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 A B S T R A C T

Transition-metal dichalcogenides (TMDs) offer an extremely rich material platform in the exploration of 
unconventional superconductivity. The unconventional aspects include exotic coupling mechanisms such as 
the Ising pairing, a complex interplay with other electronic orders such as charge-density waves (CDWs), 
symmetry-breaking and topological effects, and non-trivial gap structures such as multi-gap and possible nodal 
phases. Among TMDs, titanium diselenide (1𝑇 -TiSe2) is one of the most studied and debated cases. Hints to an 
anomalous structure of its superconducting order parameter have emerged over the years, possibly linked to its 
texturing in real and reciprocal space due to the presence of a 2×2×2 CDW phase, or to a pressure-driven multi-
band Fermi surface. However, direct evidence for an unconventional structure of the superconducting gap in 
this material is still lacking. In this work, the combination of the temperature dependence of the upper critical 
field with point-contact Andreev reflection and scanning tunneling spectroscopy measurements all consistently 
indicate the existence of two distinct superconducting gaps in the recently-discovered H-intercalated TiSe2
superconductor. These results provide unambiguous evidence for a non-trivial superconducting phase in TiSe2
and stimulate further research aimed at clarifying its connection with the orbital character and its interplay 
with the underlying CDW order.
1. Introduction

Transition metal dichalcogenides (TMDs) are a class of quasi-two-
dimensional materials sharing the chemical fomula 𝑀𝑋2, where 𝑀
is a transition metal and 𝑋 is a chalcogen (S, Se, Te) atom, and ex-
hibiting a layered crystal structure based on the stacking of covalently-
bonded 𝑀𝑋2 trilayers which interact via weak inter-trilayer van der 
Waals forces [1]. Similarly to cuprates [2], heavy-Fermion [3] and iron-
based [4,5] compounds, the vast chemical variety and complex elec-
tronic structures of TMDs often endow them with rich phase di-
agrams characterized by multiple quantum phases [6–8], the most 
commonly-occurring ones being superconductivity and charge-density 
waves (CDW) [9]. Additionally, the weak inter-layer bonding makes 
TMDs easily exfoliable down to the two-dimensional single-trilayer 
limit and eminently suited for chemical doping via intercalation of 
both atomic and molecular ions and neutral molecules [10,11]. This 
in turn provides ample control over their structural, electronic and 
optical properties, making TMDs remarkably appealing from both a 
fundamental and an application-oriented point of view [9,12–16].
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Among TMDs, 1𝑇 -TiSe2 has been one of the most extensively in-
vestigated, starting from the discovery of a commensurate 2×2×2 CDW 
phase below ≈200K in the undoped compound [17,18] whose origin is 
still a matter of debate [19–24]. Interest in this compound was further 
invigorated by the discovery that Cu intercalation could suppress the 
commensurate CDW order in favor of the emergence of a superconduct-
ing (SC) dome, with critical temperatures up to ≈ 4.15K [25]. A similar 
tunability was later reported also in the case of applied pressure [26], 
electric-field-induced charge doping [27], and Pd [28], Li [29], H[30], 
and diamine [31] intercalation. Significant attention was devoted in 
particular to the possibility that the spatial texture associated with the 
CDW phase could affect the anisotropy of the SC pairing or even result 
in a non-trivial symmetry of the SC gap, especially after the observation 
of the Little-Parks effect in electrostatically-gated and Li-doped TiSe2
indicated the existence of a periodic modulation in the amplitude of 
the SC order parameter [27,29].
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Several works therefore aimed at probing the structure of the SC 
gap in TiSe2. Most investigations have been carried out in the Cu-
intercalated compound and concur in finding a single isotropic gap in 
the system [32–34]. Some exceptions to this general consensus have 
however been reported, usually in TiSe2 systems where CDW and SC or-
ders were simultaneously present and the amplitude of the latter might 
therefore be spatially textured: These include a possible two-gap state 
detected by μSR measurements in underdoped Cu𝑥TiSe2 [35], a zero-
bias peak at odds with isotropic 𝑠-wave pairing reported in the point-
contact spectra of electrostatically-doped TiSe2 [27], and a pronounced 
fluctuative regime with gap oscillations in magnetic fields observed 
in Li𝑥TiSe2 by tunneling spectroscopy [36]. Unconventional 𝑠± pairing 
mediated by CDW fluctuations and driven by a Lifshitz transition 
has also recently been proposed to be responsible for superconduc-
tivity in pressurized TiSe2, and possibly extend to the electron-doped 
compounds as well [37].

In this context, the recently-discovered H-intercalated TiSe2 super-
conductor [30] is a prime candidate to host a non-trivial structure of 
the SC order parameter. This is because on the one hand the robust 
survival of CDW order detected at the intercalant sites by 1H nuclear 
magnetic resonance [38] suggests a possible local coexistence of CDW 
and SC orders in the system; On the other hand, the large doping levels 
attained in H𝑥TiSe2 (up to 𝑥≈2) enable a full reconstruction of the Fermi 
surface by an orbital-selective filling of the Ti 𝑑𝑧2  band [30], mimicking 
that of SC TMD compounds NbS2 and NbSe2 where highly-anisotropic 
distributions of the SC gap on the Fermi surface [39,40] result in well 
known two-gap behaviors [41–47].

In this work, we present clear evidence for two-gap superconduc-
tivity in H-intercalated TiSe2 revealed by directional point-contact 
Andreev-reflection spectroscopy (PCARS) and scanning tunneling spec-
troscopy (STS) measurements down to 0.3K, by the temperature-
dependence of the upper critical magnetic field determined by mag-
netotransport measurements, and their combined quantitative analysis 
within the two-band BCS and Eliashberg theory. We speculate that the 
two-gap structure may arise from an extremely anisotropic distribution 
of the SC gap function on the single Fermi surface of the material due 
to the orbital-selective filling induced by H intercalation.

