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Time reversal and spatial inversion are two key symmetries for conventional
Bardeen-Cooper-Schrieffer (BCS) superconductivity '. Breaking inversion
symmetry can lead to mixed-parity Cooper pairing and unconventional
superconducting properties . Two-dimensional (2D) NbSe, has emerged as a new
non-centrosymmetric superconductor with the unique out-of-plane or Ising spin-
orbit coupling (SOC) *°. Here, we report the observation of an unusual continuous
paramagnetic-limited superconductor-normal metal transition in 2D NbSe,. Using
tunneling spectroscopy under high in-plane magnetic fields, we observe a
continuous closing of the superconducting gap at the upper critical field at low
temperatures, in stark contrast to the abrupt first-order transition observed in BCS
thin film superconductors '*'>. The paramagnetic-limited continuous transition
arises from a large spin susceptibility of the superconducting phase due to the Ising
SOC. The result is further supported by self-consistent mean-field calculations
based on the ab initio band structure of 2D NbSe;. Our findings establish 2D NbSe,
as a promising platform for exploring novel spin-dependent superconducting
phenomena and device concepts ', such as equal-spin Andreev reflection " and
topological superconductivity '*'°,

In conventional BCS superconductors, Cooper pairs are even-parity singlet ',
which yields nearly zero spin susceptibility at low temperatures. The paramagnetic-
limited superconductor-normal metal transition is thus an abrupt first-order transition at



the upper critical field ' (Fig. 1a). This has been experimentally verified, for instance, in
very thin superconducting aluminum ' ' and beryllium '* films under an in-plane
magnetic field, for which orbital depairing is suppressed. In non-centrosymmetric
superconductors, which lack a center of inversion in the crystal structure, the presence of
antisymmetric spin-orbit coupling (SOC) can give rise to a wealth of novel properties,
including the superconducting magneto-electric effect ', spin Hall effect ' and helical
phases " '®. In particular, the spin susceptibility of the superconducting phase can become
significant compared to the normal-state value '**' and lead to a continuous
paramagnetic-limited transition in the zero-temperature limit ** (Fig. la). Such a
transition, however, has not yet been observed in any systems. The recently emerged non-
centrosymmetric superconductors 2D NbSe, * and gated MoS, ***** possess unique Ising
SOC, which pins the electron spins to the out-of-plane direction. They also have sample
thickness much smaller than the bulk penetration depth, and therefore, a significantly
suppressed orbital response to an in-plane magnetic field ”*** . In contrast to the well
known non-centrosymmetric superconductors with Rashba SOC ', in which orbital
effect is often important, atomically thin superconductors with Ising SOC provide an
ideal platform for the investigation of the paramagnetic-limited phase transition and other
pure spin-dependent superconducting phenomena and device concepts.

Single-layer NbSe, consists of a layer of Nb atoms sandwiched between two
layers of Se atoms in a trigonal prismatic structure > *°. It has out-of-plane mirror
symmetry and broken inversion symmetry. Electrons are subject to strong out-of-plane
SOC fields (opposite at opposing crystal momenta), and are effectively Ising spins > ' *>
**_ The Ising spins are largely preserved in each monolayer of multilayer samples due to
the weak interlayer interactions ° (Fig. 1b). Recent experimental advances in high-quality
atomically thin NbSe, samples have unveiled the coexistence of charge-density-wave
order and superconductivity down to the monolayer limit %2, in-plane upper critical
fields far exceeding the spin paramagnetic limit of the BCS theory °, and a Bose metal
phase ’. The earlier studies > **** based on resistance measurements, however, do not
have direct access to the spectroscopic information and the superconducting order
parameter ' '> ', Here we report the first tunneling measurement of a non-
centrosymmetric superconductor in the paramagnetic-limited regime, and the observation
of an unusual continuous paramagnetic-limited phase transition in 2D NbSe, under a high
in-plane magnetic field. Our result provides strong evidence for a significant spin
susceptibility of the superconducting phase in the zero temperature limit originated from
the Ising SOC.

