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Possible unconventional two-band superconductivity in MoTe,
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The coexistence of the type-II Weyl semimetal phase and superconductivity in the layered transition-metal
dichalcogenide MoTe, is of great interest as it is considered a promising candidate for an intrinsic topological
superconductor. However, the ultralow superconducting critical temperature (7;) of ~0.1 K limits the exploration
of the intrinsic superconducting properties. Here the superconductivity in MoTe, is investigated by systematic
ultralow temperature transport measurements with standard four-electrode configuration, together with the
hard point-contact (PC) technique which can enhance the 7. and detect the in situ spectroscopic information
of the pairing symmetry. The temperature dependence of the superconducting critical field from transport
measurements and the two-step double conductance peaks from the PC spectra measurements both suggest the
two-band superconductivity in MoTe,. Together with the occasional observation of zero-bias conductance peaks
in the spectra, our results suggest the unconventional two-band superconductivity with potential s, _ pairing in

MoTe,.

DOLI: 10.1103/PhysRevB.102.064502

The layered transition-metal dichalcogenides (TMDs) have
attracted tremendous attention worldwide owing to their
rich physical properties such as the exhibition of quan-
tum spin Hall effect [1,2], charge density wave [3], Weyl
semimetal phase [4], superconductivity [5], unsaturated mag-
netoresistance [6], in addition to promising applications in
nanoscale van der Waals devices [7]. As a typical TMD
material, 7; phase MoTe, has been extensively studied.
Band-structure calculations [8,9], angle-resolved photoemis-
sion spectroscopy (ARPES) [10-13] and quasi-particle inter-
ference experiments [14] show the existence of Fermi arc
surface states and Weyl points in this material, suggesting
T; phase MoTe, is a type-II Weyl semimetal. Compared
to another typical type-II Weyl semimetal WTe, [4,15-17],
MoTe, shows a larger momentum separation of the Weyl
points and a larger size of the topological Fermi arcs, which
are easier to be resolved and studied. More interestingly,
transport measurements reveal the superconductivity proper-
ties of this material [5]. As a rare example that possesses
both superconducting phase and topologically nontrivial band
structure, MoTe, is considered a promising candidate for
intrinsic topological superconductor. This makes investiga-
tions of superconductivity in MoTe, very interesting since
the surface or edge of a topological superconductor can host
Majorana quasiparticles or Majorana zero modes (MZMs),
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which obey non-Abelian statistics and can be used in fault-
tolerant quantum computations [18,19]. Nevertheless, the T
of intrinsic bulk MoTe, is only 0.1 K [5], hindering the
exploration of potential topological superconductivity (TSC)
therein.

Since it is not easy to investigate the intrinsic super-
conducting properties of MoTe,, previous experimental ef-
forts are mainly focused on the enhanced superconductivity
through high pressure or doping methods. The 7, is remark-
ably enhanced by pressure and a dome-shaped supercon-
ducting phase in pressure-temperature diagram is observed
with a maximum 7, of 8.2 K at 11.7 GPa [5]. Similar
enhancements of 7, are observed in S-, Se- and Re-doped
MoTe, as well as Te-deficient MoTe, with a maximum 7, of
~4 K [20-24]. Both high-pressure and doping measurements
on MoTe, show signatures of two-band superconductivity
with the possible s, _ pairing [24,25]. Note that the super-
conductor MoTe, represents a time-reversal-invariant Weyl
semimetal, which has four pairs of topologically nontrivial
Weyl points at the boundary of electron and hole pockets.
Thus, the possible s;_ pairing in MoTe, may lead to the
TSC as the TSC is predicted in time-reversal-invariant Weyl
semimetals with the sign change of the superconducting gap
function between Fermi surfaces with opposite Chern num-
bers [26]. However, the evidence of the possible s _ pairing
in pristine MoTe; is still missing. In this paper, we report our
standard four-electrode ultralow temperature measurements
on the intrinsic superconducting MoTe, bulk-crystal, which
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FIG. 1. Structural and topological properties
of MoTe,. (a) The atomically resolved HAADF
STEM image of MoTe, sample taken along the
(010) crystalline direction. Inset is the electron
diffraction patterns along (010) crystalline direc-
tion. The red and blue spheres in the yellow rect-
angle represent Te and Mo atoms, respectively. (b)
The intensity plot of the photoemission spectra
along the I'-X direction, with the bulk conduc-
“ tion band, bulk valence band, and surface states

give the transport evidence of two-band superconductivity
with stronger interband coupling than intraband coupling,
supporting s, _ pairing. The two-band superconductivity is
confirmed by the point-contact spectroscopy (PCS) results
showing the two-step double conductance peaks structure.
The occasional zero-bias conductance peak (ZBCP) features
in the PCS represent the Andreev bound states (ABSs) result-
ing from the m-phase shift of internal phase from the order
parameter in superconductors, suggesting the unconventional
two-band superconductivity with potential s, _ pairing.

