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ABSTRACT

A study of Berezinskii–Kosterlitz–Thouless transitions in clean, layered two-dimensional superconductors promises to provide insight into a
host of novel phenomena like re-entrant vortex-dynamics, underlying unconventional metallic phases, and topological superconductivity. In
this Letter, we report the study of charge carrier dynamics in a novel two-dimensional superconducting van der Waals heterostructure com-
prising of monolayer MoS2 and few-layer NbSe2 (�15 nm). Using low-frequency conductance fluctuation spectroscopy, we show that the
superconducting transition in the system is percolative. We present a phenomenological picture of different phases across the transition cor-
relating with the evaluated noise. The analysis of the higher order statistics of fluctuation reveals non-Gaussian components around the tran-
sition indicative of long-range correlation in the system.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0087090

With the practical realization of graphene,1 the past decade has
seen an extensive exploration of layered systems. The van der Waals het-
erostacking of these crystalline layered materials promises to exhibit
parameter-driven exotic phenomena including topologically non-trivial
states2–5 and strongly correlated phases.6,7 An example is atomically thin
superconductors in the “true” two-dimensional (2D) limit. Contrary to
three-dimensional superconductors, for a superconductor in the 2D
limit, the transition occurs through the Berezinskii–Kosterlitz–Thouless
(BKT) mechanism.8,9 Below a characteristic critical temperature TBKT,
the vortices and antivortices are bound—the thermal unbinding of these
pairs at T > TBKT gives rise to the transition from the dissipationless to
a finite resistive state in the system.

Two distinct experimental strategies have been employed to iden-
tify a BKT transition as one approaches it from above: (i) measurement
of the superfluid density nS, which is expected to go to zero discontinu-
ously at the transition10,11 and (ii) extrapolation of the temperature
dependence of the resistivity measured at T > TBKT to lower T using
the formalism developed by Halperin and Nelson.12 The first technique
of looking for discontinuity in the superfluid density as a signature of
BKT physics does not work well for superconductors buried inside het-
erostructures. The second method fails for disordered superconductors
due to two reasons: (i) the presence of impurities tends to broaden the
transition13–15 and (ii) the inhomogeneities change the value of the
vortex-core energy from that predicted within the 2D XYmodel.16

The study of carrier dynamics through resistance fluctuation
spectroscopy has emerged as a powerful alternative probe to identify
BKT transitions.14,17 Although this technique has been employed to
probe the BKT physics in thin-film superconductors, the study of fluc-
tuation statistics is not well explored in layered systems, specifically in
the van der Waals heterostructures. With increasing interest in such
systems as platforms for realizing low-dimensional superconductivity
in the clean limit and topological superconductivity, there is an urgent
need for a detailed study of such systems.

In a previous study, we have reported the observation of a two-
dimensional Ising superconductivity in a van der Waals heterostruc-
ture comprising of single-layer-MoS2 (SL-MoS2) and bulk NbSe2.

18

We established that the reduced dimensionality comes from an effec-
tive thinning of NbSe2 due to the coupling with the MoS2 layer making
it a perfect example of a “buried” van der Waals superconductor.
Thus, the conductance fluctuation spectroscopy technique becomes
very relevant to probe the BKT physics in this system.

In this Letter, we report a detailed study of the carrier dynamics of
this heterostructure through low-frequency conductance fluctuation
spectroscopy around the BKT transition. Through systematic measure-
ments, we establish that superconductivity has a percolative nature. We
also find the proof of correlated dynamics arising from long-range inter-
action of vortices–antivortices near the TBKT establishing universal BKT
nature of the superconducting transition in this system.