Figure 1c shows the optical image and energy diagram of a typical normal metal-
insulator-superconductor (NIS) junction that has been employed in this experiment. It
consists of a thin layer of platinum or gold electrode, a thin layer of tunnel barrier and a
superconducting NbSe, layer. Two different tunnel barrier materials, aluminum oxide
(AlOy) and few-layer MoS,, have been tested. Both types yielded similar results. Bilayer
and trilayer instead of monolayer NbSe, have been studied because of their significantly
higher chemical stabilities and sheet critical current densities. Because of the weak
interlayer interactions, results for atomically thin samples are similar. Below we present
the trilayer result and include the bilayer result in Supplementary Sect. 4 and 5. Both the



four-point resistance R and the differential tunneling conductance spectrum G(V) (=
dZ/dV, where [ is the tunneling current and ¥ is the bias voltage) have been measured on
the same devices. These quantities normalized by the normal-state values (Ry and Gy) are
shown in Fig. 1 and 2. Raw differential conductance spectra are included in
Supplementary Sect. 4. Details on the device fabrication and electrical measurements are
provided in Methods and Supplementary Sect. 1 - 3.

The basic characterization of 2D NbSe, superconductors by four-point resistance
measurements is shown in Fig. 1le and 1f. The critical temperature determined from the
onset of the transition (90% of the normal resistance) is T, = 5.8 K (Fig. le, top panel).
The in-plane critical field H!, determined from the onset of the transition increases with
decreasing temperature and saturates at ~ 38 T (Fig. 1f). This value is about 3.5 times the
Pauli paramagnetic limit Hp (=~ 1.84 T;) of the BCS theory ', which supports the
preserved Ising spins in trilayer NbSe, as a result of weak interlayer interactions °
Meanwhile, the transition width (shaded region of the fields between 90% and 10% of the
normal-state resistance) increases with temperature due to the enhanced thermal
fluctuations '*'". It approaches about 2 T at low temperatures, likely limited by sample
inhomogeneities. These results agree well with the reported studies ** .

We now investigate the superconducting gap as a function of temperature and in-
plane field by tunneling spectroscopy. The differential tunneling conductance spectra
under zero magnetic fields are shown in Fig. 1d (symbols) for several representative
temperatures. At low temperatures, they consist of two symmetric peaks that are stemmed
from tunneling of normal electrons into the electron and hole branches of the
quasiparticles in the superconductor '’ (Fig. lc). The separation between the peaks
corresponds to the superconducting gap 2A = 2 meV. Finite in-gap conductance is also
observed and is caused by Andreev reflection at junctions with finite transparency '"?’.
As temperature increases, the quasiparticle peaks broaden and their separation decreases,
indicating the closing of the superconducting gap. For a more quantitative analysis of the
tunneling spectra, we compare them to the Blonder-Tinkham-Klapwijk (BTK) model that
includes both the single quasiparticle tunneling and the Andreev process in an NIS
junction of arbitrary barrier strength '”*’ (solid lines, Fig. 1d). The dimensionless barrier
strength, gap energy and quasiparticle lifetime have been used as free fitting parameters.
(For details refer to Supplementary Sect. 5.1 and 5.2.) The agreement between
experiment and theory is generally very good except the small dips observed outside the
superconducting gap unaccounted. These features likely arise from heating of local
constrictions in the junction *’. For typical junctions used in this experiment, the barrier
strength (~ 0.5 — 1.5) is moderate. The temperature dependence of the gap is depicted in
Fig. le (symbols) and can be described by the BCS theory '’ (solid line). The extracted
T, (dashed vertical line) is consistent with the value from the resistance measurements.
The extracted zero-temperature gap size 2Ay= 4.3kpT. (Where kg is the Boltzmann
constant) is higher than the usual 3.52kzT, for a BCS superconductor ', likely due to
strong-coupling corrections **.

The behavior of the superconducting gap in an in-plane magnetic field is
illustrated in Fig. 2. The contour plot in Fig. 2a is the differential conductance as a



function of bias voltage V' (bottom axis) and in-plane field H; up to about 40 T (left axis)
at 0.3 K (= 0.05T;). Figure 2b shows the representative tunneling spectra (symbols)
together with comparison to the BTK model (solid lines). The BTK analysis here has
neglected both the orbital effect and the Zeeman effect (see Methods for justification
based on the estimated orbital-limited upper critical field). The extracted gap as a
function of H) is summarized in Fig. 2c and the other parameters, in Supplementary Sect.
5.3, respectively. The figure also includes results at several elevated temperatures. (See
Supplementary Sect. 5.5 for raw spectra and analysis.) As a comparison, we have
included the classic example of superconducting aluminum thin films under an in-plane
field """ in Fig. 2d (tunneling spectra) and Fig. 2e (superconducting gap extracted from
the data in ref. 11 by our BTK analysis). Our results differ drastically from the behaviors
of BCS thin film superconductors: (1) The two quasiparticle peaks have survived up to
H, > 30 T, which far exceeds the Pauli paramagnetic limit of the BCS superconductors
7. (2) The two quasiparticle peaks exhibit negligible Zeeman splitting even under very
high fields unlike the significant Zeeman splitting observed in the BCS superconductors
%11 "(3) As Hy increases, the superconducting gap drops continuously to zero at the
upper critical field in the zero-temperature limit, indicating a continuous phase transition,
in stark contrast to the abrupt first-order phase transition observed in BCS
superconductors 1%,