MoTe, single crystals were grown by vapor transport
method using iodine as the transport agent in a two-zone tube
furnace [20,24,27]. The standard four-electrode resistance
measurements were conducted in a dilution refrigerator based
on 16-T Physical Property Measurement System (16 T PPMS,
Quantum Design). The low-temperature point-contact mea-
surements were carried out in a Leiden dilution refrigerator
(CF450). The point-contact spectroscopic results exhibited
as the normalized differential conductance versus the bias
voltage (dI/dV vs V) were acquired from the junctions
formed between a normal metal or ferromagnetic tip and the
superconducting MoTe, sample. Our samples are mounted on
the piezo steppers from the Attocube which can move in three
directions. The copper housing which contains the steppers
and the tip holder is cooled down in the dilution refrigerator
(CF450) to maintain temperature equilibrium between the tip
and sample. More details can be found in the Supplemental
Material (SM) [28].

First, the scanning transmission electron microscopy
(STEM) and the ARPES measurements are exerted to char-
acterize the structural and topological properties of our
MoTe, sample. Figure 1(a) is a high angle annular dark-field
(HAADF) Z-contrast image from STEM, which shows the
atomic arrangement of Mo and Te (the red and blue spheres in
the yellow rectangle represent Te and Mo atoms, respectively)
and demonstrates the crystal structure of our MoTe, sample.
The upper inset is the diffraction pattern of the [010] direction.
As shown in Fig. 1(b), the intensity plot of the photoemission
spectra along the I'-X direction exhibits the bulk valance band
(h1, h2, h3, and h4), Fermi arc surface states (SSs), and bulk
conduction band (e1) as indicated, which is consistent with the
previous reported results on Weyl semimetal MoTe, [10,12].
Both the STEM and the ARPES results confirm the high
quality of our sample.
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The inset of Fig. 2(a) is the temperature dependence of
four-electrode resistance R(7) from 300 to 1.8 K at zero
field and 150 kG under the cooling and warming modes,
showing an anomaly with hysteresis around 250 K which is
associated with the structural phase transition from the 17" to
the T; phase [5]. The R(T) curve in Fig. 2(a) shows a clear
superconducting transition with an onset 7. around 154 mK,
indicated by extrapolating both the normal-state resistance
and the superconducting transition curve, and zero resistance
T, below 100 mK. To further explore the superconductivity
of intrinsic MoTe,, four-electrode resistance as a function
of magnetic field at different temperatures is systematically
measured in the ultralow temperature regime with the field
direction perpendicular [Fig. 2(b)] and parallel [Fig. 2(c)]
to the sample (001) surface. The temperature dependence
of the upper superconducting critical field poH., (defined
as the average of the two values at positive and negative
magnetic fields required to reach 50% of the normal state
resistance) in the perpendicular direction is shown in Fig. 2(d),
which exhibits a good agreement with the phenomenological
Werthamer-Helfand-Hohenberg (WHH) expression for two-
band superconductors [29] (the solid line). In a two-band
WHH model, the upper critical field poH,, can be described
with the following formula [24]:

aoplln t + U (W)][In t 4+ U (nh)] + az[In t + U (nh)]
+ai[lnt +Uh)] =0,

D2 h/,L()chDl 2w A
n = a)g = —, al—1+_7
D, 2¢0kgT A0 o
1 A
a=1-—,
2 o
@ = Aiihn — Apdar, Ao =4/AZ +4hpda,
A=A — An.