Appl. Phys. Lett. 120, 183101 (2022); doi: 10.1063/5.0087090 120, 183101-1

Published under an exclusive license by AIP Publishing

Applied Physics Letters ARTICLE scitation.org/journal/apl

https://doi.org/10.1063/5.0087090
https://doi.org/10.1063/5.0087090
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0087090
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0087090&domain=pdf&date_stamp=2022-05-02
https://orcid.org/0000-0001-5239-3481
https://orcid.org/0000-0002-2378-7980
mailto:aveekbid@iisc.ac.in
https://doi.org/10.1063/5.0087090
https://scitation.org/journal/apl


To fabricate the device, we mechanically exfoliated single-layer
flakes of MoS2 from a bulk crystal.18 The thickness of the flake was
confirmed from optical contrast and through Raman spectroscopy.
The flake was then transferred onto gold contact probes pre-patterned
on hBN substrates. Subsequently, a flake of NbSe2 exfoliated inside a
glovebox (with oxygen and moisture levels maintained at less than one
ppm) was transferred on top of the MoS2 flake. The thickness of the
NbSe2 flake was estimated from its optical contrast to be �15 nm.
Before extraction from inside the glovebox, the heterostack of SL-
MoS2/NbSe2 was covered by a hBN flake of thickness �30 nm to pro-
tect it from environmental degradation. Subsequently, the stack was
annealed at 200 �C to increase the coupling between the layers.

For the initial characterization of superconducting properties of
the heterostructures, electrical transport measurements were done
using a DC source and a nano voltmeter in a four-probe configuration
[Fig. 1(a)]. The temperature dependence of resistance R shows a
metallic behavior at high temperatures followed by a transition to a
superconducting state [Fig. 1(c)] at T0

C ¼ 6K. From the R vs T plot
and also from non-linear current–voltage relations, we estimate TBKT
to be 6.16 0.1K (see the supplementary material S1 for details, also
Ref. 18).

We investigated the fluctuation statistics of the system around
the TBKT using a four-probe resistance fluctuation spectroscopy tech-
nique19–21—the details are discussed in supplementary material S2.
Briefly, the device was current biased, and the voltage developed across
it pre-amplified and detected by a dual-phase lock-in-amplifier (LIA).
The demodulated output of the LIA was digitized at a sampling rate of
1024 points/s using a 16 bit analog-to-digital conversion card and
transferred in the computer memory for further processing. The bias-
ing current was always maintained at a value much smaller than the
critical current of the superconductor. The acquired time series of
resistance fluctuations were decimated and filtered digitally to elimi-
nate aliasing and related digital artifacts. The power spectral density of
the resistance fluctuation SRð f Þ was then calculated over a frequency
range of 4 mHz–4Hz.

Figure 2(a) is a plot of the time traces of resistance fluctuations
for our device measured at a few representative temperatures, T. The
fluctuations increase in amplitude with T approaching TBKT from
above. The corresponding SRðf Þ were found to have a frequency
dependence of the form SRðf Þ / 1=f a [Fig. 2(b)]. One can see that the
power spectral density SRðf Þ increases by several orders of magnitude
with decreasing temperature, reflecting the observed increased resis-
tance fluctuation in Fig. 2(a). In addition, the value of the exponent a
for f< 0.5Hz (the method of evaluating the exponent is discussed in
supplementary material S3) increases monotonically from �1 at
higher temperature to �2:4 near TBKT [Fig. 3(a)]. There can be two
possible reasons for this increase in a: (i) transition of the system
across different vortex phases, e.g., from an ordered to a disordered
regime22 or (ii) fluctuation in the domain parameter of different
phases across the transition range.23 Discriminating between these two
scenarios requires further analysis and is beyond the scope of the cur-
rent study.

FIG. 1. (a) A schematic of the device structure. (b) False color differential interfer-
ence contrast image of the device with different colors defining different layers of
the heterostructure—SL-MoS2(green) and pristine NbSe2 (orange) and overlap
region (light-red). (c) Temperature dependence of the four-probe resistance of the
heterostructure.

FIG. 2. (a) Time series of resistance fluctuations of the heterostructure region at a
few representative temperatures. (b) Plots of SRðf Þ as function of frequency at the
same values of T as in (a).