The observed continuous paramagnetic-limited superconductor-normal metal
transition in 2D NbSe; is rather unique. Table 1 summarizes all currently available
experiments on the order of the paramagnetic-limited transition. They range from metal
thin films '*'* to quasi-2D heavy fermion **°, organic *' and iron pnictide ** systems
such that orbital depairing is strongly suppressed under a magnetic field in order to reach
the paramagnetic-limited regime. In the low-temperature limit, they all exhibit a first-
order transition in contrast to 2D NbSe,. We note that non-centrosymmetric
superconductors with Rashba SOC in principle can also exhibit a continuous
paramagnetic-limited transition, but under an out-of-plane field (Supplementary Sect.
6.3). The orbital depairing under this configuration, however, makes it almost impossible
to reach the paramagnetic-limited regime.

To understand our experimental observations, we consider the free energies of the
normal and superconducting states in the zero-temperature limit when all real
quasiparticle excitations are frozen. Including only the spin paramagnetic effect, the free
energy can be expressed as Fy = —y,yHf /2 for the normal state, and Fg = —N,A3/2 —
XisHit /2 for the superconducting state (ref. 117y Here Xiv and y;s denote the field-
dependent spin susceptibility of the normal and superconducting states, respectively; N,
is the density of states at the Fermi surface. For a BCS superconductor, electron spins are
Heisenberg-like, i.e. no preferential direction. Under H;, the quasiparticle peaks are
Zeeman split by gugH, (ref. 1911y (g and pp are the electron g-factor and the Bohr
magneton, respectively). The spin susceptibility of the superconducting state is zero
(xys = 0) since Cooper pairs are singlet %20 The spin susceptibility of the normal state
is the Pauli paramagnetic susceptibility y,y = No(gug)?/2. The transition occurs when
Fs = Fy at the familiar upper critical field Hﬂz = Hp. It is first order since the derivative
of the two free energies is discontinuous at Hp (Fig. 1a) ' 2.



On the other hand, in 2D NbSe, with Ising spins pinned by the strong intralayer

SOC field > ' ', Hyo(> Hy), the in-plane field induces an electron spin magnetic

moment of ~gug (ﬂ) and a Zeeman splitting of ~gugH, (:—”) & gugH,. This energy
S0

Hso
is ~ 0.1 meV even at H; = 30 T, which explains the negligible Zeeman splitting observed
in the quasiparticle peaks. The Ising SOC also endows the in-plane spin susceptibility a
van Vleck character. The van Vleck spin susceptibility is originated from virtual
transitions involving states over an energy scale much larger than the superconducting
gap A, * (the band width, the spin-orbit splitting and A, of NbSe; are on the order of 1
eV, 100 meV and 1 meV, respectively). As a result, the opening of a small
superconducting gap at the Fermi surface has little effect on the spin susceptibility, i.e.
Xis = xiv (Ref. 2021y The two free energies therefore touch smoothly to yield a

continuous paramagnetic-limited transition at a much higher H !2 (Fig. 1a), as observed in
our experiment.

Finally, we perform quantitative calculations of the superconducting gap as a
function of in-plane magnetic field in trilayer NbSe, to validate the above physical
picture. The results have been obtained by solving the self-consistent mean-field equation
based on the ab initio band structure of trilayer NbSe, and on the assumption of an
isotropic s-wave pairing potential '>'°. The latter assumption is consistent with studies of
the superconducting gap of bulk NbSe, by the angle-resolved photoemission
spectroscopy (ARPES) **. For comparison, we have also included results when the Ising
SOC has been turned off numerically. Figure 3a shows the temperature dependence of the
ratio of the susceptibilities y;s/x;y in the low-field limit. Whereas y,s/x;n goes to zero
at low temperature in the absence of SOC, as expected for a BCS superconductor ",
Xis/xyn remains close to unity even at low temperatures when SOC is included. Figure
3b depicts the field dependence of the gap. In the presence of SOC (main panel), the gap
decreases to zero continuously with field at all temperatures, in good agreement with our
experiment (Fig. 2¢). In contrast, the transition becomes first order at low temperatures in
the absence of SOC (inset, Fig. 3b), in agreement with the behavior of a BCS
superconductor (Fig. 2e) '*'2,

