is equipped with
a single grating of 1800 grooves/mm and a focus length of
800 mm, and liquid-nitrogen-cooled CCD. About 0.1 mW of
laser power at 532 nm was focused into a spot with a di-
ameter of ~ 5 um on the sample surface. Electrical trans-
port and magnetic measurements were performed in a standard
four-electrode method using Quantum Design physical prop-
erty measurement system (PPMS), the lowest temperature and
highest magnetic field were 1.8 K and 8 T.

The calculations on the density of electronic states in
MoS, were preformed via Vienna ab initio simulation pack-
age (VASP).[>*23] The generalized gradient approximation of
the Perdew—Burke-Ernzerhof type[?®! was adopted for the
exchange—correlation functional. The energy cutoff of the
plane-wave basis was set to 380 eV, and a 21 x 21 x 4 k-point
mesh for the Brillouin zone sampling was employed. The con-
vergence threshold for energy was 1078 eV and that for force

was 0.01 eV/A.

3. Results and discussion

Figure 1(b) displays the temperature dependence of resis-
tance for samples under different bias voltages. As the voltage
increases, the normal-state resistance decreases significantly.
At 3.3 'V, the sample exhibits semiconducting behavior; at
3.6 V, a transition to a metallic state is observed; and at 4 V,
superconductivity emerges. Notably, these electronic phases
remain stable even after the removal of the applied bias. To
elucidate the relationship between carrier concentration and
phase transitions, Hall measurements were performed at 20 K
(Fig. 1(c)). The magnitude of the Hall resistance decreases
markedly with increasing gate voltage, corresponding to a sig-
nificant rise in carrier density, which confirms that the con-
tinuous phase evolution induced by the electrochemical reac-
tion is governed by electron doping. To probe the microscopic
structural and chemical mechanisms responsible for this phe-
nomenon, we characterized the samples before and after dop-
ing. As shown in Fig. 1(d), all XRD peak positions remain
nearly unchanged after doping, and no intercalation-related
peaks are observed. The slight peak broadening observed at
4 V is attributed to local lattice disorder and possible micro-
strain resulting from the high carrier concentration. This criti-
cal finding rules out the possibility of ordered intercalation by
the bulky EMIM™ cations. To further identify the actual in-
corporated chemical species, we conducted detailed chemical
analyses (see supplementary material Section A). An approx-
imate atomic ratio of 11 (H): 1 (EMIM™) indicates that the
intercalation of H* (i.e., protonation) from residual water!?’]
is the absolutely dominant mechanism for electron doping that
drives the transition. Hereafter, we refer to these single crys-
tals as H,-MoS;. Since H" ions diffuse from the edges to-
ward the center of the sample, the doping inevitably introduces
some inhomogeneity. To better characterize the superconduc-
tivity and evaluate the effect of this non-uniformity, we per-
formed scanning electron microscope and micro-Raman spec-
troscopy (supplementary material Sections B and C) on differ-
ent regions, which indicate that there is an acceptably small
amount of non-uniformity. Meanwhile, the RRR value of the
H,-MoS, is approximately 10, which indicates that our pro-
tonated samples have a good crystalline quality. The results
demonstrate that such inhomogeneity does not alter the intrin-
sic physical properties of the material. The room-temperature
Raman spectra in Fig. 1(e) reveal that the two characteristic
phonon modes, Eég and Ay, consistently correspond to the
2H phase structure before and after doping, with no significant
change in peak separation. For the 3.3 V sample, the Raman
spectrum is indistinguishable from that of the pristine crystal.
These results exclude any possibility of dimensional reduction
or structural phase transitions.
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Fig. 1. (a) A schematic diagram of the experimental setup for ionic liquid electrochemical method in bulk MoS,, the EMIM™ ions are predom-
inantly adsorbed on the surface, whereas the protons generated via ionization processes are incorporated into the sample. (b)—(c) Temperature-
dependent resistance at various applied voltages for four samples and the corresponding Hall resistance measurements at 20 K. (d)—(e) XRD
patterns and Raman spectra under different bias voltages at room temperature.