FIG. 3. (a) Plot of exponent a vs T=TBKT for heterostructure. (b) Plots of the rela-
tive variance of resistance fluctuations R for heterostructure (solid green circles)
and for the pristine 3D NbSe2 region (open orange triangles) as function of
T=Tcritical . Here, T=Tcritical is T=TBKT for the heterostructure and T=T0

c for the
pristine NbSe2. On the right-axis are plotted the normalized resistance R=RN for
the heterostructure (red line).
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The relative variance of resistance fluctuations (we refer to this as
the noise) was evaluated by integrating SRðf Þ over the bandwidth of
measurement:19–21

R ¼ hdR
2i

hR2i ¼
1
R2

ð
SRðf Þdf : (1)

Figure 3(b) shows the plots of relative variance and the normalized
resistance against T=Tcritical (T=TBKT) for the heterostructure region.
We observe that R in the normal state is �10�10. This value is almost
five orders of magnitude lower than that reported for a typical semicon-
ducting transition metal dichalcogenide24 attesting to the high quality of
our heterostructure.

With decreasing T,R increases by nearly six orders of magnitude
over a very narrow temperature window near TBKT. As we discuss
later, this divergence in noise can be well explained in terms of a per-
colation network model of superconducting fluctuations.14 Moreover,
according to the percolation model in the transition regime, the system
should follow the relation, SRðf Þ=R2 / R�lrs , where lrs is the percola-
tion exponent which takes up the value�0:9 in the classical picture.25

In our case, the exponent lrs comes out to be 0.896 0.03 (see the sup-
plementary material S4), establishing the percolative nature of the sys-
tem. Notably, when compared with that of the pristine NbSe2, the
noise in the heterostructure is almost an order higher around the
respective transition temperatures [cf. Fig. 3(b)].

Before we proceed further, the effect of thermal fluctuations on the
measured noise needs to be considered. dR/dT diverges close to the criti-
cal temperature for a superconductor. Consequently, any minor fluctua-
tion in temperature can give rise to large resistance fluctuations near
TBKT. To eliminate this trivial effect as the origin of the large resistance
fluctuations seen in our device, we evaluated the relative contribution of
temperature fluctuations to the noise using the relation
½ðdR=dTÞ � ðdT=RÞ�2. Here, dT is the temperature fluctuation in the
measurement system, which has been measured to be <5mK in our
case. The evaluated value of this relative variance at TBKT is �10�7 (see
the supplementary material S5). This value is at least two orders of mag-
nitude smaller than the measured R near TBKT, thus ruling out any sig-
nificant contributions of temperature fluctuations in the measured noise.

In Fig. 4, we present a phenomenological explanation of the effect
of percolation dynamics on the resistance fluctuations in a 2D super-
conductor in terms of a percolation network model of superconduct-
ing fluctuations.14 The squares below the plot show the microscopic
status of the system schematically in terms of a superconducting-
normal network in different T-regimes.

Region I is a purely superconducting phase. On approaching
TBKT from below, small patches of dissipative (metallic) domains begin
nucleating in the superconducting background (region II). With
increasing temperature, fluctuations in the superconducting order
parameter result in the formation of a dynamic network of intercon-
nected superconducting and normal (dissipative) regions.25 This effect
is especially severe in the case of 2D superconductors. The enhanced
noise in this T-regime has two major components: (i) resistance fluctu-
ations in dissipative regions and (ii) fluctuations in the number/size of
the superconducting clusters.26,27 Beyond T ¼ TBKT , the system
crosses into region III, where the proportion of superconducting and
non-superconducting domains become almost equal. At this tempera-
ture (which we denote as Tmax), the resistance of the device is nearly
half of the normal state resistance, and the resistance fluctuation is at

its maximum. The other boundary of region III comes at TBCS, which
is at �6:5K for the system. For T > TBCS, the fraction of the super-
conducting phase decreases sharply with increasing T until the entire
system becomes dissipative. Consequent to this decrease in electronic
phase segregation of the system, the variance of resistance fluctuations
decreases as the system approaches the metallic phase.

We turn now to the nature of the correlations between the fluctu-
ating entities at different T-ranges. In 2D superconductors undergoing
BKT transition, the XY model predicts the fluctuations to be non-
Gaussian around TBKT.

