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We report experimental investigation of the resistivity and Nernst effect in two-dimensional (2D) NbSe2 crystals.
A strongly enhanced Nernst effect, 100 times larger than that in bulk NbSe2, caused by moving vortices is observed in
thin film. It is found that in the low temperature, high magnetic field regime, pinning effects show little dependence
on the thickness and resistivity of the superconductor films. Strong Nernst signals persist above the superconducting
transition, suggesting that the Nernst effect is a sensitive probe to superconducting fluctuations. A magnetic field induced
superconductor–insulator transition (SIT) is evident, which is surprising in that such a SIT usually takes place in disordered
dirty superconductors, while our samples are highly crystalline and close to the clean limit. Hence, our results expand the
scope of SIT into 2D crystal clean superconductors.
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1. Introduction

More and more highly crystalline two-dimensional (2D)
superconductors are emerging, thanks to the development
of new fabrication techniques, such as molecular beam
epitaxy[1–3] and mechanical exfoliation.[4–6] Earlier studies on
2D superconductivity were usually focused on either quasi-
2D systems, e.g., layered high-temperature superconductors,
or disordered ultra-thin films, which are in the dirty limit.[7–9]

Crystalline 2D superconductors present an idea platform for
the investigation of 2D superconductivity in the clean limit and
hence have immediately attracted significant interest.[4,6,10–12]

New effects, for instance, Ising superconductivity, have been
discovered in NbSe2,[4,13] MoS2,[10,11] WS2.[14] The so-called
quantum Griffiths phase, predicted 40 years ago, has finally
been confirmed by experiment in Ga thin films.[15] The elu-
sive Bose metal has been found to appear in crystalline 2D
superconductors,[6,16] which poses strong constraints on the-
oretical models.[17,18] Being readily tuned by gating or sur-
face modification,[12,19,20] this class of materials may pro-
vide a great opportunity in understanding the high-temperature
superconductivity.[21,22] Currently, the experimental studies
have been largely limited to resistance measurements, by
which the critical temperature (Tc) and critical field (Bc2) are
obtained.[23] It is necessary to employ other techniques to gain
more insights into 2D superconductivity.

The Nernst effect is the generation of a transverse elec-

tric field by a longitudinal thermal gradient in the presence
of a magnetic field. In normal metals, this electric field is
produced by quasiparticles deflected by Lorentz force. In su-
perconductors, vortex flow driven by a temperature gradient
also generates a transverse field, contributing to the Nernst
effect. Therefore, it offers information on vortex dynamics
and was used in studies of the mixed state of conventional
type-II superconductors.[24–26] In high-temperature supercon-
ductors, the Nernst effect has proved to be a unique tool in de-
tecting vortex-like excitations in the pseudogap regime above
Tc.[27] Recently, it has been used to probe superconducting
fluctuations above Tc or Bc2 in amorphous or granular thin
films.[9,28,29] However, to the best of our knowledge, study of
the Nernst effect in highly crystalline 2D superconductors has
not been reported.

In this work, we carry out measurements of the electri-
cal resistance and the Nernst effect on a 2D crystal supercon-
ductor NbSe2. In the thinnest film, 4.5 nm thick, the Nernst
signal is strongly enhanced, 100 times larger than that in bulk
crystal.[30] The transport entropy of vortices is obtained from
the resistance and the Nernst effect. The effect of vortex pin-
ning on the vortex flow is inferred through a phenomenologi-
cal analysis. It is found that pinning is not affected by reduc-
ing the thickness and the number of point defects in the low
temperature, high magnetic field regime. Intriguingly, even
though our samples are close to the clean limit of a super-
conductor, a superconductor–insulator transition (SIT) is un-
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ambiguously identified by scaling of magnetoresistance. The
critical component is estimated to be 0.55, smaller than the
lower bound of 1 for a disorder dominated SIT, while it is con-
sistent with the clean limit where the interaction dominates.

