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ABSTRACT: Crystalline two-dimensional (2D) superconductors
(SCs) with low carrier density are an exciting new class of materials
in which electrostatic gating can tune superconductivity, electronic
interactions play a prominent role, and electrical transport properties
may directly reflect the topology of the Fermi surface. Here, we report
the dramatic enhancement of superconductivity with decreasing
thickness in semimetallic Td-MoTe2, with critical temperature (Tc)
increasing up to 7.6 K for monolayers, a 60-fold increase with respect
to the bulk Tc. We show that monolayers possess a similar electronic
structure and density of states (DOS) as the bulk, implying that
electronic interactions play a strong role in the enhanced super-
conductivity. Reflecting the low carrier density, the critical temper-
ature, magnetic field, and current density are all tunable by an applied gate voltage. The response to high in-plane magnetic fields is
distinct from that of other 2D SCs and reflects the canted spin texture of the electron pockets.
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In the 2D limit, superconductivity can differ strongly from
the bulk due to spatial confinement and increased

interactions and can be tuned electrostatically, opening up
new possibilities for device applications.1 2D superconductivity
has been extensively studied in metallic and metal-oxide films.
In these systems, disorder plays a strong role, and interaction
with the substrate or capping layers via strain or charge transfer
can strongly alter the superconducting behavior.1−3 Recently,
exfoliated 2D metallic superconductors (SCs) such as NbSe2

4

and TaS2,
5 as well as 2D semiconductors (e.g., MoS2) with

high induced carrier densities through ionic liquid gating,6

have provided new opportunities to study 2D superconduc-
tivity in crystalline systems with weak substrate interaction.
This has resulted in the observation of new phenomena, such
as enhanced upper critical fields from strong out-of-plane
spin−orbit coupling (SOC), enhanced Tc as one approaches
the monolayer limit,7 and the electrostatic control over the
dissipation of vortices.8 Very recently, superconductivity has
been discovered in twisted bilayer graphene (Tc = 2 K) and
monolayer Td-WTe2 (Tc = 700 mK), at low carrier densities
(<1013/cm2 induced by an electrostatic gate).9−11 The strong
carrier−carrier interactions and facile tuning by conventional
gates in this regime have generated intense interest, motivating
the search for additional low-density 2D SCs.
Here, we explore the superconducting properties of Td-

MoTe2 in the 2D limit. Bulk Td-MoTe2 is a type-II Weyl
semimetal12 with a carrier density of 6 × 1019 cm−3,13 and a Tc
of 120 mK, which can be enhanced by doping or applied

pressure.14,15 To date, no work has explored Td-MoTe2 in its
intrinsic 2D limit: few-layer films grown by chemical vapor
deposition (CVD) exhibit superconductivity with Tc up to 3 K
but are highly doped, with carrier densities of ∼3 × 1014/cm2,
and show no superconductivity for films thinner than 2
nm.16,17

In this study, we utilize high-quality single crystals
synthesized by a self-flux technique; recent studies indicate
that this high quality is maintained after mechanical
exfoliation.23 Thin flakes were exfoliated inside a nitrogen
glovebox and encapsulated in hexagonal boron nitride (hBN)
crystals to reduce environmental disorder and provide
protection from degradation in air.24 Hermetically sealed
electrical contacts were obtained by embedding metal
electrodes within the hBN25 or by encapsulating prepatterned
contacts (Section 2b in the Supporting Information). As we
detail below, this approach maintains intrinsic low carrier
density and allows us to access the clean limit, where the
normal-state mean free path exceeds the superconducting
coherence length.
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Monolayer Td-MoTe2 (1L-MoTe2) is isostructural to 1L-
WTe2 (Figure 1b). Previous studies have shown that bulk
crystals transition to the Td phase upon cooling below 240 K,26

