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Abstract

CrossMark

The competing orders arising in a two-dimensional limit are the key to understanding
unconventional superconductivity. The monolayer NbSe, possessing a charge density wave
(CDW) and superconducting orders provides a playground to study unconventional
superconductivity. Here we fabricate an ultrathin 2H-NbSe, device based on the mechanical
exfoliation method and our electrode transfer technique. Detailed four-lead and two-lead
transport measurements are performed in the ultrathin sample. The superconducting transition
(T,) at 4.3 K and CDW transition at 70 K are found in the sample, consistent with the literature
report for ultrathin 2H-NbSe;. The superconducting gap (A) of ultrathin 2H-NbSe; is
estimated by fitting the two-lead transport spectroscopy with the Blonder—Tinkham—Klapwijk
(BTK) theory. We found that A(T') exhibits a BCS-like temperature dependence with A =~ 1.1
meV at 0K and A /kpT, = 3. Meanwhile the gap-like features persist in the normal state and
become unresolvable with the increasing temperature and magnetic field, suggesting a possible
precursor superconductivity similar to the cuprate superconductors. Our results provide a new

insight into superconductivity in ultrathin 2H-NbSe;.
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(Some figures may appear in colour only in the online journal)

1. Introduction

2H-NbSe,, belonging to the transition metal dichalcogenide
family, has recently attracted a lot of interest because of the
coexistence of superconductivity and charge density wave
(CDW) order in this material at the two-dimensional (2D)
limit [1-4]. CDW is a type of electronic ordering, exhibit-
ing a periodic modulation of the electronic charge density
[5]. The CDW phase make the superconductivity unconven-
tional [6-9]. The bulk 2H-NbSe, exhibits the incommen-
surate CDW order at Tcpw = 33 K and superconductivity at

1361-6668/21/025019+5$33.00

T.=7.2 K [10-12]. With the increasing disorder, the Tcpw
of 2H-NbSe; is found to monotonically decrease, while T,
increases, suggesting a strong correlation between the CDW
and superconducting phases [13].

For an ultrathin 2H-NbSe,, the T, [14, 15] as well as the
superconducting gap [16], decreases with lowering the sample
thickness. The reduced 7, is thought to be caused by the
suppression of the Cooper pair density at the superconductor—
vacuum interface and the changes in the electronic band
structure [16]. Along with the suppression of T, the super-
conducting gap of 2H-NbSe, changes from two-gap in bulk
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Figure 1. Temperature T dependence of the sheet resistance Ry
measured at O T for the ultrathin 2H-NbSe, sample. The black and
blue arrows represent the superconducting (7.) and CDW transition
temperature (Tcpw), respectively. Top insert: the differentiate
resistance dR,/dT vs T. The dR,/dT shows a dip at Tcpw. Bottom
insert: optical image of the ultrathin 2H-NbSe, sample. The scale
bar is 5 um. The Ry is measured through electrodes numbered 1, 2, 3
and 4, and the two-point measurements through electrodes
numbered 2 and 3.

material [17] to an anisotropic single-gap in thin-film [16]. In
addition, monolayer NbSe, exhibits a dramatic in-plane upper
critical field (chlzah) more than six times the Pauli paramag-
netic limit, which is related to competition between the large
intrinsic spin—orbit interactions (SOI) in monolayer NbSe,
and the Zeeman effect [18]. On the other hand, the Tcpw
increases significantly from 33K in the bulk to 145K in a
single layer [1] and a CDW gap of A =4meV at the Fermi
energy [2].

In this paper, by using the mechanically exfoliation method
and our electrode transfer technique, we fabricate the ultrathin
2H-NbSe, samples and carry out detailed transport measure-
ments. The sample shows 7. =4.3K and Tcpw =70K. We
found its superconducting gap is A = 1.1 meV at 0K and the
gap features persist in the normal state, suggesting that a pos-
sible precursor superconductivity arises in ultrathin monolayer
2H-NbSe;.

2. Experiment

The 2H-NbSe, device is fabricated based on the mechanical
exfoliation method [19] and the developed electrode transfer
technique [20]. The fabrication process is performed in a glove
bag filled with argon gas. First, the bulk single-crystal 2H—
NbSe, (commercial crystals, Prmat (Shanghai)) is cleaved into
layers with scotch tape, and pressed against a Si/SiO; sub-
strate. Then, the thin 2H-NbSe, flakes are distinguished under
an optical microscope by the color. After that, the Au elec-
trodes prefabricated on the polyvinyl alcohol (PVA) film are
accurately transferred onto the top of the selected flake of 2H—
NbSe, by using a sample transfer stage under the microscope.
Alternating current (AC) resistance and current versus voltage

20 T v . v '

5
'\Q
4l \o\‘ ?___T»- 0.5
-\‘ ‘e, /’ﬁ’__,_w _
LN AR )
—_ | Sl gt 404
< p o <
B~ * . - .\. ﬁ
3 L {\,/// ‘\ \‘ T E‘u
p n LR <
£ IR 103
% N Te
¢ N \\\
b) c0 LN S
2L : : i 30.2
0.0 0.5 1.0 1.5 2.0
H(T)

Figure 2. (a) The superconducting transition at magnetic field H
ranging from O T to 2T (the step is 0.1 T between 0 and 1.6 T).
The T is defined as the temperature at which the resistance arrives
at 95% of the normal state resistance as shown by the dashed line.
(b) Left axis: the H-T phase diagram of the ultrathin 2H-NbSe,
sample. The red symbols are the T and the black symbols are the
T 0. Right axis: the difference between 7. and 7.