2. Experimental methods

2.1. Ionic liquid gating-induced H intercalation

Flake-like 1𝑇 -TiSe2 single crystals were purchased from HQ
Graphene. Hydrogen intercalation was carried out by immersing the 
freshly-cleaved crystals (typical size 0.5 × 0.5 × 0.05mm3) in 1-ethyl-
3-methylimidazolium tetrafluoroborate (Sigma Aldrich) and applying 
a gate voltage 𝑉

G
= +3.0V between them and a Pt counter-electrode 

using an Agilent B2961 power source, for ≈ 2h and in ambient con-
ditions. Higher voltages and temperatures were avoided to minimize 
the risk of undesired electrochemical interactions, such as intercalation 
of organic ions [48]. Intercalated crystals were thoroughly rinsed with 
acetone and ethanol and stored in a vacuum desiccator. Further details 
can be found in Ref. [30].

2.2. Electric transport measurements

The temperature-dependent resistivity was measured with the stan-
dard Van der Pauw method [49] in a Cryogenic Ltd 3He insert loaded 
in a 4He Oxford Instruments cryostat. The four-probe voltages were 
measured via Agilent 34420 nanovoltmeters upon excitation with a 
constant probe current ≈ 100 μA sourced via an Agilent B2912 source-
measure unit, which was reversed during each measurement to remove 
common-mode offsets including thermoelectric voltages. The magnetic 
field was applied using a 9T SC magnet and always kept orthogonal to 
the samples’ ab plane.
2 
2.3. Point-contact Andreev-reflection spectroscopy

PCARS measurements were carried out by means of the soft point-
contact method [50] using the same experimental setup employed in 
the transport measurements. Small point-like contacts were realized on 
the intercalated TiSe2 crystals by stretching thin Au wires on them so 
that they touched the freshly-cleaved surface only in a single point, 
and stabilizing the contact with Ag paste (RS Components) so that the 
measured conductance results from the parallel of several nanoscopic 
contacts. The differential conductance (𝑑𝐼∕𝑑𝑉 ) spectra of the con-
tacts were acquired by numerical differentiation of the 𝐼−𝑉  (current–
voltage) characteristic measured in the pseudo-four-probe configura-
tion [51,52].

2.4. Scanning tunneling spectroscopy

The STS measurements were performed in a home-made low tem-
perature STM setup, which was installed on the cold plate of a 3He Cry-
omagnetics Inc system enabling measurements at temperatures down to 
0.3K and magnetic fields up to 8T. The STM head allows all types of 
STM measurements and on multiple samples during one cooling. For 
the measurements we used an Au needle, which was formed by con-
trolled collision on a massive piece of Au placed on the sample holder. 
The tunneling conductance spectra 𝑑𝐼∕𝑑𝑉  were calculated by numeri-
cal differentiation from the 𝐼−𝑉  curves. Prior to the experiments, the 
sample surfaces were cleaved by exfoliation and subsequently mounted 
into the STM head at ambient conditions over a period of about 20min.

3. Results

3.1. Sample synthesis

Our magneto-transport and point-contact spectroscopy measure-
ments were carried out on TiSe2 single crystals which were intercalated 
with H atoms via the ionic liquid gating method [30,53]. As illus-
trated in Fig.  1a, the intense electric field at the voltage-polarized 
electrolyte/TiSe2 interface dissociates the water molecules absorbed in 
the ionic liquid and injects the H+ ions in the van der Waals gap of 
the layered crystal [54,55], while the gating time is used as a knob 
to control the amount of non-volatile H incorporation (Methods). Fig. 
1b displays the resulting effects on the temperature (𝑇 ) dependence 
of the in-plane resistivity, 𝜌(𝑇 ). Namely, H doping strongly suppresses 
the resistivity anomaly around ∼160K typical of undoped TiSe2 crystals 
(solid brown line), which occurs as CDW order partially gaps the Fermi 
surface [25,27,28]; It also induces a more conventional metallic behav-
ior in H𝑥TiSe2 (solid blue line) and the development of a SC transition 
below 4K. These effects are accompanied by electron doping which 
removes the CDW-driven sign change in the Hall coefficient around 
∼215K [17,21,29,30]. Despite the loss of these transport anomalies, 
residual CDW ordering persists in the H-doped crystals as evidenced by 
the strong 𝑇 -dependence of the Hall density 𝑛H [30] and the peculiar 
dynamics of the 1H nuclear magnetic moments [38]. Additional details 
can be found in Ref. [30], which established gate-driven protonation 
to be a reliable tool to control the ground state and induce SC in 
1𝑇 -TiSe2. In the following, we will focus on H𝑥TiSe2 crystals with 
𝑥 ≈ 2 (i.e., the maximum attainable H doping [30]) and 𝑛H(4.2K) ≈
5×1020 cm−3 (Supplementary Note 1); from a structural standpoint, X-
ray diffraction indicates that, at this doping level, H𝑥TiSe2 crystals 
retain the 1𝑇  structure, but display a 0.9% increment in the unit 
cell volume with respect to the undoped material and a pronounced 
increase in structural disorder [30].
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Fig. 1. Gate-driven H intercalation and superconductivity in TiSe2. a, Schematic depiction of the experimental setup used in the gate-driven H intercalation 
process. The voltage 𝑉