In conclusion, we have observed an unusual continuous paramagnetic-limited
superconductor-normal metal transition in 2D NbSe, at low temperature by tunneling
spectroscopy. Our results have provided strong evidence for significant spin
susceptibility of 2D NbSe, in the zero temperature limit, which is originated from the
antisymmetric Ising SOC. The findings together with the developed junction devices
have paved the path for probing exotic superconducting phenomena such as equal-spin
Andreev reflection, proximity phenomena and topological superconductivity > '> ' in
2D NbSez.
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Methods

Device fabrication

The normal metal-insulator-superconductor (NIS) junctions employed in this experiment
were fabricated using the dry transfer method °. Atomically thin flakes of NbSe, were
mechanically exfoliated onto flexible polydimethylsiloxane (PDMS) substrates from bulk
NbSe; single crystals, which were grown by the vapour transport method. The thickness
of the NbSe, flakes was first estimated by their optical contrast on PDMS and then
verified by their characteristic thickness dependent superconducting transition



temperatures and/or Raman shear mode frequencies *°. The identified flakes of
appropriate thickness, size and shape were then transferred onto the Si substrates with
pre-patterned metal electrodes. Two types of tunnel junction devices have been explored
in this study. For the first type, split electrodes of Ti/Pt (4 nm/50 nm) were first deposited
on Si/Si0; (300 nm) substrates by the standard photolithography and e-beam evaporation
method. The substrates were then cleaned under an ozone environment, followed by e-
beam evaporation of a layer of Al of ~ 0.3 — 1.5 nm thickness (see Supplementary Sect.
3.1 for optimization of the tunnel barrier thickness). The Al layer was allowed to fully
oxidize to form AlOx under ambient conditions for a few hours. In order to minimize
contribution from the electrode resistance to the voltage drop across the junctions, the
NbSe; flakes were aligned and transferred such that one of the sample edges is very close
to where the electrodes are split (Fig. 1c). Finally a thin layer of hexagonal boron nitride
(hBN) was transferred on top of the devices as a capping layer. Typical residual
resistivity ratio (RRR) of our devices is about 10. For the second type of devices, the
exfoliated NbSe; flakes were directly transferred onto pre-patterned Ti/Au (5 nm/50 nm)
electrodes. A thin layer (3 — 4 layer) of MoS; tunnel barrier was then transferred onto the
NbSe, sample, followed by patterning a Ti/Au (5 nm/50 nm) tunnel electrode by e-beam
lithography. The typical RRR (~ 5) is lower in this type of devices. (See Supplementary
Sect. 3.2, 4 and 5.3 for results from this type of devices.)

Transport measurement

Both four-point resistance and differential conductance have been measured. In the
differential conductance measurements, the junction was biased through one of the split
electrodes with a small ac bias current, superimposed on a dc bias current (the amplitude
of the ac voltage was kept below 50 uV and the dc voltage was varied from -5 mV to 5
mV). Both the ac and dc voltage drop at the junction were measured through the other
electrode of the split pair using a lock-in amplifier and a voltage preamplifier,
respectively (See Supplementary Sect. 1 for the measurement schematic). The differential
conductance G was obtained as the ratio of the ac current to the ac voltage. The dc
voltage dependence of G is the differential tunneling conductance spectrum reported in
the main text. Initial screening of the devices up to 9 Tesla was performed using a
Physical Property Measurement System (PPMS). Measurements under high magnetic
fields were performed using the 45 T hybrid magnet at the National High Magnetic Field
Laboratory (NHMFL) in a *He refrigerator with a *He exchange gas. The hybrid magnet
only allows the application of magnetic field between 11 T and 45 T for most of the
temperatures in this study. To apply an in-plane magnetic field with a misalignment < 0.1
degrees, we aligned the devices on a rotating probe such that the four-point resistance
was minimized when the magnetic field was fixed slightly below the in-plane upper
critical field at the base temperature. This procedure utilizes the large anisotropy in the



in-plane and out-of-plane upper critical fields. (Details of the alignment procedure are
given in Supplementary Sect. 2.)

Estimate of the in-plane orbital-limited upper critical field

The in-plane orbital-limited upper critical field can be estimated following Hﬂz (T=0)=
V32
T )t
sample thickness, respectively. We obtained H!, ~ 85 T and 170 T, respectively, for
trilayer and bilayer NbSe,. In this calculation, we used &, ~ 10 nm ’ and t ~ 1.3 nm >*
for trilayer NbSe,, and t = 0.65 nm for bilayer NbSe,. These fields far exceed the
experimentally measured in-plane upper critical fields (~ 37 T) for both bilayer and
trilayer samples. The superconductor-normal metal transition considered here is thus
safely in the paramagnetic-limited regime. For simplicity we have neglected the orbital
effects in our discussions.