2. Experiments
The 2H-NbSe2 single crystals were grown by chemical

vapor transport method. NbSe2 powder (starting material) and
iodine (transport agent) were sealed in an evacuated quartz
ampoule and then exposed to a temperature gradient from
850 ◦C to 800 ◦C for two weeks, forming single crystals at the
cooler end. Our bulk crystals have a residual resistivity ratio
(RRR) of about 25.6 with Tc = 7.13 K, as shown in Fig. 1(c).
Thin NbSe2 flakes were exfoliated from the bulk crystals in
air and transferred onto Si/SiO2 substrate. The samples were
stored in inert gas environment and only exposed to air during
transferring. Fabrication of devices by standard e-beam lithog-
raphy for transport measurements was completed in 12 hours
to reduce oxidation. Measurements of the film thickness were
carried out using atomic force microscopy after low temper-
ature transport measurements. An optical image of the setup
for measurement of the Nernst effect is shown in Fig. 1(a).
Metal stripes made of Ti (5 nm)/Au (50 nm) were used as
micro-heaters to generate a temperature gradient across the
sample. Usually, stripes of the same metal film deposited with
heaters are used as thermometers.[31] However, because the

resistance of the gold film saturates below 10 K due to resid-
ual resistance, it cannot be used at low temperatures. In this
work, we employed disordered graphene stripe as the ther-
mometer, as it can be made to exhibit a strong temperature
dependent resistance below 10 K. By patterning an heater of
the same geometry as that for measuring a sample and a series
of graphene thermometers at different distances to the heater,
we estimated the temperature gradient along our samples ex
situ. An ac method using a lock-in amplifier (SR830 by Stan-
ford Research Systems) at a low frequency of 3.777 Hz was
employed. To avoid experimental artifacts due to the strong
temperature dependence of the Seebeck coefficient at the su-
perconducting transition,[32] two heaters were used and both
were injected with a sinusoidal current of the same frequency
but a π/2 phase difference from an ac current source (Keith-
ley 6221). The amplitude of the currents was adjusted such
that the dc temperature gradient between the two transverse
Nernst probes was zero. The resistance of the heaters ranges
from 12 Ω to 14 Ω. The amplitude of the heating currents (IH)
varies from 230 µA to 290 µA. For the measurement at the
lowest temperature, 1.46 K, a heating current of 247 µA was
applied, giving rise to a temperature gradient of 50 mK/µm.
As shown in Fig. 1(b), the linearity of the Nernst voltage to
I2
H indicates that the Nernst signal remains linear in temper-

ature gradient. The magnetic field was swept at a rate up to
0.2 T/min.
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Fig. 1. Strong enhancement of the Nernst effect in 2D NbSe2. (a) Optical image of a device for probing the Nernst signal. A, B and C, D are the
Nernst probes. The scale bar is 10 µm. (b) I2

H dependence of the Nernst voltage at T = 1.47 K and B = 1.5 T. (c) Temperature dependence of
the normalized resistance for samples with different thicknesses. (d) Temperature dependence of the sheet resistance and Nernst signal for S5 at
B = 0.5 T. The dash line is the temperature dependence of the sheet resistance at B = 0 T. (e) Field dependence of N with different thicknesses
at T/Tc = 0.32. (f) Field dependence of N and R at T = 1.4 K.

3. Results and discussion

The basic information of three samples presented in this
study is summarized in Table 1. The RRR of 2.9 in a 4.2 nm

thick sample (S5) is similar to that of 2.7 in a 5.5 nm thick
sample in previous work.[33] The sheet resistance Rsq as a
function of temperature in S5 is displayed in Fig. 1(d). The
Rsq–T curve exhibits a sharp transition at Tc, while above

087402-2



Chin. Phys. B Vol. 29, No. 8 (2020) 087402

Tc the resistivity shows a gradual reduction when approach-
ing Tc. The feature above Tc is attributed to superconduct-
ing fluctuations, which will be discussed later in detail. Tc

is 4.18 K, defined as the temperature at which the resistance
is 90% of the normal state value. It is slightly lower than
the critical temperature (5.26 K) of a clean bilayer of NbSe2

protected by an insulating layer of hexagonal boron nitride
(BN).[6] The suppressed Tc is likely due to oxidation on the
surface of the sample. The sheet resistance in the normal state
is Rn = 250 Ω, which is much smaller than the quantum re-
sistance RQ = h/4e2 ≈ 6.5 kΩ, indicating that our sample is
distinct from highly disordered superconducting amorphous
films.[8]