G
 applied between the Pt gate electrode and the TiSe2 crystal splits the water molecules absorbed by the EMIM-BF4 ionic liquid and drives 

the H+ ions inside the TiSe2 structure. b, Resistivity 𝜌 vs temperature 𝑇  in pristine and H-intercalated TiSe2 at zero magnetic field. c, 𝜌(𝑇 ) curves of H-intercalated 
TiSe2 across the SC transition for increasing perpendicular magnetic fields 𝐵. d, same as c plotted in semilogarithmic scale against 𝑇 −1. Dashed lines are linear 
fits to the data which highlight the TAFF scaling. Arrows indicate the temperatures 𝑇

a
 where a crossover to pinning-free vortex motion occurs. e, 𝜌(𝑇 ) curve at 

𝐵 = 0.25T with three characteristic 𝑇  scales explicitly indicated: The zero-resistance state temperature 𝑇zrs, the mean-field critical temperature 𝑇mf
c , and the onset 

temperature 𝑇on. The error bar represents the uncertainty on 𝑇on due to the experimental resolution on the condition 𝑑𝜌∕𝑑𝑇 = 0. The dashed line is a linear fit 
to the data in the flux-flow regime. The normal-state 𝜌(𝑇 ) curve at 𝐵 = 1T is also reported. f, 𝐵 dependence of the activation barrier for vortex motion 𝑈 in 
semilogarithmic scale, obtained from the slope of the linear fits shown in d. The corresponding statistical uncertainties are reported as error bars. The dashed 
line is a linear fit to the data.
3.2. Magneto-transport

We first focus on the response of the SC resistive transition of 
H𝑥TiSe2 to the application of magnetic fields 𝐵 perpendicular to the 
𝑎𝑏 planes of the crystal. Fig.  1c shows 𝜌(𝑇 ) normalized to its value at 
5K, for zero and finite 𝐵 in linear scale. When 𝐵 = 0, the resistive 
transition reaches its midpoint – i.e., the 𝑇  where 𝜌(𝑇 ) becomes half of 
its normal-state value – at 3.53K, and drops below the noise level at 
𝑇zrs = 2.9±0.2K, entering the zero-resistance state (ZRS). On increasing 
𝐵, the resistive transitions are shifted to lower 𝑇  and progressively 
broadened, likely owing to thermal phase fluctuations promoted by 
the inhomogeneous and quasi-2D character of the system [56,57]; nev-
ertheless, a well-defined ZRS persists up to 𝐵 = 0.25T, whereas at 
higher fields dissipation is observed even at the lowest 𝑇  accessible 
in our setup (0.3K). The normal-state 𝜌(𝑇 ) curve, attained at 𝐵 = 1T, 
displays a slight upturn: its insensitivity to the applied 𝐵 suggests that 
it cannot be ascribed to weak localization [58] or Kondo effect [59], but 
rather to the electronic correlations [60,61] arising from the localized 
Ti 𝑑 orbitals [62,63]. As highlighted by the dashed lines in Fig.  1d, 
which plots 𝜌(𝑇 )∕𝜌(5K) in semilogarithmic scale as a function of 𝑇 −1, 
the dissipative regime can be well-described in terms of thermally-
activated flux flow (TAFF) of vortices, 𝜌(𝐵, 𝑇 ) = 𝜌0 exp

[

−𝑈 (𝐵)∕𝑘B𝑇
]

, 
where 𝑈 (𝐵) is the potential barrier to vortex motion created by the 
pinning centers [64]. With respect to our earlier findings in the same 
system [30], however, the lower temperatures investigated here allow 
us to observe a range of 𝑇  and 𝐵 where 𝜌(𝑇 ) remains larger than 
predicted by the TAFF model, and we define 𝑇a(𝐵) as the onset of this 
departure.
3 
An accurate determination of the 𝐵 − 𝑇  phase diagram of layered 
superconductors also requires an estimation of the 𝑇 -dependence of the 
magnetic field of SC onset, 𝐵on(𝑇 ), and of the mean-field upper critical 
field, 𝐵mf

c2 (𝑇 ). The 𝐵on(𝑇 ) curve can be constructed by determining 
the crossing points between the 𝜌(𝐵) isotherms obtained by matrix 
inversion of the 𝜌(𝑇 ) curves [67,68] (see Supplementary Note 2) or, 
equivalently, by plotting the field dependence of the onset critical 
temperature, 𝑇on(𝐵), defined as the value of 𝑇  at which, for any given 
field 𝐵, 𝑑𝜌∕𝑑𝑇 = 0 [56]. The 𝐵mf

c2 (𝑇 ) curve is especially necessary for 
a proper understanding of the vortex state and for the assessment of 
the gap symmetry. In 2D and highly-anisotropic superconductors, the 
SC transition is often smeared by thermal fluctuations and inhomo-
geneities, which in turn make commonly-used criteria (such as taking 
the point where the resistivity is 90% of the normal-state one) unre-
liable [56,69]. Therefore, we adopted the approach by Berghuis and 
Kes [65] and linearly extrapolated the resistivity in the flux-flow regime 
to the normal state. Doing so on the 𝜌(𝐵) isotherms (as exemplified in 
Supplementary Note 2) directly gives the 𝐵mf

c2 (𝑇 ) curve, while using the 
𝜌(𝑇 ) curves at fixed 𝐵 (as shown Fig.  1e for 𝐵 = 0.25T) provides the 
𝑇mf
c (𝐵) curve.
Fig.  2 displays the resulting comprehensive 𝐵−𝑇  phase diagram, 

which comprises different regions bounded by the zero-resistance curve 
(𝑇zrs(𝐵), green diamonds), the mean-field critical curve (𝑇mf

c (𝐵) and 
𝐵mf
c2 (𝑇 ), filled and hollow blue circles), and the two crossover curves 