(ref. %), where @, & i and t are the flux quantum, in-plane coherence length and
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Figure 1 | 2D NbSe; superconductor tunnel junction. a, Magnetic-field dependence of
the free energy of a normal metal (NM, blue line), BCS superconductor (SC) (orange
dashed line) and an Ising SC (red line). AG is the condensation energy. The
paramagnetic-limited transition is first order at Hp if spin susceptibility y, = 0 (BCS
SC), and second order at a higher upper critical field H., if spin susceptibility is
significant y; > 0 (Ising SC). b, Schematic of Ising spins in superconducting trilayer
NbSe;. In each monolayer, electrons of the K and K’ pocket possess opposite momentum
(in-plane arrows) and opposite spin (out-of-plane arrows). Electrons of the same
momentum in adjacent weakly coupled layers have opposite spins since the two layers
are inverted. ¢, Optical image of a typical NbSe, tunnel junction (top). It consists of Pt
electrodes (yellow), a thin layer of AlOx, NbSe, superconductor (outlined by red dashed
lines), and hBN capping layer (blue). The scale bar corresponds to 10 um. The energy
diagram of the junction (bottom) shows that the tunneling current as a function of bias
voltage V' measures the superconducting gap 2A. d, Differential tunneling conductance
spectra (symbols) and comparison to the BTK model (red lines) of trilayer NbSe; at
varying temperatures under zero magnetic field. e, Temperature dependence of the
normalized four-point resistance (solid red line, upper panel) and the temperature
dependence of the superconducting gap A from tunneling measurements (symbols, lower
panel). The vertical and horizontal error bars of A correspond to the BTK fitting error and
sample temperature fluctuations, respectively. The dashed line indicates the critical
temperature Tc. The solid gray line is the prediction of the BCS theory with zero
temperature gap 24, ~ 4.3k T,. f, Temperature dependence of the critical field H', (red
symbols) and of the superconducting transition width (shaded region between 90% (red)
and 10% (blue) of the normal-state resistance). The critical field and the sample
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temperature are normalized by the spin paramagnetic limit of the BCS theory Hp

T and the critical temperature T, = 5.8 K, respectively.
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Figure 2 | Tunneling spectroscopy under in-plane magnetic fields. a, Contour plot of
the differential conductance of trilayer NbSe, as a function of bias voltage (V, bottom
axis) and in-plane field (H;, left axis) at 0.3 K. A continuous closing of the
superconducting gap is visible when the field is increased. b, Differential tunneling
conductance spectra (symbols) at selected fields (dashed lines in a) and comparison to the
BTK model (red solid lines). The spectra are vertically displaced for clarity. ¢, The
extracted superconducting gap from the tunneling spectra as a function of field at
differing temperatures. d, e, Tunneling spectra at representative in-plane fields, vertically
displaced for clarity (d), and field dependence of the superconducting gap (e) for
aluminum thin films at low temperature are included for comparison. The dashed red
lines in d illustrate the Zeeman splitting of the quasiparticle peak. Adapted from ref. 11,

APS (d).
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Figure 3 | Calculations of the superconducting gap under in-plane magnetic fields. a,
In-plane spin susceptibility of trilayer NbSe, normalized by the normal-state value
(xys/xynv) 1n the low-field limit as a function of temperature with (red line) and without
SOC (blue line). b, Superconducting gap normalized by the zero-temperature, zero-field
value (A/A,) as a function of in-plane field at differing temperatures. The gap closes
continuously with increasing field at all temperatures. Inset shows the result without
including SOC in the band structure of NbSe,. The band gap closes abruptly with
increasing field at low temperature (0.1 T;).

Table 1. Experimentally observed paramagnetic-limited superconductor-normal
metal transitions.

Table 1. Experimentally observed paramagnetic-limited superconductor-normal
metal transitions.

10,11 12% i 10 29,30+ Kk-(BEDT- 32894
Al Be V-Ti CeColns TTF),Cu(NCS), 31t KFe;As, 2D NbSe,
(metal (metal (metal (Heavy fermion SC) (Organic SC) (Pnictide SC)
thin film)  thin film)  thin film)
Zecman Y - Y - - - N
splitting
Phase
transition I I 1 I I I 2nd
order (T = 0)

Experimental methods in addition to tunneling measurements: *Transport; 'Specific heat; ‘Magnetization;
Thermal expansion; "Magnetostriction.
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