The temperature dependence of the Nernst signal N =

Ey/(−∇xT ) and sheet resistance at B = 0.5 T are plotted in
Fig. 1(d). Rsq shows a broad transition which is a consequence

of dissipation due to vortex motion. N displays a peak at 3 K. It
is essentially zero at the normal state or far below Tc. The field
dependence of N exhibits a similar peak feature, as seen in
Fig. 1(e). We plot the data for two other samples with different
thicknesses (S7, 7.5 nm and S9e, 18.5 nm) in the same panel.
It is apparent that the Nernst signal is strongly enhanced in the
thin flakes. In fact, the peak amplitude of N in the thinnest
sample, S5, is 100 times larger than that in bulk NbSe2, about
0.03 µV/K at a magnetic field of 1 T.[30] It is comparable to
that in high-temperature superconductors[34] or amorphous su-
perconducting thin film.[28] The peak for the thicker sample
shifts towards a higher magnetic field due to its larger upper
critical magnetic field. In Fig. 1(f), we plot Rsq and N as a
function of magnetic field at T = 1.47 K. N peaks at 1.55 T,
slightly lower than the middle point of the resistance transi-
tion.

Table 1. Basic information of samples presented in this study.

Sample Thickness ρn Mean free path
Ginzburg–Landau coherence η/10−8 N·s·m−2

Tc RRR
length at 0 K at T/Tc = 0.32

S5 4.2 nm 110 µΩ·cm 11.7 nm 9.1 nm 0.4 4.18 K 2.9
S7 7.5 nm 7.2 µΩ·cm 106 nm 8.1 nm 9.6 6.13 K 7.0
S9e 18.5 nm 9.3 µΩ·cm 110 nm – 10.8 6.88 K 13.9

The magnetic field dependence of the Nernst signal at dif-
ferent temperatures in S5 and S7 is shown in Figs. 2(a) and
2(c), respectively. The Nernst peak, occurring at BN

p , shifts to-
wards a lower field with increasing temperature, as the critical
field decreases with temperature. The peak height displays a
non-monotonic dependence on temperature, reaching its max-
imum at T ∗/Tc = 0.69 in S5 and at T ∗/Tc = 0.68 in S7. A sim-
ilar value of T ∗/Tc = 0.57 was observed in high-temperature
superconductors.[35]

Since the Nernst effect in the normal state is negligible,
the observed N in the superconducting state can be exclusively
attributed to vortex flow. Note that a superconducting vortex
carries an excess entropy in its core. Under a thermal gradient
∇xT , it is subject to a thermal force per unit length of vortex
line, Fth = S∗(−∇xT ), where S∗ is the transport entropy per
unit length of the vortex line. As a result, a vortex moves to-
ward the low temperature side at a speed of vφ = S∗∇xT/η ,
determined by the balance between Fth and the viscous drag
Fη = ηvφ , where η is the coefficient of viscosity. According
to the Josephson relation, this longitudinal flow of vortex gen-
erates a transverse field, Ey = nφ0vφ , where n is the areal den-
sity of vortices and φ0 is the superconducting flux quantum.
Taking B = nφ0, one can reach

N =
Ey

∇xT
=

BS∗

η
. (1)

Here, η can be inferred from the flux flow resistivity ρ using a
similar analysis based on the balance between the force driven
by the electric current and the viscous drag

ρ = Bφ0/η . (2)

Therefore, we can obtain S∗ from the measurements of N and
ρ , as shown in Figs. 2(b) and 2(d). With increasing field or
temperature, the superconductivity is weakened. So, S∗ is re-
duced too. Overall, S∗ in S5 is smaller than that in S7, which
is reasonable as not only Tc is lower in S5, but the effects
of superconducting fluctuations are enhanced by the reduced
dimensionality and disorder.[36,37] Despite suppression of the
entropy in thin films, the Nernst signal is enhanced, indicating
that η is reduced.