whereas for thin samples the Td phase has been observed above
room temperature.27 We note that the T′ and Td phases differ
in interlayer stacking, but their monolayers are identical. Figure
1b shows the calculated electronic band structure, with one
hole pocket at the Γ point (carrier density n = 1.2 × 1013/cm2)
and two electron pockets (n = 0.6 × 1013/cm2) at either side of
the Γ point, denoted as ±Q. With a small out-of-plane electric
field, inversion symmetry is broken, and significant SOC
develops.28 For this reason, and in reasonable agreement with
our data as discussed below, the band structure was calculated
under the assumption of an applied, out-of-plane electric field
of 0.1 V/nm. With this SOC, the Γ pocket is nearly spin
degenerate, and the ±Q pockets exhibit a spin-splitting of ∼5
meV.
In both pockets, the spins are tilted rather than being

entirely locked along the out-of-plane direction as in the 2H-
phase, e.g., NbSe2. For the Γ pocket, the spin orientation
depends strongly on momentum orientation, while for the ±Q

pockets the spins are tilted in the toward the b-axis,
independent of the momentum (Figure 1c). However,
conclusive experimental confirmation of this band structure
is lacking. One report indicates a potential band gap in few-
layered Td-MoTe2,

29 while two recent angle-resolved photo-
emission spectroscopy (ARPES) studies on 1L-MoTe2 show
conflicting results: semimetallic behavior with large band
overlap for 1L-MoTe2 grown on graphene,30 and a weak
overlap with a potential gap opening for 1L-MoTe2 exfoliated
on gold.31 To this end, in this paper, we seek to shed light on
the electronic band structure of 1L-MoTe2 through magneto-
transport measurements.
Figure 2a shows the temperature-dependent resistivity for a

typical bulk crystal and samples composed of 1, 2, 3, and 6
layers. Bulk single crystals show metallic behavior with a
residual resistance ratio (RRR) as large as 2000, an
improvement of almost 2 orders of magnitude with respect
to recent reports,15 attesting to the high sample quality. Bulk
samples also show the expected T′−Td phase transition at 240
K, whereas the monolayer (1L), 2L, and 6L samples do not.
This is consistent with previous studies indicating that the Td

Figure 1. (a) Device schematic. (b) Crystal structure for 1L-MoTe2. Blue atoms depict Mo and red atoms Te. (c) Density-functional theory (DFT)
calculations for its electronic band structure. (d) Calculated spin texture, with the spin orientation indicated by arrows. Color scale indicates out-of-
plane direction.

Figure 2. (a, b) Normalized resistivity as a function of temperature T for various layer numbers. The vertical dashed line indicates Tc for bulk Td-
MoTe2. (c) Temperature dependence of Hc2

⊥ and Hc2
∥ for sample S2. Dashed lines are fits to GL theory. (d) Tc as a function of the inverse sample

thickness, 1/d, in Td-MoTe2, BSCCO,
18,19 α-FeSe,2 FeSe on STO,3 Sn,20 Al,21 Pb,22 2H-TaS2,

5 and 2H-NbSe2.
4

Nano Letters pubs.acs.org/NanoLett Letter

https://dx.doi.org/10.1021/acs.nanolett.0c04935
Nano Lett. 2021, 21, 2505−2511

2506

https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04935?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04935?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04935?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04935?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04935?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04935?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04935?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04935?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c04935?ref=pdf


phase persists to above room temperature27 in the few-layer
limit. In agreement with the calculated band structure, nearly
intrinsic, as we will show later, few-layer samples remain
metallic down to low temperature, ruling out the presence of a
band gap.32

The central result of this paper is shown in Figure 2b. Upon
cooling, 1L, 2L, and 3L Td-MoTe2 show a strong enhancement
of the Tc when compared to the bulk Tc. For the monolayer, an
onset Tc of 7.6 K is observed, almost 2 orders of magnitude
larger than the bulk Tc. In contrast, the 2L and 3L samples
exhibit a Tc of 2.5 and ∼0.5 K, respectively. The 6L sample
shows no superconducting behavior down to 20 mK (Figure
S4 in the Supporting Information).
Next, we characterize the superconducting phase diagram of

the monolayer under applied magnetic fields. Figure 2c shows
the measured perpendicular (Hc2