associated with the SC onset (𝑇on(𝐵) and 𝐵on(𝑇 ), filled and hollow red 
pentagons) and the departure from TAFF vortex motion (𝑇a(𝐵), orange 
triangles) respectively. Both 𝑇on(𝐵) and 𝐵on(𝑇 ) lie well above the mean-
field curve, indicating that a large region exists between the onset of 
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Fig. 2. Magnetic field-temperature (𝐵−𝑇 ) phase diagram of H-intercalated 
TiSe2 determined from the magneto-transport measurements. 𝑇zrs (green di-
amonds) are the temperatures below which zero resistance is observed. 𝑇a
(orange triangles) mark the boundary for the dissipative state due to pinning-
free vortex motion. 𝑇on and 𝐵on (filled and open red pentagons) show the SC 
onset as defined by 𝑑𝜌∕𝑑𝑇 = 0 and the crossing points of the 𝜌(𝐵) isotherms, 
respectively. 𝑇mf

c  and 𝐵mf
c2  (filled and open blue circles) represent the mean-

field upper critical field determined by linear extrapolation to the normal state 
of the 𝜌(𝑇 ) and 𝜌(𝐵) curves, respectively [65]. Error bars are the resolution 
on the definitions due to the experimental noise level. The black dashed 
line shows the expected mean-field line according to the one-band Ginzburg–
Landau model [66]. The truly dissipationless SC state is observed for 𝑇 ≤ 𝑇zrs
(green region). Dissipation develops due to thermal creep at moderate 𝐵 below 
the mean-field line (blue region) and free vortex motion at large 𝐵 where the 
pinning potential is suppressed at low 𝑇  (orange region). Inhomogeneity and 
amplitude fluctuations dominate between the mean-field line and the SC onset 
(red region).

SC fluctuations and the actual mean-field transition – as commonly 
observed in quasi-2D superconductors. The interval between the onset 
field and the mean-field one increases as 𝑇  is reduced, which is not 
expected for pure thermal fluctuations of the order parameter ampli-
tude [69,70] and indicates an important role played by an underlying 
mesoscopic inhomogeneity [57,71,72], possibly assisted by quantum 
fluctuations as 𝐵 is increased [56]. The region between the mean-field 
line and the ZRS line is instead dominated by collective flux creep 
(thermal phase fluctuations) [64]: This is evidenced by the fact that 
the 𝐵 dependence of the activation barrier for vortex motion scales as 
𝑈 (𝐵) = 𝑈0 ln (𝐵0∕𝐵) (as shown in Fig.  1f) with 𝑈0 = 53 ± 2meV and 
𝐵0 = 0.48 ± 0.06T, comparable to earlier reports in both ion-gated [57] 
and H-doped [30] TiSe2. Thermal creep therefore breaks down when 
𝑈 (𝐵) → 0 for 𝐵 ≳ 𝐵0, which indeed corresponds to the pocket below the 
𝑇
a
(𝐵) curve: This implies that the pinning potential effectively vanishes 

at high 𝐵, leading to a pinning-free motion of vortices which we ascribe 
to a combination of finite excitation current, high-frequency noise, and 
quantum fluctuations [73].

Finally, we focus on the mean-field critical curve. As already ob-
served [56], the mean-field critical temperature 𝑇mf

c  is close to the 
midpoint of the resistive transition in 𝜌(𝐵) when 𝐵 → 0 but, on increas-
ing 𝐵, it approaches the value of 𝑇  where 𝜌 is 95% of the normal-state 
value. Moreover, the mean-field line retains an upward curvature in the 
whole 𝑇  range, exactly as the onset curve. This behavior is at odds with 
what observed in gated ZrNCl [56] where the SC onset curve displayed 
4 
a low-𝑇  upturn, but the mean-field curve exhibited a clear down-
ward curvature, compatible with the Wertharmer–Helfand–Hohenberg 
(WHH) theory. Incidentally, this means that, in our system, the upward 
curvature of the SC onset line is not (only) due to the effects of 
inhomogeneities and fluctuations as in ZrNCl, but reflects an intrinsic 
property of the material which already shows up in the 𝑇  dependence 
of 𝐵mf

c2 . For 𝑇 < 𝑇c∕2 such a 𝑇  dependence is clearly incompatible with 
both the WHH theory and the standard one-band Ginzburg–Landau 
dependence 𝐵c2 ∝ (1 − 𝑡2)∕(1 + 𝑡2), where 𝑡 = 𝑇 ∕𝑇c [66] (black dashed 
line in Fig.  2). Conversely, positive curvatures in 𝐵c2(𝑇 ) are usually a 
hallmark of superconductors where at least two effective SC gaps open 
on the Fermi surface [74–76].

3.3. Point-contact Andreev-reflection spectroscopy

We directly investigated the SC gap structure in our H𝑥TiSe2 crys-
tals by means of directional PCARS measurements [50,77] that we 
performed by means of the so-called soft technique (Methods). The 
direction of (main) current injection was controlled by making the 
point contacts either on the top surface (c-axis contacts) or the side (ab-
plane contacts) of the platelet-like crystals. In both cases, we obtained 
conductance curves with spectroscopic signals only when the contacts 
where made immediately after cleaving (c axis) or breaking/cutting (ab
plane) the crystals to minimize the exposure of the probed surfaces to 
air and moisture.

Fig.  3 shows two representative examples of differential conduc-
tance spectra (𝑑𝐼∕𝑑𝑉  vs 𝑉 ) of 𝑎𝑏-plane point contacts (panels a,b) 
and 𝑐-axis point contacts (panels c,d). All the spectra were acquired at 
about 0.3K and in zero magnetic field. The resistance of the contacts 
that allowed the detection of good spectroscopic signals is significantly 
different for the two directions, being much larger for 𝑎𝑏-plane contacts 
(𝑅N ≳ 500Ω) than for 𝑐-axis ones (𝑅N ≃ 10Ω). All the spectra display 
zero-bias dips that are suggestive of nodeless SC gaps; in no cases 
we obtained the zero-bias peaks or cusps that are typical of nodal 
gaps or even gaps with zeros [50,52]. The two low-energy conductance 
maxima (indicated by green arrows) can definitely be associated to a 
SC gap, but these are not the only feature of the curves. Indeed, they 
all show additional structures, in the form of smooth shoulders or kinks 
(indicated by purple arrows) which can be interpreted as the hallmark 
of another gap. Similar structures were indeed often found in multigap 
superconductors like MgB2 [78,79] and iron-based compounds [51,52,
80]. It can be clearly seen that these features occur approximately at 
the same energy irrespective of the direction of current injection and 
of the contact resistance, which indicates their intrinsic nature.