The viscosity of vortex results from dissipation by a cur-
rent through the normal core. Thus, it is related to the normal
state resistivity ρn and can be expressed as η = φ0Bc2/ρn ac-
cording to the Bardeen–Stephen theory.[38] As the thickness
is reduced, the resistivity increases significantly, leading to re-
duction of η . According to Eq. (2), the flow resistance should
be linear in B, whereas this behavior has not often been seen or
at most takes place only in a limited field regime. The reason
is that the vortex flow is complicated by pinning and vortex in-
teraction in high fields where the vortex separation is small. To
gain a basic, yet meaningful, assessment on how these effects
can affect η , we limit our analysis on a simple phenomenolog-
ical level. One of the effects is that some vortices are trapped
by pinning centers. One may adopt a two-fluid model to de-
scribe it, i.e., although the total density of vortices is n=B/φ0,
the actually density of vortices that can flow and produce an
electric field is n∗ =wB/φ0, where 0≤w≤ 1, w= 0 below the
vortex melting field Bm and w = 1 at Bc2. It is a function of B
and T . These trapped vortices distort the flow of other vortices,
leading to an increase in η . Additionally, the interaction be-
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tween vortices, becoming more important in high fields (small
inter-vortex spacing), will also contribute to η . These effects
can be included in an enhancement factor of u (u> 1) to η . For
simplicity, we introduce a new correction term χ = u/w−1 to
account for the pinning and vortex interaction, so that the ef-
fective coefficient of viscosity is η∗ = (1 + χ)η . It can be
readily seen that χ = η∗/η−1 = ρnB/ρBc2−1. The χ is ex-
pected to reduce to 0 at Bc2, as η = φ0Bc2/ρn. Note that the
estimation of the entropy S∗ is not affected by this new term,
as η appears in the expressions for N and ρ and cancels.
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Fig. 2. Field dependence of (a), (c) the Nernst signal and (b), (d) transport
entropy carried by vortices in two samples at different temperatures. Black
dots denote the entropy at each temperature when the Nernst signal is at its
peak.

To see how pinning and vortex interaction change in sam-
ples with different thicknesses, we plot χ as a function of re-
duced magnet field B/Bc2 at different reduced temperatures for
S5 and S7, as shown in Fig. 3. When the temperature is close
to Tc, χ in S5 is below that in S7, suggesting that it is eas-
ier for vortices to flow in thinner films, even though there are
much more defects, as indicated by the sheet resistance. This
is because these defects, most likely atomic defects induced by
surface oxidation, are much smaller than the coherence length.

They are not effective in pinning the vortices, which is con-
sistent with the general belief for disordered amorphous thin
films.[39] On the other hand, as the system approaches to the
two-dimensional limit, the effect of thermal fluctuations is en-
hanced, which facilitates vortex flow. With decreasing tem-
perature, this difference reduces. Below T/Tc = 0.38, χ in
S5 and S7 overlaps at B/Bc2 > 0.5, suggesting that when the
thermally-assisted vortex flow is negligible, pinning is not ap-
preciably affected by reducing dimension.

The non-monotonic behavior of the Nernst effect can be
understood based on the field and temperature dependence of
S∗ and η∗. S∗ decreases with increasing field due to back-flow
of entropy-carrying quasiparticles about the vortex through
tunneling.[40] At the same time, η∗ decreases too, because not
only the pinning energy reduces, but the vortices become more
mobile owing to thermally assisted depinning. Two mecha-
nisms compete, in addition to the factor of B, giving rise to a
peak feature in N. When the temperature rises, the same ar-
gument holds. It is worth pointing out that the entropy should
disappear at very low temperature according to the third law
of thermodynamics, although we have not seen such a trend,
likely because the temperature is not low enough.

From the field dependence of the resistivity, we define the
melting field of the vortex lattice BR

m, upper critical field BR
c2,

and the half resistivity point BR
50%. Resultantly, the phase di-

agrams for S5 and S7 are shown in Fig. 4. We also plot three
field scales obtained from the Nernst signal, i.e., the fields at
which N appears, peaks, and disappears, denoted as BN

m, BN
p ,

and BN
c2, respectively. In S5, the vortex liquid region is wider

than that in S7, which is consistent with the enhancement of
fluctuations and penetration depth in 2D. The field scales ob-
tained from N agree well with those from resistivity, except for
BN

c2, which is appreciably larger than BR
c2 in S5. This can be

clearly seen in the experiment raw data shown in Figs. 4(c) and
4(d). In S7, both ρ and N fade at the same field. In contrast,
N persists to a higher field than ρ in S5, manifested as a long
tail above BR