We focus on the properties of the superconducting state
following the phase transition. As shown in Fig. 2(a), the su-
perconducting H,-MoS, sample obtained under a 4.0 V bias
exhibits superconductivity with a 7, of 3.2 K and a sharp
single-step transition. The sample retains unchanged super-
conducting properties including 7. even after three months
of air exposure (Fig. 2(a), inset). Furthermore, temperature-
dependent magnetic susceptibility measurements were per-
formed to confirm the bulk nature of the superconductivity
(see supplementary material Section E for details). Based on
Hall effect measurements, we constructed a phase diagram of
T. and the carrier density (np) under different doping states
as shown in Fig. 2(b). The four superconducting data points
were obtained from different H,-MoS, samples at 4.0 V bias
and more Hall details see supplementary material Section D.
The results show that superconductivity emerges at a carrier
density as low as npp ~ 1 X 1013 cm~2, and 7, remains nearly
constant at around 3 K across these samples, with no sig-
nificant correlation with nyp which contrasts with the typi-
cal superconducting dome observed in monolayers and few-
layer samples. Comparison with the minimum critical nyp
in MoS,; gated via the electric double layer (EDL) technique
reveals that the onset of superconductivity generally requires
nap > 5 x 1013 cm~2, which is significantly higher than the
threshold value in bulk superconducting H,-MoS,. In other
words, superconductivity is more readily achieved in the bulk
than in monolayer MoS,. In addition, within a carrier density
range of nyp ~ 10'3 cm~2, bulk superconducting H,-MoS; ex-
hibits a higher T. than that of monolayer samples. However,
due to the limitation in achievable carrier density, the maxi-

mum 7; attainable in the bulk is lower than the highest 7 re-
ported in monolayers. The physical implications of these two
features will be further discussed in the following section.
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Fig. 2. (a) Superconductivity in bulk H,-MoS,, the T; is defined as the
onset temperature 72" (b) Phase diagram of superconductivity in MoS,
as a function of in-plane carrier density nop and doping level x, the data
from our experiment and EDLT gating. Here, we multiple the bulk carrier
density by the monolayer thickness of MoS; to obtain the normalized sur-
face carrier density. The solid circles represent experimental data from this
work, while the open circles denote results reported for low-dimensional
MoS; under electrostatic gating, adopted from Refs. [14,16,17]. (c)—
(d) Temperature-dependent resistance measurements under application of
out-of-plane (H ) and in plane (H)|) magnetic fields, the upper critical field
is determined from the temperature-dependent resistance curves under var-
ious magnetic fields at the point where the resistance fully recovers to its
normal-state value (100% py,).
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Fig. 3. Raman spectra of MoS, at three distinct electronic states. (a)-(c) Temperature-dependent Raman spectra. The sample gated at 3.3 V
remains insulating, with Raman spectra showing no changes compared to pristine MoS,. (d) Raman spectra comparison and Fano fit of the
three samples at 2 K. (e)—(j) Temperature dependence of peak positions, linewidths, and Fano asymmetry factors 1/|g| of modes E%g and Ajg.

Solid curves correspond to the standard anharmonic fitting.

Figures 2(c) and 2(d) show the temperature dependence
of the superconducting transition under magnetic fields ap-
plied perpendicular and parallel to the sample plane. From
the ratio of out-of-plane (HCHZ) to in-plane (Hciz) upper critical
fields, we determine an anisotropy parameter y = 8, indicating
significant superconducting anisotropy. Importantly, even for
the in-plane direction, the upper critical field remains below
the Pauli paramagnetic limit (M, ~ 1.861;), which contrasts
with the Ising superconductivity observed in monolayer MoS,.
For the TEA ™ -intercalated bulk MoS,, the anisotropy param-
eter 7 is ~ 14, reflecting that significantly expanded interlayer
spacing gives rise to monolayer-like behavior.[*? The two-
dimensional nature of intercalated MoS, has been confirmed
by the report.?8] These results indicate that the anisotropy in
superconducting H,-MoS is slightly weaker than that in the
monolayer, suggesting that it exhibits quasi-two-dimensional
superconductivity.

To further determine the role of electron doping in the
superconducting phase transition, we performed variable-
temperature Raman scattering experiments. Figures 3(a)—
3(c) show the temperature evolution of the two representa-
tive Raman-active phonon modes in MoS, with different bias
voltages: the Eég mode (in-plane vibration of Mo atoms)
and the A, mode (out-of-plane vibration of S atoms). For
clarity, we refer to the samples obtained under 3.6 V and
4.0 V bias as Spetal (metallic state) and Ssc (superconduct-
ing state). By comparing Raman spectra, we find that both
phonon modes exhibit pronounced asymmetry under different
electronic states which is better described by the Fano reso-
nance profile, as shown in Fig. 3(d). The Fano-Breit—Wigner

formalism is commonly used to describe the scattering or ab-
sorption arising from the interaction between a discrete ex-
citation and a continuum, where the continuum can include
multi-phonons, magnons and electrons. Given that our sam-
ple is non-magnetic, and that the coupling strength varies with
electron doping, the relevant continuum in this case is the elec-
tronic continuum. The Fano line shape is described by the fol-
lowing equation: 2930