Additional structures, indicated by red arrows, can also be iden-
tified. In the case of 𝑐-axis contacts, the shape of these structures 
allows identifying them with the typical ‘‘dips’’ that arise when the 
contact is not in the purely ballistic regime and are observed when the 
current density in the contact becomes overcritical, locally driving the 
superconductor in the resistive state [50,81,82]. In 𝑎𝑏-plane contacts 
these dips are much weaker and occur at higher bias voltages, as 
expected due to the much larger resistance of the contacts; in Fig.  3a 
they even fall outside the voltage range.

Fig.  3e and f show the 𝑇  dependence of the conductance curves 
in Fig.  3b and d. In either case, increasing 𝑇  makes the amplitude 
of the Andreev signal decrease, while the two conductance maxima 
progressively shift to lower bias and then merge in a single hump at 
zero bias, as expected for gap amplitudes that decrease upon heat-
ing. The normal state is achieved when any trace of the low-energy 
conductance enhancement due to Andreev reflection disappears and 
subsequent curves collapse on a featureless spectrum. In both cases, 
a 𝑇 -dependent downward shift of the high-energy tails of the curves 
can also be seen. This is due to the onset of the so-called spreading 
resistance [81,83,84], i.e. the resistance of the bulk of the crystal, that 
acts as an additional resistance in series to the contact in the proximity 



E. Piatti et al. Materials Today Physics 59 (2025) 101883 
Fig. 3. Directional PCARS measurements in H𝑥TiSe2. a-d, Examples of symmetrized differential conductance curves (𝑑𝐼∕𝑑𝑉  vs. 𝑉 ) measured in 𝑎𝑏-plane (a,b) 
and 𝑐-axis (c,d) contacts. Normal-state resistance 𝑅

N
 and temperature 𝑇  are indicated in the labels. Green, violed and red arrows highlight the spectral features 

associated to the small gap 𝛥1, large gap 𝛥2, and critical current ‘‘dips’’. e,f, 𝑇  dependence of the 𝑑𝐼∕𝑑𝑉  spectra displayed in panels b,d. g, Same curves of panel
e after normalization (symbols) and the best-fitting curves (line) according to the two-band BTK model. h, 𝑇  dependence of 𝛥1 (purple circles) and 𝛥2 (green 
circles) extracted from the fits in panel g. Dashed lines are functions of the form 𝛥𝑖(𝑇 ) = 𝛥𝑖(0) tanh

(

1.74
√

𝑇 A
c
∕𝑇 − 1

)

. i,l, Same as g,h for the curves of panel f.
of the resistive transition measured by transport (see Fig.  1c), as already 
pointed out elsewhere [52,85].

The fit of the curves in Fig.  3e and f is reported in Fig.  3g and 
i. The raw conductance spectra were symmetrized and normalized, 
i.e. divided by the normal-state conductance curve measured just above 
𝑇c and suitably corrected to get rid of the contribution of the spreading 
resistance [52,85]. The resulting experimental spectra were then fitted 
by using a 2D version [86,87] of the Blonder-Tinkham-Klapwijk (BTK) 
model [88] further generalized to the case of two isotropic (𝑠-wave) 
energy gaps [50,78]. The model includes the gap amplitudes 𝛥𝑖, the 
broadening factors 𝛤𝑖, the interface barrier heights 𝑍𝑖 and the spectral 
weights of the two gaps 𝑤𝑖 (bounded by 𝑤1+𝑤2 = 1) as free parameters, 
which can be univocally set thanks to the different effect that each 
parameter plays in the shape of the curve [50,80]. We first tried to fit 
the curves with a single anisotropic gap, but we found that this model 
is unable to reproduce the shape of the spectra, especially in 𝑐-axis 
contacts (see Supplementary Note 3). As clearly seen in Fig.  3g and i, 
the two-gap model is instead able to grasp most of the features of the 
spectra, apart from those associated with the dips, which would require 
a more complicated model [81] as shown in Supplementary Note 4. The 
amplitude of the gaps is actually unaffected by whether we include the 
dip or not in the fit, which is a good check of internal consistency. 
The curves could be fitted only up to temperatures slightly above 2K, 
because (as seen in Fig.  3e,f) above this value of 𝑇  the spreading 
resistance starts to play a dominant role and the spectra, while be-
ing shifted downwards, are also stretched horizontally [81,83,84] pre-
venting any spectroscopically-meaningful extraction of energy-resolved 
information.

