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As a prototypical transition-metal dichalcogenide semiconductor, MoS, possesses strong spin—orbit coupling, which
provides an ideal platform for the realization of interesting physical phenomena. Here, we report the magnetotransport
properties in NbN-MoS,—NbN sandwich junctions at low temperatures. Above the critical temperature around ~11 K, the
junction resistance shows weak temperature dependence, indicating a tunneling behavior. While below ~11 K, nearly zero
junction resistance is observed, indicating the superconducting state in the MoS; layer induced by the superconducting
proximity effect. When a perpendicular magnetic field ~1 T is applied, such proximity effect is suppressed, accompanying
with insulator-like temperature-dependence of the junction resistance. Intriguingly, when further increasing the magnetic
field, the junction conductance is significantly enhanced, which is related to the enhanced single particle tunneling induced
by the decrease of the superconducting energy gap with increasing magnetic fields. In addition, the possible Majorana zero
mode on the surface of MoS, can further lead to the enhancement of the junction conductance.

Keywords: proximity effect, transition metal dichalcogenides, magnetotransport

PACS: 74.45.4+c, 75.47.—m, 73.43.Qt

Layered transition metal dichalcogenides (TMDs) have
attracted much attention recently because of their rich phys-

[1-11

ical properties. I As a typical TMD, MoS; possesses a di-

rect band gap around ~ 1.8-1.9 eV in its single layer, in con-
trast to the indirect band gap in its multilayer counterpart.’®!
Gate-induced superconductivity>! can occur in MoS,. Due
to the presence of spin—orbit coupling (SOC),>! an effec-
When the ef-

fective Zeeman field locks the Cooper pairs in the direction

tive Zeeman field will be formed in MoS,.

orthogonal to the in-plane magnetic field, the Zeeman ef-
fect can protect the superconductivity, thus greatly improving
the in-plane critical field Bco, which is the characteristic of
Ising superconductor.!!®!! In addition, the superconductivity
of MoS; can also be achieved through the proximity effect.
The interlayer of MoS, is bound by van der Waals force, so
the few layers of MoS; can be easily obtained through the me-
chanical exfoliation method."'?! And the surface of MoS; is
very flat,['?] promising the fine interface contact of the hetero-
junction, which provides an ideal platform for future applica-
tion. Importantly, MoS; possesses strong SOC,[?! in contrast
to the small SOC in graphene, which makes MoS, a promis-
ing candidate for spintronic effects. It is also predicted that
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the topological superconducting phase and the Majorana zero
mode!!3-131 could emerge in the MoS>—superconductor hybrid

3 116,17

structure | The singular non-Abelian exchange proper-

ties of Majorana zero modes would lead to the progress of
quantum computation.[!8-20]

Here, NbN is used to induce the superconductivity of
MoS,. As a type-II superconductor, NbN has a high critical
temperature (~ 15 K)?!-23] and a large upper critical mag-
netic field (~ 25 T).[?! Its ultra-high critical magnetic field
allows us to study the interface effect under a strong magnetic
field.

In this study, we have fabricated an NbN-MoS,—NbN
vertical junction and investigated its low temperature magne-
totransport properties. Without applying the magnetic field,
the NbN electrode can well induce the MoS; nanosheet to the
superconducting state below the critical temperature ~ 11 K.
Distinguish from the nearly zero resistance in the supercon-
ductivity state, an insulator-like behavior rises when a mag-
netic field ~ 1 T is applied. Due to the magnetic field, the
superconducting proximity effect is weakened, and the super-
conductivity behavior is absent. In the thermal activation re-
gion, the resistance increases exponentially following the Ar-
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rhenius formula. Below the temperature around ~ 4 K, due to
the enhancement of the proximity effect at low temperatures
and multiple Andreev reflection, the trend of resistance rise is
slowed down. Importantly, when further increasing the mag-
netic fields, a significant decrease of the junction resistance
is obtained. Such reduction of the resistance is attributed to
the tunneling current of single particle enhanced by magnetic
field. Besides, the possible Majorana zero mode on the sur-
face of MoS, may also make contribution to the reduction of
the junction resistance.