(q+e)’

\gre)  _O—W
1+¢e2"’

I(a)):lo T s

ey
where @y is the bare phonon frequency, I" is the linewidth pa-
rameter associated with the phonon lifetime, and g is the asym-
metry parameter. We performed systematic Fano fitting of the
E%g and Aj; phonon modes for the three doping states and
extracted the corresponding frequency, linewidth, and asym-
metry factor 1/|g|, as shown in Figs. 3(e)-3(). As shown
in Figs. 3(e) and 3(f), the phonon frequencies in the pristine
sample exhibit minimal variation with temperature, indicating
weak phonon—phonon interactions. Specifically, the FWHMs
of the Ej, and Ajg modes increase by merely 0.24 cm™" and
0.67 cm™! from 1.8 K to 300 K, such temperature-induced
changes are slight compared to the significant doping-induced
broadening (2 cm™! relative to the pristine sample) observed
in the superconducting samples. Upon electron doping, the
intrinsic frequencies of the two phonon modes shift markedly
relative to the pristine sample, reflecting enhanced EPC. Fig-
ures 3(g) and 3(h) display the temperature dependence of the
phonon linewidths. In general, the total linewidth I" of a
phonon mode includes contributions from anharmonic decay,
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EPC (I¢—pp), and impurity scattering (I5yp), which can be de-
scribed by the following equation:

2
_ 70
= l?mh(”ehwo/zkﬂ‘l)

+12—ph +Emp JFF,; (2)

where Fagh is the anharmonic linewidth at O K, I'’ represents
the additional scattering term induced by carrier injection. The
linewidths in the MoS, system exhibit only slight changes
with temperature, showing that the intrinsic I;n, and Iy, con-
tributions are very weak. Therefore, the massive linewidth
broadening observed in the superconducting state relative to
the pristine MoS, is primarily attributed to the emergence of
I_pp and I''. Critically, our XRD analysis confirms the pres-
ence of significant doping-induced disorder via peak broad-
ening (meaning the I'"' term is substantial). Given this con-
tribution from I'’, and that both phonon modes exhibit com-
parably large linewidths, it becomes impractical to quantita-
tively de-convolute the specific I _p, contribution from the to-
tal measured broadening. However, in the metallic state, the
Eég mode exhibits a more pronounced linewidth broadening
compared to the Ay mode. The linewidth broadening in the
metallic state also originates from I"’ +I¢ pn. Given the sim-
ilar phonon energies of the E%g and A, modes, we further
assume that they have the same I'’. Based on these, we fur-
ther extract the contribution of Al;_p, between the Eég and
Az modes to be 0.2547 cm~'. As shown in Figs. 3(i) and 3(j)
the g values reveal pronounced changes in the asymmetry of
both the E;g and Ag phonon modes. These results indicate
a significant enhancement of the EPC with increasing carrier
concentration.

To check the role of EPC in superconducting H,-MoS,,
we have estimated the EPC constant A in the superconducting
state using the Allen formula based on the intrinsic phonon
linewidth,3'=331 which is expressed as

I—é—ph

A= TN (Ep)0f’ )

where N(Ep) is the bare density of states at the Fermi
level. We therefore calculate the DOS using the carrier
density derived from band filling with estimate N(Ep) =

0.1742 states/eV/spin/unit cell from Fig. 4(a). Based on the
1

above analysis, we assume Fe/:fh ~ 0, leading to F::ifh =
ALL_ph = 0.2547 cm~!. We obtain A; = 0.0251 for the E;g
mode, considering that all 18 modes in MoS; contribute
equally to the total EPC, we estimate Ay = 0.453. However,
the resulting value should be regarded as a lower bound or ref-
erence estimate rather than a precise quantitative result. This is
because the EPC-induced linewidth of the Eég mode obtained

via this method corresponds to the difference between the EPC

contributions of the E%g and A g modes — an approach that in-
herently leads to an underestimation of the total EPC for the
Eég mode. Within the BCS framework, the T; can be estimated
by the Allen-Dynes modified McMillan equation3!:32:34:33]

exp( 1.04(1+2) ))’ @

_ wlog .
A —p*(1+0.621

Le 1.20

where u* is the Coulomb pseudopotential parameter, typically
taken as 0.1 for bulk systems, @, is 384 K.[3®! This yields
a T; of approximately 3.05 K for the metallic state, which is
consistent with the experimental result in the superconducting
sample and will be discussed in detail below.