The 𝑇  dependence of the gap amplitudes, obtained through an 
automatic least-square procedure, are shown in Fig.  3h and l, whereas 
the 𝛤  and 𝑍 parameters are summarized in Supplementary Note 5. 
The smaller gap 𝛥1 decreases on increasing temperature, approximately 
following a BCS-like 𝛥(𝑇 ) curve 𝛥 (𝑇 ) = 𝛥 (0) tanh

(

1.74
√

𝑇A∕𝑇 − 1
)

𝑖 𝑖 c
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(dashed purple line) – even though, instead of saturating at low temper-
ature, below approximately 0.7K it displays a linear behavior similar to 
that already observed in 1H -NbSe2 by STS [89] and in RbCa2Fe4As4F2
by soft PCARS [52]. Surprisingly, the gap tends to zero well before the 
𝑇mf
c  measured by transport, i.e. at 𝑇A

c ≈ 2.2K in Fig.  3h and 2.6K 
in Fig.  3l. This latter feature is common to all the contacts we made, 
irrespective of the direction of current injection, of the value of 𝑅

N
 and 

of the region of the crystal where the contact was made. Rather, these 
values are closer to the lower bound of the estimate for 𝑇zrs, indicating 
a close link between 𝑇A

c  and the onset of TAFF. Notably, 𝑇 ≈ 2K is also 
the temperature at which the superfluid density of H𝑥TiSe2 vanished 
in muon-spin rotation measurements [30], which suggests that this 
suppression in 𝑇A

c  is not a surface effect but rather a bulk property 
of the material related to vanishing superfluid stiffness. The absolute 
values of 𝛥1 are rather similar in the two directions, which excludes 
a large in-plane vs out-of-plane anisotropy of the order parameter. As 
for the larger gap 𝛥2, it turns out to have a similar amplitude in 𝑐-
axis and 𝑎𝑏-plane contacts, always closes at the same 𝑇  as 𝛥1, and its 
𝑇  dependence is fairly similar to a BCS-like one, except for a weak 
maximum at low 𝑇  and some deviations at higher 𝑇  (where, actually, 
the large gap features are very weak and not well resolved). Concerning 
the gap spectral weights, we find 𝑤1 ≈ 0.9 for 𝑐 axis contacts and ≈ 0.4
for 𝑎𝑏 plane contacts. Such directional anisotropy is typically expected 
in superconductors where the Fermi surface cannot be described by a 
simple sphere [50,80].

3.4. Scanning tunneling spectroscopy

To further assess the reliability of the PCARS results, we also car-
ried out spectroscopic measurements in the pure tunneling regime, by 
using a scanning tunnel microscope (STM, see Methods). Even though 
the crystals were cleaved just before inserting them in the STM, a 
residual surface oxidation was detected, preventing the acquisition of 
conductance maps in STS mode. However, the home-built STM we used 
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Fig. 4. Tunneling spectroscopy measurements in H𝑥TiSe2. a, Example of an 
as-measured current–voltage (𝐼 − 𝑉 ) curve measured by biasing the sharp Au 
tip. b, Color plot of typical normalized STM tunneling spectra (𝑑𝐼∕𝑑𝑉  vs. 
𝑉 ) measured at different temperatures 𝑇  in zero magnetic field. c, Selected 
spectra from panel b (symbols) and best-fitting curves (lines) according to the 
two-band BTK model. d, 𝑇  dependence of the superconducting gaps (symbols) 
extracted from the fits in panel c. Dashed lines are functions of the form 
𝛥𝑖(𝑇 ) = 𝛥𝑖(0) tanh

(

1.74
√

𝑇 A
c ∕𝑇 − 1

)

.

also allows pushing the sharp Au tip of the microscope against the 
sample surface, thus piercing the damaged surface layer. After slightly 
retracting the tip, tunnel junctions with resistance of the order of 106 Ω
were obtained on single locations of the sample, whose 𝐼−𝑉  curves 
sometimes display an almost ideal tunnel behavior, as shown in Fig. 
4a.

The differential conductance curves, 𝑑𝐼∕𝑑𝑉 (𝑉 ), were obtained by 
numerical derivation from the 𝐼−𝑉  curves, and then normalized by a 
linear background that fits their high-voltage tails (i.e. in a 1mV-wide 
region around ±2.5mV). Some examples of low-𝑇  normalized spectra 
are displayed in Supplementary Note 6. Fig.  4b shows instead the 𝑇
dependence, up to 2K, of the normalized (and symmetrized) differen-
tial conductance curves of one of the best junctions. The spectroscopic 
signal is very good and the SC gap is clearly visible. Again, in perfect 
agreement with the results of PCARS, the gap closes around 2K.

A single-band Dynes fit is actually unable to fit the curves in an 
accurate way (Supplementary Note 7). We thus analyzed the same STS 
spectra by following the identical procedure we used for the PCARS 
ones, i.e. we fitted the symmetrized normalized conductance curves at 
various 𝑇  by using the two-gap, 2D model for Andreev reflection at a S-
I-N junction [50,78]. Fig.  4c shows that the result of the fit is very good 
at almost all temperatures up to 2K. At the lowest 𝑇 , the fitting function 
is able to reproduce the position and shape of the coherence peaks as 
well as the shape of the spectra at higher energies, but not the depth of 
the zero-bias dip. As a matter of fact, the low-bias shape of the tunnel 
curves display a change in slope that may suggest either a smaller gap
inside the coherence peaks, or a broad distribution of gap amplitudes. 
The discrepancy is washed out by thermal broadening, so that at 1.10K 
6 
the fit is almost perfectly superimposed to the experimental curve. The 
gap amplitudes extracted from the fit of the 𝑇 -dependent tunnel curves 
are shown in Fig.  4d. The large gap 𝛥2 follows rather well a BCS-
like 𝑇  dependence (green dashed line) in the whole 𝑇  range, whereas 
the small gap 𝛥1 rather displays an almost linear trend that is poorly 
represented by a standard BCS-like curve. In particular, if the 𝛥1(𝑇 )
behavior close to 𝑇c is thought to agree with a BCS-like curve (purple 
dashed line), as it happens in the case of PCARS data (see Fig.  3h,l), 
then the upward linear deviation on cooling starts already at 1.4K. 
The weight of the small gap is here found to be 𝑤1 ≈ 0.8, in reasonable 
agreement with the PCARS value obtained in 𝑐 axis contacts – although 
it must be noted that the weights do not have equivalent definitions in 
the Andreev and tunneling regimes [50,80].