(I-V) measurements of the 2H-NbSe, device are performed
by using Quantum Design Electrical Transport Option (ETO).

3. Discussion

Figure 1 shows the temperature 7 dependence of sheet
resistance (R;) of the ultrathin 2H-NbSe, at zero applied field.
The optical image of the ultrathin 2H-NbSe, device is exhib-
ited in the bottom inset of figure 1. The R, is measured through
the electrodes numbered 1, 2, 3 and 4, and two-point measure-
ments through the electrodes numbered 2 and 3, which show
a similar oscillation and superconducting gap value as the pair
of electrodes numbered 3 and 4 (data are not shown here). On
cooling down, the R, decreases with the 7, showing a convex
at Tcpw and jumping abruptly to zero at 7, = 4.3 K. The con-
vex of R at Tcpw can be clarified in the top inset of figure 1,
where dR,/dT vs T exhibits a dip at Tcpw = 70K. Such a dip
in dR,/dT was attributed to the CDW transition [1]. It is worth
noting that the Tcpw = 70 K observed here is much higher
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Figure 3. (a) The voltage—current (V-I) cures measured at T =2 K, H = 0 (black curve) and 5 T (orange curve). (b) The differentiate
conductance dI/dV vs V for H=0 and 5 T. (c) The dI/dV measured at the applied field H ranging from O to 3 T. The d//dV vs V under O T
and below T (d) and above 7. (e). The curves are vertically shifted for clarity. (f) The 7" dependence of zero bias conductance peak (ZBCP)
normalized by the normal state conductance at 4.5 K (left axis) and the voltage (Vy;p) at the conductance dip (right axis).

than 35K for bulk 2H-NbSe,, consistent with the previous
reports that the reduced dimension in 2H-NbSe; enhances the
Tcpw. [1] Since the reduced thickness induces the opposite
tendency of Tcpw and T, it thus suggests that the CDW order
most likely competes with the superconducting order.

Figure 2(a) shows the R (T) around the superconducting
transition regime under various magnetic fields H from O to
2T. The magnetic field H is applied in the ¢ direction of
crystalline. The T, (red arrow in figure 2(a)) is defined as
the temperature where the resistance arrives at the value of
95% normal state resistance as shown by the dashed line.
The T is the zero resistance transition temperature as indic-
ated by the black arrow. The left axis of figure 2(b) is the
H dependence of T, and T obtained from figure 2(a). The
difference between T, and T is shown in the right axis of
2(b), which increases with the applied field, suggesting that
the superconducting transition is broadened by the applied
field.

For the sake of investigating the superconducting gap,
two-point measurements are performed on the sample and the
results are displayed in figure 3. Figure 3(a) shows the current—
voltage (V—I) curve measured at temperature 7 = 2K with
applied field H =0 and 5 T. It is found that the V shows a non-
linear behavior with I at zero field, and a linear behavior at
5T. The non-linear VI can be understood in terms of Andreev
reflection [21] from the proximity effect of the superconduct-
or/Au electrode junction. The linear V-I reflects the ohmic
behavior of the normal state. To clarify , one can differentiate
the V-I curve to obtain differentiated conductance dI/dV as
plotted in figure 3(b). The d//dV at O T shows the peak around
the zero bias voltage and several dips at the higher voltage.
Actually, a maximum in d//dV close to zero bias was previ-
ously observed in point-contact measurements with a metal-
lic/superconducting point contact [23]. Such a behavior can
be understood as a consequence of Andreev reflection (AR).
AR occurs at the interface between the normal metal and the
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Figure 4. (a) The differential conductances (hollow symbols) at
T =2-3.5K and the fitting curves (solid lines) by BTK formula.
(b) T dependence of superconducting gap A. (c) The temperature
dependence of fitting parameter I" (left axis) and Z (right axis).
Error bars are given by the uncertainty of fitting.

superconductor, where an incident electron with energy less
than the superconducting energy gap (A) can be reflected back
as a hole along a path of the incident electron (retro-reflection).
Thus, AR enhances subgap conductance and leads to the max-
imum or peak in d//dV. On the other hand, AR is absent in the
insulator/superconductor interface, e.g. h-BN/NbSe, structure
[16], which results in a dip in d//dV at zero bias. Interestingly,
in a graphene/superconductor structure, like graphene/NbSe;,
the retro and specular AR are expected to occur at Fermi
energy (Er) > A and Er < A, respectively [22]. By tuning
Ep of graphene through applying a gate voltage, the d//dV at
zero bias is found to vary from the dip to the peak, which
corresponds to a change from specular and retro AR [22]. In
addition, a possible explanation for these conductance dips at
higher voltage is that the contact is not in the ballistic limit
at which the Vg, should decrease with the increase of tem-
perature and magnetic field [23]. In our sample, the contact
area between gold and NbSe, is on a micrometer scale, where
both ballistic and non-ballistic limit contacts are expected to
contribute to the conductance in parallel. Thus, the Vg, most

likely results from non-ballistic limit contact of electrodes
with a superconductor. On the other hand, the dI/dV at 5T
remains unchanged with the increasing V suggesting a good
ohmic contact between Au electrodes and 2H-NbSe;.