28 These non-Gaussian resistance fluctuations
have emerged as a unique signature of BKT physics and have success-
fully been used to discriminate between 2D and 3D superconduc-
tors.14,17 We quantify the non-Gaussianity of the resistance
fluctuations through their “second spectrum,” which is the four-point
correlation function of dR, calculated over a frequency octave (fl, fh).
Being extremely sensitive to the presence of non-Gaussian compo-
nents (NGCs), this parameter is a highly effective tool to probe corre-
lation in a system.29,30 To estimate the second spectrum, repeated
measurements of the power spectral density, SRðf Þ is done over a
selected frequency range (fl, fh). The power spectrum of this series over
a frequency octave gives the second spectrum:29,30

FIG. 4. (a) Plots of the variance of noise hdR2i (left-axis, yellow filled circles) and
of the normalized resistance (right-axis, black solid line) as a function of T=TBKT
for the heterostructure region. The color gradient indicates the transition from super-
conducting (blue) to normal state (red). (b) Schematics representing the micro-
scopic status of the system in each electronic phase (for details see text). The color
bar gives the value of R=RN—blue represents the zero resistance, i.e., supercon-
ducting state and red represents the normal state.
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Sf1R f2ð Þ ¼
ð1
0
hdR2 tð ÞdR2 t þ sð Þi cos 2pf2sð Þds;

r 2ð Þ ¼
ðfl�fh
0

Sf1R f2ð Þdf2
� ðfh

fl

SR fð Þdf
" #2

:

(2)

Here, f1 is the center frequency of the chosen octave and f2 is the spec-
tral frequency. rð2Þ is the normalized second spectrum; it equals 3 for
Gaussian fluctuations.

Figure 5 shows the plot of measured rð2Þ as a function of T=TBKT

for the heterostructure region. As can be observed, while decreasing
the temperature, rð2Þ increases from a baseline value of�3 at higher T
to�30 near TBKT before decaying again to the Gaussian base value for
T < TBKT . This enhancement of rð2Þ in the narrow window of T in
Region III establishes clearly the appearance of non-Gaussian resis-
tance fluctuations near T ¼ TBKT . In contrast, for the pristine NbSe2
region, rð2Þ remains at the baseline value of �3 (black solid circle in
Fig. 5) throughout the temperature range around the transition indi-
cating a Gaussian distribution of fluctuations as expected for a 3D
superconductor.

Non-Gaussian fluctuations in superconductors can have different
origins: (1) long-range correlation among the vortices as has been
observed in previous studies,17 (2) the dominance of percolation kinet-
ics around superconducting transition seen in inhomogeneous super-
conductors,14 and (3) dynamic current redistribution which appears as
a consequence of substantial transport inhomogeneity and large local
resistivity fluctuations that translate to the necessary condition of
dR=R� 1.30 The third cause can be immediately ruled out by noting
that in our system dR=R� 1. To discriminate between the remaining
two scenarios, note that a comparison of the T dependence of R and
rð2Þ (Fig. 5) reveals that significant fluctuations in the resistance
extends beyond the onset of normal state (i.e., R=RN ¼ 1) at TBCS of

�6:5K. In the low-temperature limit, it extends to T < TBKT . On the
other hand, the deviation from the Gaussian value in rð2Þ stays con-
fined in region III within TBKT < T < TBCS. This deviation indicates
that the increase in rð2Þ that marks the existence of non-Gaussian fluc-
tuations in the fluctuation is a consequence of an independent process
which is unlikely to be the percolation kinetics that dominates the
spectrum of resistance fluctuations. This strongly suggests that the first
scenario of correlated vortices is at play in inducing the non-Gaussian
fluctuations in the system, as has been reported earlier for clean,
homogeneous superconductors.17 Further theoretical and experimen-
tal studies are essential to establish unequivocally if this is the case.

In summary, we have studied the carrier dynamics of SL-MoS2/
NbSe2 heterostructures near the superconducting transition by probing
the low-frequency conductance fluctuations of the system. The first
spectrum (resistance noise) shows signatures of the percolative nature of
the superconducting transition. We provide a phenomenological expla-
nation of the different phase-space regions around the transition tem-
perature in terms of a percolative microstructure picture and correlate
the resulting fluctuations with it. Furthermore, we establish the presence
of strong correlations in the system around TBKT arising most probably
from the interacting vortices and thus established that the supercon-
ducting transition in the system is of the universal BKT type.

See the supplementary material for the method used to evaluate
the BKT temperature, measurement schematic and details, fitting to
the classical percolation model, contribution of temperature fluctua-
tions to the measured noise, and the noise data from another device.
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