⊥ ) and parallel (Hc2
∥ ) critical

fields as a function of temperature relative to the ab-plane,
defined at 50% of the normal-state resistivity. Hc2

⊥ reaches 5 T
at 0 K and decreases linearly with increasing temperature,
consistent with the 2D Ginzburg−Landau (GL) equation for

fields out of the plane: μ = −
πξ

⊥ ΦH T T(1 / )0 c2 2 c
0

0
2 , where Φ0 is

the flux quantum, μ0 the permeability of free space, and ξ0 the
in-plane coherence length.33 A linear fit (solid line) yields ξ0 =

8.03 nm (8.1 nm for μ =
πξ

⊥ ΦH0 c2 2
0

0
2 at 250 mK), roughly one-

third of the bulk coherence length.34 This value is on the order
of the electronic mean free path, l ∼ 6 nm (Section 3 and
Table S1 of the Supporting Information). Therefore, whereas
recent studies on 1L-WTe2 were performed in the dirty limit
(ξ0 ≫ l),10,11 in this work we explore superconductivity in the
regime where the effects of spin−orbit scattering (SOS) on the
superconductivity can be ignored. At fields up to 20 T, Hc2

∥

follows a square root temperature dependence with a critical
field well beyond the Pauli limit (Hp = 1.84Tc = 14 T),
consistent with other 2D SCs characterized by strong SOC
such as NbSe2.

4

A number of factors indicate that these samples are close to
charge compensation (as depicted in Figure 1c), distinguishing
this study from previous reports of enhanced superconductivity
in CVD-grown few-layer MoTe2 at high (∼3 × 1014/cm2)
levels of defect-induced doping.16 The high RRR of the bulk
crystal indicates much lower defect density than in the CVD-
grown films. While it is possible that additional defects could
be introduced as a result of oxidation during processing, we
have found that devices assembled in an atmosphere with
greater than a few ppm of oxygen are not superconducting.
The normal-state resistivity shows a peak near zero back-gate

voltage (Figure 3a) and displays superlinear magnetoresistance
(Figure S5c in thSupporting Information), both of which are
consistent with charge compensation. Likewise, the small and
gate-tunable Hall coefficient (Figure S5b in the Supporting
Information) is consistent with charge compensation in a
semiclassical two-band model,35 whereas a single-band model
gives unphysically large carrier density and is inconsistent with
the observed gate-tuning. Additionally, we have observed
Shubnikov−de Haas (SdH) oscillations in 2L and 3L samples
which also indicate a carrier density of ∼2 × 1013/cm2 per
layer (Figure S6 in the Supporting Information). From these
observations, we conclude that 1L-MoTe2 shows a large
enhancement of Tc while maintaining a carrier density and
DOS to similar to those of the bulk.
In conventional SCs many factors tend to suppress

superconductivity in the 2D limit. GL theory predicts the
suppression of superconductivity for films with thicknesses
smaller than the bulk coherence length,36 as seen in other
crystalline 2D SCs (e.g., 2H-NbSe2

4 and few-layer FeSe on
bilayer graphene2). In addition, repulsive electron−electron
interactions, represented by the screened Coulomb pseudo-
potential μ* in Eliashberg theory, increase as materials
approach the 2D limit and lead to suppression of Tc by
decreasing the effective pairing interaction.37 Thus, the
suppression of superconductivity in 6L-MoTe2 represent the
expected result, whereas its enhancement in 1L, 2L, and 3L
samples is surprising. In fact, enhancement of Tc in the 2D
limit (without doping or other extrinsic factors) is extremely
rare, with a few prominent examples shown in Figure 2d. For
the most notable example, monolayer FeSe grown on
strontium titanate (STO),3,38 the mechanism for enhancement
is not yet understood but clearly requires strong substrate
interaction, since the opposite trend is observed for FeSe on
weakly interacting substrates.2 2H-TaS2 shows increasing Tc
for thicknesses below the coherence length,5 with 4-fold
enhancement in Tc for the monolayer.7 Potential mechanisms
include an increase in the DOS via suppression of a competing
charge-density wave,39 decreased interlayer coupling,5 and the
formation of a second superconducting band.7 As noted above,
the closest parallels to the present case are twisted bilayer
graphene and monolayer WTe2, which show superconductivity
not found in the bulk when carrier density is appropriately
tuned with an external gate.
The observed enhancement in Tc in 1L-MoTe2, which

occurs without substantial changes to carrier density or DOS,
does not seem to be consistent with phonon-mediated
superconductivity. No significant changes are observed in the