MoS; nanosheets were obtained from bulk MoS, crystals
by mechanical peeling method with thickness around ~ 3 nm.
Using electron beam lithography, NbN bottom electrodes were
deposited on a 280 nm thick SiO,/Si substrate by magnetron
sputtering. Then, the prepared MoS, sheets were transferred
to the NbN bottom electrode by dry transfer!?*! technology,
and finally the NbN top electrode was prepared to form a sand-
wich structure. The schematic diagram of the NbN-MoS,—
NbN vertical junction device is shown in Fig. 1(a). The opti-
cal image and measurement schematic diagram of the NbN-
MoS,-NbN superconducting vertical junction are shown in
Fig. 1(b). The transporting properties of the vertical junction
were characterized by the crossbar measurement, in which the
current source was applied between terminal 1 and terminal 4,
and the voltage was measured between terminal 2 and terminal
3. The constant current applied in this experiment is 0.1 HA.
The direction of the applied magnetic field is perpendicular to
the junction surface and parallel to the current.

Fig. 1. (a) The schematic diagram of the NbN-MoS,-NbN vertical
junction device. From bottom to top, the order is SiO,/Si substrate,
NDBN bottom electrode, MoS; nanosheet, and NbN top electrode. (b)
An optical image of the NbN-MoS,—NbN vertical junction. Terminal 2
and terminal 4 are bottom electrodes. Terminal 1 and terminal 3 are top
electrodes.

Figure 2 (a) shows the vertical junction resistance as a
function of temperature under different magnetic fields. Be-
fore the NbN electrodes enter the superconducting state, the
magnetic field has no effect on the junction resistance. In con-
trast, the R—T curves begin to diverge under different mag-
netic fields (0-7 T) below the critical temperatures. When
there is no magnetic field, the resistance decreases to almost
zero at low temperature, indicating the superconductivity of
MoS; caused by the superconducting proximity effect.!>>-6]
However, when an external magnetic field ~ 1 T is applied,
the superconducting proximity effect is suppressed and nearly
zero resistance disappears. With the decrease of tempera-

ture, the vertical junction resistance first decreases and then

increases, showing an insulator-like behavior. The magnetic
field can penetrate the NbN electrodes through the vortex
structure,?1=23! thus localizing the superconducting proxim-
ity effect on the surface of MoS,, making the MoS, flake a
superconducting—normal state—superconducting structure. In-
triguingly, when further increasing the magnetic fields, despite
a similar insulator-like behavior also emerges, the resistance is
significantly reduced.

The relationship between the NbN electrode transition
temperatures and the magnetic field is analyzed. There exist
two steep decreases in the resistance between 9 K and 14 K,
as shown in the inset of Fig. 2(a), indicating the different tran-
sition temperatures of the top and bottom electrodes. When
the resistance is 90% of the normal state resistance, the corre-
sponding temperature is defined as the transition temperature.
The transition temperatures of the two electrodes are denoted
as Tc; and Ty, respectively. The magnetic field dependence
of Tcy and T is shown in Fig. 2(b). With the increase of the
magnetic field, both 7T¢y and Tc decrease gradually.
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Fig. 2. (a) Temperature dependence of the vertical junction resistance
under different magnetic fields. The inset is the zoom-in view of (a).
The junction resistance shows two steep decreases between 9 K and
14 K, as shown in the inset, which correspond to the beginning of super-
conducting state at the two NbN electrodes, respectively. (b) Magnetic
field dependence of T and Tc;. The transition temperature is defined
as the temperature corresponding to the reduction of resistance to 90%
of the normal state.

The insulator-like behavior under different magnetic
fields [Fig. 2(a)] is analyzed in detail. In the thermal activa-
tion region, the junction resistance can be described by the

formula R o edv/ksT

, where kg is the Boltzmann constant and
Ay is the transport barrier height?”-28] (a Schottky barrier). As

the temperature decreases, the number of thermally activated
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electrons decreases, which leads to an exponential increase in
resistance. Figure 3 (a) shows the Arrhenius plots InR-1/T
under different magnetic fields. The barrier heights under dif-
ferent magnetic fields are calculated according to the slopes of
the red dotted lines, as shown in Fig. 3(b). When the tempera-
ture is around 4-6 K, the behavior of thermally activated elec-
trons dominates the junction resistance. With the increase of
the magnetic field, the barrier height decreases from 0.75 meV
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at 1 T to 0.38 meV at 7 T. The relationship between InR and
1/T deviates from the linear dependence at 2—4 K. This is due
to the following reasons: (i) the superconducting proximity ef-
fect is further strengthened at low temperatures, and thus the
thickness of MoS; that is not transformed into superconduc-
tivity state is further thinned; (ii) at low temperatures, the mul-

[29

tiple Andreev reflection 1 is also enhanced, which can also

make contribution to the reduction of the junction resistance.
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Fig. 3. (a) The Arrhenius plots of the junction resistance at 2—6 K under different magnetic fields. The barrier height A;, can be obtained by fitting the
linear region. (b) The magnetic field dependence of the barrier height. The error bar is estimated from the standard deviation of the linear fitting. (c)

Magnetoresistance (MR) as a function of temperature under different magnetic fields of 1-7 T. The MR is defined as MR =

R(B)—R(B=0T)

®B=oT) < 100%.