4. Discussion

Both PCARS and tunneling spectroscopy measurements evidence the 
two-gap nature of the SC state of H𝑥TiSe2. A summary of the low-𝑇
gap amplitudes obtained by PCARS and tunnel spectroscopy is shown 
in Fig.  5a. It is clearly seen that the gap amplitudes are spread within 
two well-separate energy ranges, highlighted by shaded bands, and are 
mostly independent of 𝑅N, supporting the fact that the contacts are in 
the spectroscopic regime (at least at low 𝑇 ). Using the midpoint and 
half-width of these ranges as the experimental mean value and un-
certainty of the gap amplitudes, one can extract ⟨𝛥1⟩=0.26± 0.12meV 
and ⟨𝛥2⟩=0.62± 0.18meV. The large spread suggests that there exists 
a spatial modulation of the gap amplitudes, and raises the question of 
whether the two gaps observed by tunnel and point-contact spectro-
scopies might simply originate from the intermixing of two spatially 
separate single-gap superconducting phases with different H doping 
and distinct energy gaps. This possibility can actually be excluded on 
the basis of several experimental evidences: (i) in each spectrum the 
two gaps close at the same temperature; (ii) one of them is systemati-
cally larger, and the other smaller, than the BCS value for a single-gap 
superconductor (see Figs.  3h and 3l), as it always happens in multi-gap 
superconductors [50,80]; (iii) the weight of the large-gap and small-
gap contributions is almost the same in all the spectra, that were taken 
in different parts of the crystal. If the two gaps were due to different 
phases, one would expect a random, contact-dependent percentage of 
one phase or the other, which is not the case; (iv) tunnel spectroscopy is 
a local probe at atomic scale, and the measured spectra display features 
associated to both the gaps, clearly indicating that these exist in the 
same location.

Therefore, the more reasonable conclusion is that superconductivity 
in this compound has an intrinsic and local multi-gap nature. This said, 
it is still possible that the spatial inhomogeneity of the H content gives 
rise to a spatial modulation of the two gaps. In particular, soft PCARS 
probes a micrometric region of the sample and, if different spatially 
separate two-gap superconducting phases are intermixed, it may well 
collect signals coming from each of them. This can result in a smearing 
of the conductance peaks, which we cannot exclude (it is actually a 
reasonable source of the gap uncertainty). The difference in the gap 
amplitudes and 𝑇c obtained from different contacts can be explained as 
well within this picture.

In Fig.  5b we plot the 𝑇  dependence of the mean gap amplitudes 
(symbols), which we obtained by averaging the values determined from 
the BTK fits to the 𝑑𝐼∕𝑑𝑉  spectra of all measured PCARS and STS 
contacts at each normalized temperature 𝑇 ∕𝑇c. The average amplitudes 
of the large and small gap close at the same 𝑇c and display BCS-
like and quasi-linear 𝑇  dependencies respectively – already observed 
in the spectra of individual contacts – which could explain the lack 
of saturation at low 𝑇  detected in the superfluid density by muon 
spin rotation measurements [30]. All of these features can be fully 
captured by the theories for two-gap superconductivity, as confirmed 
by the excellent agreement between our data and the fits (solid and 
dashed lines, respectively) to both the Suhl-Matthias-Walker (SMW) 
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Fig. 5. Two-gap superconductivity in H𝑥TiSe2. a, Energy gaps measured by PCARS (filled symbols) and STS (hollow symbols) as a function of the contact 
resistance 𝑅

N
. Error bars are the spread of gap values obtained by using different normalization choices in the fitting procedure (Methods). b, Energy gaps as 

a function of normalized temperature (𝑇 ∕𝑇c). Symbols are the mean values obtained by averaging the data measured on all contacts at each 𝑇 . Error bars are 
the corresponding spread between the different measurements. Solid and dashed lines are the fits with the SMW[90] and Eliashberg [91–93] two-band models.
c, Upper critical field 𝐵c2 as a function of 𝑇 ∕𝑇c. Symbols are the mean-field data shown in Fig.  2. Lines are fits to the one-band Ginzburg–Landau model [66] 
(solid gray line), the two-band Gurevich model [74–76] (solid black line) and the two-band Eliashberg model [94,95] (dashed black line). Inset shows 𝐵c2 vs. 
𝑇 ∕𝑇c for Cu𝑥TiSe2 (grey squares, Ref. [25]) and ion-gated TiSe2 (red circles, Ref. [27]) and the corresponding fits (solid lines) to the one-band Ginzburg–Landau 
model [66].
Table 1
Electron–phonon coupling matrix elements 𝜆ij, density of states ratio 𝜈12, total 
effective coupling constant 𝜆eff , diffusivity ratio 𝜂21, and zero-temperature 
upper critical field 𝐵c2(0) calculated either with the weak-coupling SMW-
Gurevich model or the strong-coupling Eliashberg model.
 𝜆11 𝜆22 𝜆21 𝜈21 𝜆eff 𝜂21 𝐵c2(0) 
 SMW + Gurevich 0.14 0.22 0.06 0.48 0.34 12.4 0.79T 
 Eliashberg 0.24 0.41 0.07 0.48 0.34 10.5 0.69T 

model based on two-band BCS theory [90] (Supplementary Note 8) and 
a more general model based on two-band Eliashberg theory [91–93] 
(Supplementary Note 9). The models allow determining the electron–
phonon coupling matrix 

(

𝜆11 𝜆21𝜈21
𝜆21 𝜆22

)

 where 𝜈21 = 𝑁2(0)∕𝑁1(0) is 
the ratio between the density of states at the Fermi level in the two 
bands. As summarized in Table  1, both models best fit the experimental 
data when: (i) the maximum coupling is the intraband term in the band 
associated to the large gap; (ii) a finite and non-negligible interband 
coupling is present; (iii) the density of states in the band associated to 
the large gap is nearly half that of the small gap. The individual values 
of the coupling constants cannot be directly compared between the 
two models since their definitions are not entirely equivalent; however, 
both models concur in finding a total effective coupling constant 𝜆eff =
0.34, indicating a marginal weak-coupling character for this compound.