c2. A Nernst signal surviving well above the up-
per critical field has been observed in other two-dimensional
superconductors. It is believed to result from the short-lived
cooper pairs[9,28] or mobile vortices[29,41] in the insulating side
of a superconductor–insulator transition.
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One of the characteristics of a magnetic field induced SIT
is a crossing point in the magnetoresistance. Figure 5(a) shows
the field dependence of the resistance in S5 measured at vari-
ous temperatures ranging from 1.43 K to 5.03 K. The zoom-in
of the same set of data at the end of the transition is shown
in Fig. 5(b). All curves cross at the same point (Bc = 2.82 T,
Rc = 253.32 Ω). This feature can also be illustrated as a tem-
perature independent resistance at B = 2.8 T, displayed in the
inset of Fig. 5(b). For B < Bc, the resistance continues to
drop with decreasing temperature, indicating a superconduct-
ing phase. For B > Bc, the resistance rises with decreasing
temperature, indicating an insulating phase. This transition is
not driven by temperature but a magnetic field and is a quan-
tum phase transition. Around the transition, the resistance is
expected to follow a scaling function

R(δ ,T ) = Rc f (|B−Bc|T−1/zν), (3)

where f (x) is the scaling function, z is the dynamic critical
exponent, and ν is the correlation length critical exponent. As
shown in Fig. 5(c), we plot the ratio R/Rc against the scal-
ing variable t|B− Bc| for 16 different temperatures ranging
from 1.43 K to 5.03 K, where t = (T/T0)

−1/zν . We are able
to find the value of t(T ) so that all curves collapse onto two
branches. By plotting lnT/T0 as a function of ln t in Fig. 5(d),
we find a good linear relation. From the slope, zν = 0.55 is ob-
tained. The crossing point and the good agreement of our data
with Eq. (3) indicate that there is an SIT in our thinnest film
S5. We would like to emphasize that such a SIT is usually
found in disordered superconducting films, where the sheet
resistance is close to the quantum resistance h/4e2 predicted
by theory.[42] Although SIT has been found in films of much
lower resistivity in later experiments, the sheet resistance of
S5, 250 Ω/sq, is still less than one-half of the lowest resis-
tance ever reported.[43] The observation of SIT in our single
crystal film raises an interesting question, i.e., is the transition
observed here the same as the one in disordered films, or does
the former belong to the same universality class as the latter?
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Fig. 5. Magnetic field induced SIT in S5. (a) Magnetoresistance of sample
S5 at different temperatures ranging from 1.43 K to 5.03 K. (b) Zoom-in
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Regarding the question, it would be helpful to discuss the
critical exponent ν , which takes different values in different
universality classes. Assuming the dynamical exponent z = 1,
which has usually been found and corresponds to the long-
range Coulomb interaction,[42] one has ν = 0.55. In disorder
2D superconductors, it has been predicted that ν ≥ 1. Most
experiments found so, but there are a few exceptions. Specula-
tions on the nature of disorder have been proposed to account
for the discrepancy.[44–46] Very recently, Roy et al.[47] have
obtained ν from the Nernst effect in amorphous InOx films
and found that the scaling of the transverse Peltier coefficient
αxy yields ν ∼ 0.7. They argued that αxy is more appropriate
for the determination of ν , as it is a thermodynamic property,
while the resistance is not. ν ∼ 0.7 suggests that their system
is in clean limit and dominated by interactions instead of dis-
order. In terms of relative amplitudes of the mean free path
and the coherence length, our samples are close to the limit of
clean superconductors and much cleaner than all the other SIT
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systems. However, it is not clear if this cleanness can lead to
the clean limit in a Josephson coupling islands model, which
has been considered to be a relevant model for SIT.

4. Conclusion
We have studied the electric and thermoelectric trans-

port properties of a 2D crystalline superconductor, NbSe2. A
strong enhancement of the Nernst effect with decreasing thick-
ness has been observed. In low temperature and high magnetic
field, vortex pinning is found to remain unchanged in thinner
and more resistive films. Superconducting fluctuations mani-
fest in the Nernst signal much more strongly than in the resis-
tance. Despite being a superconductor close to the clean limit,
our thinnest film exhibits a magnetic field induced SIT, evi-
denced by a scaling behavior in the magnetoresistance. The
critical exponent ν is estimated as 0.55, in contrast to ν > 1 in
most disordered superconductors.
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