Below the transition temperature, the magnetic field can obviously reduce the MR. (d) The energy diagram of superconductor—semiconductor—
superconductor junction. “S” represents the superconducting NbN electrode layer and the superconducting MoS; layer, and “Semi” represents the

normal MoS, flake.

In order to further analyze the effect of the magnetic field
on the junction resistance, we studied the relationship between
magnetoresistance (MR) and temperature under different mag-

netic fields as shown in Fig. 3(c). The MR is defined as MR =

R(B)—R(B=0T)
R(B=0T)

NbN electrodes, the magnetic field has no effect on the MR.

However, below around ~ 10 K, the MR increases with de-

x 100%. Above the critical temperature of the

creasing temperature. Intriguingly, a large magnetic field can
significantly reduce the MR, for example, from about 4500%
under 1 T to about 3000% under 7 T at 2 K. This phenomenon
can be described by the single particle tunneling model. 3!
Because the MoS; superconducting layer induced by the prox-
imity effect is very thin relative to the NbN electrode, the
change of the energy gap near the interface can be neglected.
So the whole vertical junction is an S—Semi—S structure, in

which “S” represents the superconducting NbN electrode layer

and the superconducting MoS, layer, and “Semi” represents
the normal MoS, flake [Fig. 3(d)]. When a superconductor
contacts with a semiconductor, a Schottky barrier3!! will be
formed at the contact position, so the S—Semi—S junction can
be equivalent to two superconducting—insulator-normal state
(SIN) junctions in series,?%) i.e., an SINIS junction. For an

SIN junction, its tunneling current can be described as*3!

1t
V)= = [ NE)(E-ev)~f(E)E.

€GT —o0

where f(E) is the Fermi distribution function, V is the voltage
through the junction, e is the elementary charge, and Gr is the
tunneling conductance related to the thickness of MoS, which
has not been transformed into superconducting state. The den-
sity of states (DOS) of the NbN electrodes is described by the
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Dynes model 34!

N(E) =

)

“l e

where I" is the Dynes parameter, and A is the superconduct-
ing energy gap that varies with the temperature and magnetic
field. The superconducting gap decreases with the increase of
the magnetic field, which will lead to the increase of the num-
ber of thermally activated electrons participating in conduction
and thus reduce the junction resistance.

Besides, Majorana zero modes are predicted to ex-
ist in semiconductor—superconductor heterostructures.!!”! Re-
cently, a quantized zero-bias peak has been found in indium
antimonide semiconductor—superconductor hybrid device,[?]
which is regarded as signatures of Majorana fermions. More-
over, it is also proposed that Majorana zero modes could
emerge in semiconductor with strong SOC coupled to an s-
wave superconductor and a ferromagnetic insulator.!!”] In this
work, the NbN electrodes could induce MoS, into supercon-
ductivity through proximity effect. Due to the strong SOC of
MoS,,33) the effective Zeeman fields could polarize the elec-
tron spins to the out-of-plane directions and induce an effec-
tive Zeeman gap. When an external magnetic field is applied,
the topological superconducting phase could emerge on the in-
terface of NbN and MoS,. Majorana zero modes may appear
on the surface of MoS,, and it will participate in the tunnel-
ing process, thus further reducing the resistance of the vertical
junction. However, the direct detection of Majorana fermions
in such systems needs further theoretical and experimental in-
vestigations.

In summary, we have prepared an NbN-MoS,—NbN
vertical superconducting junction and analyzed its low tem-
perature transport properties under different magnetic fields.
Above the critical temperature ~ 11 K, the junction resistance
shows weak response to the temperature. Below ~ 11 K, the
superconducting behavior emerges due to the proximity effect.
However, when a magnetic field ~ 1 T is applied, the prox-
imity effect is suppressed and the insulator-like temperature
dependence of the junction resistance is observed. Within the
thermal activation regime, the resistance follows the Arrhenius
formula, while a deviation is obtained below ~ 4 K. With the
increase of the magnetic fields, both the critical temperatures
and the barrier heights decrease. Importantly, at low tempera-
tures, the vertical junction resistance shows significant reduc-
tion when increasing the magnetic field above 1 T, which is
attributed to the enhanced single particle tunneling current in-
duced by the decrease of the superconducting energy gap. In
addition, the possible Majorana zero mode will further con-
tribute to the reduction of the junction resistance.
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