The two-band models are able not only to account for the non-BCS, 
quasi-linear 𝑇  dependence of the small gap, but also to reproduce the 
anomalous positive curvature of the 𝑇  dependence of the upper critical 
field. As displayed in Fig.  5c, both the Gurevich model based on two-
band BCS theory [74–76] (solid black line; see Supplementary Note 10) 
and the model based on two-band Eliashberg theory [94,95] (black 
dashed line; see Supplementary Note 11) are well matched with the 𝐵mf

c2
data obtained from the magnetotransport measurements in the entire 
𝑇  range. Notably, this excellent agreement is obtained by using the 
same coupling parameters that allowed reproducing the 𝑇  dependence 
of the gaps in the weak- and strong-coupling models respectively, and 
both models find comparable values for 𝐵

c2
(0) and for 𝜂21 = 𝐷2∕𝐷1, 

the ratio between the diffusivities in the two bands. These findings 
set the hydrogen-induced SC state firmly apart from those induced in 
TiSe2 by either electric field-driven charge doping [57] and Cu inter-
calation [25], where the 𝑇  dependences of 𝐵  (red and black symbols 
c2
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in the inset to Fig.  5c respectively) display the conventional negative 
curvature commonly observed in superconductors with a single gap, 
and are well reproduced by the one-band Ginzburg–Landau model 
(solid lines).

Finally, we discuss possible origins for the two-gap SC state ob-
served in TiSe2 upon H intercalation but not upon other kinds of 
electron doping. At low 𝑇  (and ambient pressure), the Fermi surface of 
undoped TiSe2 is composed of six equivalent electron pockets located 
at the L points of the first Brillouin Zone and can thus be described by 
a single band [21,96]. Moderate electron doping levels, such as those 
corresponding to the SC phase induced by Cu intercalation, shift the 
Fermi level to higher energies but do not appreciably alter the band 
structure [30,97]. Conversely, the application of external pressure to 
TiSe2 induces a SC phase in correspondence with an abrupt change in 
the Fermi surface topology (known as a Lifshitz transition) with the 
appearance of large additional hole pockets around the 𝛤  point [37]. 
This makes the Fermi surface of pressurized TiSe2 multi-band, with a 
comparable topology to that of Nb-based SC TMDs (NbS2, NbSe2) [41–
47]. Since no sign of charge compensation due to hole pockets was 
observed in the Hall effect of H𝑥TiSe2 [30], the most straightforward 
interpretation for our results would therefore be that H doping induces 
a Lifshitz transition in TiSe2 to a Fermi surface composed of multiple 
inequivalent electron pockets – similar to the behavior displayed by 
electron-doped Mo- and W-based semiconducting TMDs (MoS2, WS2, 
MoSe2, WSe2) [76,98–100]. This simple interpretation is however at 
odds with the electronic band structure determined for H𝑥TiSe2 via ab 
initio calculations, which predict that a single band crosses the Fermi 
level in the compound [30].

An alternative scenario is that the two-gap behavior of H𝑥TiSe2
emerges from an extremely anisotropic distribution of the SC gap 
function in reciprocal space that is not correlated to the topology of 
the Fermi surface. In this picture, the two-gap model approximates 
the actual distribution of the SC gap with a function that takes two 
distinct constant values over different regions of the Fermi surface. 
Indeed, such a scenario was recently proposed to be responsible for the 
multi-gap properties of 2𝐻-NbSe2 [40], distinguishing it from the more 
conventional two-band behavior of the isostructural compound 2𝐻-
NbS2 [39]. In TiSe2, ab initio calculations showed that H intercalation 
leads to the filling of highly-coupled states with Ti 𝑑𝑧2  orbital charac-
ter (not accessible with other types of electron doping) and to their 
hybridization with H-derived orbitals which partially screen phonon 
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perturbations, further enhancing their electron–phonon coupling [30]. 
Since the contribution of the Ti 𝑑𝑧2  states to the band structure is highly 
localized along the Γ–A line, we expect that this profound alteration 
of the orbital character of the electronic states at the Fermi level 
may act as an efficient source of gap anisotropy. In this picture, the 
effective two-gap behavior of H𝑥TiSe2 would not be supported by a 
multi-band electronic structure, but rather a multi-orbital one enabled 
by the peculiar effects of H intercalation. Distinguishing between the 
different scenarios will require a direct probe of the Fermi surface, 
making measurements such as quantum oscillations or angle-resolved 
photoemission spectroscopy highly desirable in this compound.

5. Conclusions

In summary, we have investigated the structure of the superconduct-
ing order parameter in H-intercalated TiSe2 by combining three tech-
niques that independently probe the gap structure – magneto-transport, 
point-contact spectroscopy, and scanning tunneling spectroscopy mea-
surements – yielding concording results and revealing the existence of 
two nodeless gaps. The spread in the gap values determined in different 
contacts suggests that their amplitude may be spatially modulated, but 
the local nature of the tunneling probe excludes that the two gaps might 
simply originate from phase separation. Furthermore, both the temper-
ature dependence of gaps and of the upper critical magnetic field can 
be fitted extremely well by using BCS and Eliashberg models for two-
band superconductivity, yielding coupling constants, density of states 
and diffusivity ratios in very good agreement. A comparison with the 
Fermiology of the system on the basis of ab initio calculations suggests 
that the two-gap structure may emerge from a multi-orbital single-band 
electronic structure rather than a more conventional multi-band Fermi 
surface. These facts further establish the effectiveness of gate-driven 
H intercalation to synthesize novel superconducting compounds with 
properties unattainable with conventional doping techniques.
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