In both the metallic and superconducting states, the
EPC matrix elements remain unchanged due to the identical
phonon and electronic structure. Meanwhile, the quasi-two-
dimensional nature of the energy bands near the Q point en-
sures that the density of states at the Fermi level is the same
in both states (see supplementary material Section F for de-
tails). According to BCS theory, this would imply the same
T.. However, unlike in 3D systems, 2D systems are charac-
terized by distinct pairing and phase coherence temperatures
(Teon)- Our estimated T;. corresponds to the pairing temper-
ature, while the experimentally observed critical temperature
T, is determined by the lower of these two scales. 37331 While
the pairing temperature is independent of carrier concentra-
tion, the T, increases linearly with doping.!*®! As a result,
the lower carrier concentration in the metallic state leads to a
T.on that is approximately 1/3 of that in the superconducting
state, rendering the superconducting transition unobservable
in the metallic regime. When T, exceeds the pairing temper-
ature, T is determined by the latter, which explains the nearly
constant critical temperature observed across different doping
levels in Fig. 2(b).

We now address why the critical carrier density required
to induce superconductivity in bulk MoS, is nearly an order
of magnitude lower than that in monolayers. As shown in
Fig. 4(b), with increasing layer stacking, the conduction bands
at both the K and Q symmetry points shift downward-with the
Q-point band decreasing more rapidly and eventually becom-
ing the global conduction band minimum. This band reorder-
ing leads to a transition from a direct-gap to an indirect-gap
semiconductor, as illustrated in Fig. 4(a). In monolayer and
few-layer systems, Piatti ef al.!'®] established that injected car-
riers initially populate the lower-energy K valley, and super-
conductivity emerges only after the carrier density reaches a
critical value (~ 1 x 10'* cm™2), corresponding to the onset of
Q-valley occupation. This observation confirms the Q valley
as the primary source of superconducting carriers. In contrast,
in bulk crystals, the lowered energy of the Q valley leads to
its preferential filling, thereby enabling superconductivity at a
substantially lower carrier density (~ 1 x 10'* cm~2). Thus,

057403-5


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae3c93

Chin. Phys. B 35, 057403 (2026)

the Q-valley universally governs superconductivity across di-
mensionalities. In addition, the enhanced T in bulk materials
is further attributed to stronger Coulomb screening relative to
monolayers, which reduces the effective ¢t* and consequently
raises 7. Notably, whereas monolayer Ising superconductiv-
ity requires simultaneous occupation of both the Q1 and Q»
bands, the bulk system exhibits superconductivity with only
the Q7 band being populated, as supported by the carrier den-
sity and DOS analysis in Fig. 4(a). This dimensional contrast
is likely due to strong spin—orbit coupling in monolayers and
thus warrants further investigation.

Bulk

(a) 27

Energy (eV)

1 1 _2
ro 5 10

DOS (states/eV)

Fig. 4. (a) Band structure and DOS of bulk H,-MoS,, the green and red
dashed lines mark the electron occupation locations in the metallic and
superconducting states, respectively. (b) Band evolution at the K and Q
points as a function of dimensionality.

4. Conclusion

In summary, we successfully achieved protonation in bulk
MoS; via ionic-liquid electrochemical method, driving phase
evolution from the semiconducting to the metallic and eventu-
ally to the superconducting state. We estimated the 7, within
the BCS framework using the EPC constant A extracted from
variable-temperature Raman measurements. The calculated
T. agrees with the experimental value, supporting the conclu-
sion that superconductivity in this system is mediated by elec-
tronphonon coupling. Compared with monolayer samples, the
bulk exhibits both a lower critical carrier density required for
superconductivity and a higher T;, we provide an interpreta-
tion of these behaviors based on the electronic band structure.
We find that although both bulk and monolayer superconduc-
tivity emerge at the Q valley, the bulk system only requires
occupation of the lower Q; band, in contrast to the monolayer
case. This distinction may explain why bulk superconductivity
does not exhibit Ising pairing behavior. Our work elucidates
the superconducting mechanism in bulk MoS; and opens up

new possibilities for developing other bulk 2H-phase TMDs
in electronic modulation and device applications.
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