Figure 3(c) shows the dI/dV vs V behavior in the various
magnetic fields. At 0T, the d//dV shows a peak around the zero
bias voltage and several dips at large V. It decreases with the
increase of H and finally becomes unresolvable above 2.4 T.
The large dI/dV peak below T is attributed to Andreev reflec-
tion with a high transparency of interfaces [21], which will
be shown in figure 4. In order to get more accurate data of
dI/dV, we apply a direct current (DC) and alternating current
(AC) 0.01 mA on the samples. The obtained differential res-
istances dI/dV under different DC voltage bias are shown in
figure 3(d). It is found that both the conductance peak and
dip are suppressed as the temperature increases, while the
feature of the gap (marked by the arrows at Vy;, in the con-
ductance dip) persists in the normal state up to 7 K as shown
in figure 3(e). The gap behavior was also found above T
in other two-dimensional (2D) superconductors, like the thin
film of NbN [24] and LaAlO3-SrTiOj3 interface, [25] owing to
Cooper-pair localization driven by the disorder. [26] In con-
trast to the low-disorder NbSe, van der Waals heterostructure
where there are no signs of persistence of gap-like features
above T, [16, 22] our sample taking the polymers as protect-
ive encapsulating layers can induce substitutional defects and
impurities [27], which may lead to a strong disorder and local-
ized Cooper-pairs above T'.. Thus the gap-like feature above 7'
in figure 3(e) reflects the possible precursor superconductivity
in the normal state. In addition, the possible precursor super-
conductivity might not be related to the CDW order, since we
do not find the gap-like feature present above 7. =7 K at the
bulk NbSe, (data are not shown here), where the CDW order
still survives. The zero biased conductance peaks are sum-
marized in figure 3(f). The left axis of figure 3(f) shows the
zero bias conductance peak (ZBCP) which is normalized at the
value at 4.5 K. It is found that the ZBCP decreases abruptly at
around 7. =4.3 K from 1.6 to around 1, suggesting the dis-
appearance of Andreev reflection. On the other hand, the gap-
like feature characterized by the Vy;p still survives above 7' as
shown in the right axis of figure 3(f).

Figure 4(a) shows the normalized differential conduct-
ances (hollow symbols) (d7/dV)sc/(dI/dV)y versus V/2 for
ultrathin 2H-NbSe, at OT and the 7T=2—3.5 K, where
(dI/dV)y is the differential conductance at 4.5 K. It is worth
noting that the voltage on the junction of Au electrodes
and 2H-NbSe; is roughly one half of the applied voltage
V between two Au electrodes. Thus, we fit the data using
the BTK model in one anisotropic gap [28], which relates
the normalized differential conductances to superconducting
gap values A, broadening parameter I" and barrier paramet-
ers Z, and display the fitting curves as the solid lines shown in
figure 4(a). Almost constant Z=0.24 is used for fitting con-
ductance curves. Note that Z describes the transparency of the
interface and a value of Z much less than 1 suggests a high
transparency barrier. The temperature dependence of broad-
ening parameter I' and gap A are also shown in figure 4(b)
and the left axis of figure 4(c). The gap A exhibits BCS-like
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behavior with A(T=0K)=1.1 meV. Here, the error bars
are defined as the uncertainty due to the fit. We compare
the data fitted with anisotropic and isotropic gap formula,
and find there are no differences between them. The value
of 1.1 meV obtained here is consistent with the literature
report where A(T =0K)=1.3 meV for bulk 2H-NbSe; is
reduced to 0.96 meV for three-layer 2H-NbSe,. [16] Note that
the A(T=0K)=1.1 meV and T¢cpw = 70 K in our ultrathin
2H-NbSe, suggest the number of NbSe; layers is around five,
while the T, =4.3 K would correspond to one or two layers.
These discrepancies are most likely due to the sample quality
of our ultrathin 2H-NDbSe, being not so good owing to the use
of polymers as protective encapsulating layers in this work,
which can lead to doping and damaging at the interface [27]
and suppress the 7.

4. Conclusion

In summary, detailed electrical transport measurements are
carried out on the ultrathin 2H-NbSe, single crystal. The
T. = 43K and Tcpw = 70K in the ultrathin sample. A
good contact interface is found between Au electrodes and
ultrathin 2H-NbSe,. A BCS-like gap with A=1.1 meV at
0K is revealed in this sample. The gap-like feature is found
to persist in the normal state up to 7 K. Our results suggest
that possible precursor superconductivity arises in ultrathin
2H-NbSe;.
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