¥(x) is the digamma function. D; and D, are intraband
diffusivities of bands 1 and 2, while ¢, stands for magnetic
flux quantum. Fitting parameters include intraband coupling
strength Xjj, Az, interband coupling strength Aj», Ap; and
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FIG. 2. Superconducting properties of the MoTe,. (a) Temperature dependence of four-electrode resistance at zero field showing the onset
T, around 154 mK (defined by extrapolating both the normal state resistance and the superconducting transition curve). Inset: Temperature
dependence of four-probe resistance from 1.8 to 300 K at different perpendicular magnetic fields, showing the structural phase transition loop
around 250 K. (b), (c) Magnetic field dependence of four-electrode resistance at different temperatures with the magnetic field perpendicular
and parallel to the sample (001) surface. (d) Temperature dependence of perpendicular upper critical field uoH,, (defined as the magnetic field
required to reach 50% of the normal-state resistance). The solid line is the two-band WHH fitting curve.

diffusivities D and D;. The fitting details can be found in the
SM [28]. The fitting result @ is —2.30 < 0, which means a
stronger interband coupling than intraband coupling [30,31],
favoring possible si_ superconductivity than conventional
s4++ pairing. Note that the doping and high-pressure studies
on MoTe; also suggest s _ superconductivity [24,25].

To further reveal the superconducting properties of MoTe,,
systematic hard PC measurements were carried out with four
kinds of tips (nonmagnetic Au, PtIr, W, and ferromagnetic Ni).
Similar to high-pressure and doping experimental results on
MoTe, [5,24], the T, is significantly enhanced from 0.1 K to
the highest 4.26 K by the tip point contact. The spectra can
mainly be categorized into two types: one with double con-
ductance peaks (DCPs) feature reflecting the normal Andreev
reflection and the other with a ZBCP feature accompanied by
dips on its sides.

The spectra in Figs. 3(a) and 3(b) acquired with a normal-
metal Au tip show two obvious conductance peaks and multi-
ple conductance dips that are symmetric about the zero bias.
The DCPs (located at 0.6 meV at 0.5 K) and the multiple
conductance dips are signatures of the superconductivity,
which can be suppressed at temperature near 4.5 K or a
perpendicular magnetic field of 8 kG at 1.0 K (regarded as
woH,). The DCPs are typical spectroscopic features indicating
the gap energy of conventional or unconventional supercon-

ductors in the normal-metal/superconductor junctions resulted
from the Andreev reflection [32]. Interestingly, a new step
feature appears at higher magnetic fields of 3.0, 5.0, and 6.0
kG [Fig. 3(a)]. This new step feature is a typical evidence
of multiband superconductivity, which has also been reported
in two-band superconductors like s, MgB;, [33] and s, _
Ba(Fe;.9,Cog08)2As, [34]. The invisibility of the new step
feature at low temperatures and fields can be attributed to the
small proportion of the related superconducting component.
The multiple conductance dips at large bias might be signa-
tures of the different superconducting critical currents [35].
The two-band superconductivity is more clearly observed in
Figs. 3(c) and 3(d) by a ferromagnetic Ni tip. In these two
figures, the spectra show distinguished two-step features at
0.5 K with zero fields. Both steps disappear when temperature
increases to 2.6 K or perpendicular magnetic field reaches
5.0 kG at 0.5 K. The spectra with two-step features can be
roughly fitted by the extended s, BTK model in multiband
superconductors [36] (see the SM [28]), supporting the two-
band s;_ superconductivity in MoTe,. A more detailed and
complex modeling considering the Fermi-surface topology
and the symmetry of the order parameters is still desired for
the topological Weyl superconductor MoTe, to convincingly
prove the s,_ symmetry, like the three-dimensional (3D)
extended BTK model for Fe-based superconductors [37].
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FIG. 3. PCS of enhanced superconductivity with two-band pairing in MoTe, samples. (a) Magnetic field dependence of the normalized
dl/dV spectra on MoTe, sample I with a gold tip, showing steplike feature at 3.0, 5.0, and 6.0 kG marked with red arrows. (b) Temperature
dependence of the normalized dI/dV spectra on MoTe, sample I with a gold tip. (c), (d) Temperature and magnetic field dependence of the
normalized dI/dV spectra showing steplike features on MoTe, sample III with a nickel tip. Proper shifts have been made in (a), (c), and (d) for

clarity.