Figure 3. (a) Normal state resistance, ρxx, as a function of back-gate voltage, Vbg (H
⊥ = 10 T). Note that, from the thickness and dielectric constant

of hBN, the estimated induced carrier density is 0.5 × 1012/cm2 per applied volt. (b, c) Temperature and magnetic field dependence of ρxx for Vbg =
−11 to 15 V, respectively. All curves are vertically displaced by (b) 1 kΩ and (c) 2 kΩ for clarity. Diamond markers indicate Tc and Hc2

⊥ for ρxx =
50% of the normal state resistance, respectively.
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vibrational frequencies or the electron−phonon coupling
through Raman spectra40,41 and DFT calculations42 between
the bulk and monolayer limit. This enhancement must
therefore come from an increase in the pairing interaction.
There is already significant evidence that superconductivity in
bulk Td-MoTe2 is electronically mediated,34,43,44 and as
discussed above, μ* is expected to be largest for monolayers.
Hence, we postulate that the change in the Coulomb
interaction with dimensionality may account for the enhance-
ment in Tc via spin fluctuations, although more work is
necessary to conclusively establish the superconducting
mechanism.
Given the low carrier density of 1L-MoTe2, it is interesting

to examine the gate-tunability of superconductivity. Figure 3b,c
shows the gate-tunability of the superconducting transition as a
function of the temperature (Figure 3b) and out-of-plane
magnetic fields (Figure 3c). As shown, Tc increases uniformly
with net carrier density, varying from ∼5 in the electron
dominated region up to ∼8 K in the hole dominated region. In
contrast, Hc2 peaks concurrently with the normal-state
resistivity (Figure 3a). The reason for the different gate-
dependence of Tc and Hc2 is unclear but may be related to
variations in the mean free path and/or coherence length near
neutrality, such that the system moves toward the dirty limit.33

Finally, we note that for all measured samples the super-
conducting transition broadens with electron doping. Direct
probes of the crystal structure or electronic band structure at
low temperatures (e.g., using Raman spectroscopy or ARPES)
with gating may shed light on the origin of this effect.
Finally, we turn our attention to the enhanced Hc2

∥ , its
deviation from GL theory, and its relationship to the overall
spin texture. The spin texture is determined by the
momentum-dependent SOC vector, gk. At the Γ point, gk
must vanish (to leading order in momentum) under time-
reversal symmetry due to its odd parity, and higher-order
effects lead to a strongly momentum-dependent spin texture
for Td-MoTe2 (Figure 1c). On the other hand, at non-time-
reversal-invariant points, the SOC vector becomes a nonzero
constant Zeeman field, denoted as g, which couples to only
one component of the electron spin and is independent of
momentum. To recover overall time-reversal symmetry, at the
time-reversal partner −k, the SOC vector becomes −g. This is
known as Ising SOC,4−6 where the overall spin texture
resulting from this SOC is determined by the point group
symmetry. In the 2H-TMDs, the Ising SOC vector is
perpendicular to the plane. In contrast, 1L-MoTe2 has an
Ising SOC vector which is tilted with respect to the out-of-
plane direction (Figure 1a), giving a polar angle of ∼45° due to
the low symmetry at the Q points.28

The in-plane field response of 2H-TMDs is well described
by a linearized gap equation which takes into account the out-
of-plane SOC,4,5 resulting in a square-root temperature
dependence Hc2

∥ (T) = H0(1 − Tc/Tc0)
1/2 akin to GL theory,4

and value of H0 far exceeding the Pauli limit. Here, we extend
this theory to a two-component spin−orbit coupling vector.
Given an in-plane magnetic field H = H(cos ϕ, sin ϕ, 0), we
compute Δso