Another type of spectra with an obvious ZBCP indicating
the ABSs are observed by using both nonmagnetic tips and
ferromagnetic Ni tips as shown in Figs. 4(a) and 4(b). Both
DCPs and ZBCPs with the energy scale of 0.3 meV are
observed in spectra at different contact points and by different
types of tips as exhibited in Fig. 4(c), suggesting that the
conductance dips accompany with the ZBCP are not critical
current dips but signatures with an energy scale in proximity
to the superconducting gap since the locations of critical
current dips depend on the PC resistances [35]. The ZBCP
does not split at the lowest temperature or under magnetic
fields, which is at odds with the BTK theory for conventional
Andreev reflection [32,38] or the magnetic scattering [39]
respectively. The ZBCP can even survive at high magnetic
field until the superconductivity is totally suppressed, which
is against the reflectionless tunneling [40,41] process. A

statistic result of spectra from 45 different point contact
states in Fig. 4(d) indicates that the energy scale of ZBCP
feature (observed in seven cases) is around 0.3 meV, in
proximity to the smaller gap A; shown in Fig. 3(c). The
ZBCP accompanied by conductance dips with an energy
scale of superconducting gap can be theoretically explained
by unconventional ABSs originating from the m-phase shift
of internal phase of the order parameter in unconventional
superconductors [42,43]. Thus our PCS results suggest
MoTe, as a two-band superconductor with unconventional
ABSs, consistent with s _ superconductivity raised in Fig. 2
as the sign change of the wave function of two bands in s _
superconductors may also lead to mid-gap ABSs [36].
Considering the lack of an inversion center in the unit
cell [9], mixed pairing states may exist in MoTe, and other
unconventional paring mechanisms cannot be completely ex-
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FIG. 4. Spectra with ZBCP and conductance dips of typical energy value of 0.3 mV on MoTe, samples. (a) Temperature dependence of the
normalized dI/dV spectra showing the ZBCP feature on MoTe, sample II with a tungsten tip. (b) Temperature dependence of the normalized
dl/dV spectra showing the ZBCP feature on MoTe, sample III with a nickel tip. (c) Spectra with double conductance peaks or a ZBCP with
the typical energy value of 0.3 mV on MoTe, by different types of tips. The spectrum labeled “Ni-15" is from Fig. 3(c) but the conductance
enhancement is 20-fold enlarged for clarity. (d) A statistic result of spectra from 45 point-contact states showing 0.3 mV as a characteristic

value. Proper shifts have been made in (a), (b), and (c) for clarity.

cluded. However, as shown in spectra with a ferromagnetic
Ni tip, the critical temperature 7. is suppressed under a
ferromagnetic tip comparing to a normal metal tip, which
suggests that the triplet superconductivity is not likely to be
dominant. Density functional theory calculations reveal that
the topological Weyl state of MoTe, persists under pressure
[44]. The “gaplesslike” ZBCP has also been reported by a soft
PC measurement [45] hinting a topological superconducting
state on the MoTe, surface. Thus, our PCS results of two-band
superconductivity with surface ABSs in MoTe, are reasonable
and the observations of possible s, _ superconductivity in
the time-reversal invariant Weyl semimetal MoTe, support
the potential topological superconductivity [26]. Besides, as
calculated in a nodeless s_ model [36], a zero-energy bound
state appears only when the two energy gap A, A,, and
the mixing coefficient o follow the relation a? = A/,
[ = appy(0)/9,(0), g is the ratio of probability amplitudes
for an electron in the normal metal tunneling into the second
band of the superconductor, p and g are the Fermi vectors
for the two bands, ¢ is the Bloch function in the two-band
superconductor.] This relation is hard to satisfy. However, in
our point-contact experiments, seven spectra from 45 different
point-contact states show the ZBCP feature indicating the
zero-energy bound state. Thus, a nodal s, _ pairing could be
more likely in MoTe; according to our experimental results.
As a result, the two-band superconductivity is proved in
MoTe, as the woH,-T phase diagram from our ultralow

temperature study follows the relation of two-band WHH
theory. The two-band superconductivity of MoTe, is further
confirmed by the PCS results showing a two-step DCPs struc-
ture exhibiting the two superconducting gaps. Considering the
two-band WHH fitting with the strong interband coupling and
the ZBCP feature in the PCS originating from the formation of
zero-energy ABSs, our measurements suggest the unconven-
tional two-band superconductivity with possible s, _ pairing
on type-1I Weyl semimetal MoTe,, supporting potential topo-
logical superconductivity in MoTe,. s, _ superconductivity is
believed to exist in most of the iron-based superconductors
with strong interband electron-hole Coulomb repulsion inter-
action [30]. Further investigations on the origin of s _ pairing
in nonmagnetic topological Weyl superconductor MoTe, are
highly desired.
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