∥ = g·Ĥ and Δso
⊥ = |g × Ĥ|, with both depending on

the in-plane angular direction, ϕ, of the applied magnetic field
(Section 4 in the Supporting Information). With the spin tilted
at 45°, the ratio |Δso

∥ /Δso
⊥ | can vary from 0 to 1, depending on

ϕ. For ϕ = 0 and π, |Δso
∥ /Δso

⊥ | ∼ 0, and the behavior is identical
to that of the 2H-TMDs. In contrast, when |Δso

∥ /Δso
⊥ | ≠ 0, the

solution to this linearized gap equation is instead a digamma

function (Section 4 and Figure S8a in the Supporting
Information), where Hc2

∥ (T) exhibits a peak as T approaches
0 K.
Figure 4a,b shows the measured Hc2

∥ (T) for two different
2H-TMDs, NbSe2 and TaS2, and for Td-MoTe2. This data is

fitted to the linearized gap equation, with Δso
∥ and Δso

⊥ as fitting
parameters. In agreement with the expected outcome in prior
reports,4,45 Hc2

∥ for NbSe2 and TaS2 follows a square root
temperature dependence over the entire measurable range and
yields Δso

∥ ∼ 0. For 1L-MoTe2, the measured Hc2
∥ clearly falls

below the square-root dependence at low T, and the two-
component SOC model provides an excellent fit to the data
over the entire field and temperature range. We find Δso

⊥ ∼ 2.34
meV, with Δso

∥ /Δso
⊥ between 13% and 17% (Section 4 and

Figure S8 in the Supporting Information). We also note that
the Klemm−Luther−Beasley (KLB) model, which applies to
superconductivity in the dirty limit with strong SOS,
overestimates Hc2

∥ at low temperatures. This is in agreement
with estimations of the SOS time which indicate that our 1L-
MoTe2 samples do not meet the criteria for the dirty limit
(Table S2 in the Supporting Information).
While the fit from the two-component SOC model to the

critical field data is consistent with a tilted Ising spin texture,
open issues remain. Most importantly, without knowledge of
the sample orientation it is impossible to determine whether
the extracted value Hc2

∥ /Hp accurately reflects the tilted spin
texture. In addition, recently proposed models for the spin−
orbit−parity coupling (SOPC) enhancement of Hc2

46 may also
explain the observed behavior. The dominant mechanism for
enhancement of Hc2

∥ between SOPC and SOC remains to be
determined. Measurements of the upper critical fields as a
function of ϕ will greatly help to clarify these issues. Finally, we
note that all successfully fabricated devices show similar results,
with measurements repeated in two 1L, three 2L, and three 3L
samples.
The telluride family of TMDs remains poorly explored. Rich

phenomena should emerge now that reliable and clean
fabrication processes are available for the study of air-sensitive
monolayers. Here, the demonstration of strongly enhanced,
gate-tunable superconducting transitions in 1L-MoTe2 should
motivate future studies to understand the mechanism for the
observed enhancement and to confirm the proposed tilted
Ising SOC, which remains an experimental challenge due to
the need for in-plane rotation in magnetic fields in excess of 25
T at low temperatures. Additionally, the electronic structure of
MoTe2 is highly sensitive to external factors like strain or

Figure 4. (a) Measured Hc2
∥ for fields parallel to the ab-plane in 1L

2H-TaS2 and 2H-NbSe2. (b) Hc2
∥ vs Tc for S1. The dotted magenta

line is a fit to KLB theory. (a) Adapted from refs 4 and 5. Insets depict
the spin texture of K/K′ and Q, −Q pockets, respectively.
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electric fields,28,47−49 allowing study of how the super-
conducting phase may be modified by varying the SOC.
Finally, we note that recent investigations into bulk Td-MoTe2
have revealed the existence of superconducting edge
currents.50 While this result remains to be shown in few-
layer MoTe2, electrostatic control over the charge carriers and
much higher Tc when compared to that of the bulk could
provide a unique platform for quantum logic devices based on
topological protection.
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