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ABSTRACT

Leveraging reciprocal-space proximity effect between superconducting bulk and topological surface states
(TSSs) offers a promising way to topological superconductivity. However, elucidating the mutual influence
of bulk and TSSs on topological superconductivity remains a challenge. Here, we report pioneering
transport evidence of a thickness-dependent transition from conventional to unconventional
superconductivity in 2M-phase WS, (2M-WS). As the sample thickness reduces, we see clear changes in
key superconducting metrics, including critical temperature, critical current, and carrier density. Notably,
while thick 2M-WS, samples show conventional superconductivity, with an in-plane (IP) upper critical
field constrained by the Pauli limit, samples under 20 nm exhibit a pronounced IP critical field
enhancement, inversely correlated with 2D carrier density. This marks a distinct crossover to
unconventional superconductivity with strong spin-orbit-parity coupling. Our findings underscore the
crucial role of sample thickness in accessing topological states in 2D topological superconductors, offering

pivotal insights into future studies of topological superconductivity.
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The quest for topological quantum states in superconductors has attracted significant attention in condensed
matter physics, fueled by the promise of uncovering novel phenomena and potential applications in
quantum computing. -2 The two-dimensional (2D) van der Waals (vdW) superconductors, * epitomized by
thin, crystalline atomic layers and rich types of crystal structure and symmetry, offer an unparalleled
platform for exploring and manipulating exotic superconducting and topological quantum states. In
particular, the reduced dimensionality of 2D vdW superconductors amplifies quantum effects, creating an
ideal setting for investigating the interplay between superconductivity, dimensionality, spin-orbit coupling
(SOC), and topological surface states (TSSs). This interplay leads to exotic phenomena and physical
properties, such as Ising superconductivity* >, topological band inversion with spin-orbit parity coupling
(SOPC)*, and topological superconductivity’-'°. For instance, Ising superconductivity, a phenomenon found
in specific 2D superconductors, manifests in two types: type I, observed in superconductors lacking
inversion symmetry (such as gated MoS,!'' and WS;!? and monolayer NbSe,'") and type II, present in
superconductors with both a centrosymmetric structure and rotational symmetry®. Both types of Ising
superconductors can lead to unconventional superconducting states and enhance the materials’ resilience
to in-plane (IP) magnetic fields. Theorists also predicted that in superconductors (such as 177-WTe;) with
centrosymmetric structures but not certain rotational symmetry, SOPC near the band inversion point could
account for the enhanced upper critical field. ¢ Furthermore, the intriguing combination of s-wave
superconductivity with TSS provides a promising way for realizing topological superconductivity'* 5.
Inherently governed by topology, topological superconductors (TSCs) can host Majorana zero modes
(MZMs) - quasiparticles crucial for achieving fault-tolerant quantum computing'® ', However, the intricate
interplay between bulk and TSSs in engineering topological superconductivity in 2D superconductors

realized by the real or reciprocal-space proximity effect remains a significant, yet-to-be-resolved challenge.

2M phase WS, (2M-WS»), a recently recognized TSC candidate via the reciprocal-space proximity effect!’,
has been drawing significant attention in the scientific community'®-?®. The 2M-WS; has a centrosymmetric
structure with C,m symmetry, while its monolayers display a 17" phase by W-W zigzag chains along the ‘a’
axis,!” as depicted in Fig. 1a. These monolayers are stacked along the ‘c’ axis through a translational
operation. The material has sparked further interest due to its TSS and the potential for hosting MZMs?* %*-
%3 in the vortex cores. Notably, recent studies have demonstrated that bulk states in 2M-WS, feature single-

gap s-wave superconductivity'??! 225

and a zero-bias conductance peak at the cores of magnetic vortices
on the surface of 2M-WS,* with an unusual enhancement of the upper critical field in its atomically thin
layers®®. Despite the promising advances among the 2D TSC candidates created by the reciprocal-space
proximity effect, the crucial role of thickness in modulating the proximity-induced surface (topological or

unconventional) superconductivity and their bulk superconductivity is still elusive. Nevertheless, the 2M-



WS,, with a simple composition and layered structure, represents an ideal platform to address these

challenges.

In this study, we explore the superconductivity in 2M-WS, thin layers through electrical transport
measurements, focusing on how the TSS affects its unconventional superconductivity in the clean limit.
Our samples, ranging in thickness from ~ 3 nm (~5 layers) to 50 nm (~83 layers), were prepared using the
scotch tape method?. We first present the systematic studies on the layer dependences of the samples’
corresponding critical temperature, critical current, and carrier density. We then uncover a pronounced
anisotropy and 2D nature of superconductivity in 2M-WS; thin layers. We further reveal a non-trivial
transition from conventional to unconventional superconductivity as the sample thickness decreases below
20 nm. The unconventional superconductivity of 2M-WS; layers is marked by a significant enhancement
of the IP upper critical field, inversely correlated with its 2D carrier density, showing the transport evidence
of the existence of spin-orbit parity coupled superconductivity. Our study unveils a pioneering advance in
understanding the pivotal influence of sample thickness on the transport properties of 2M-WS, highlighting
its critical role in modulating both the conventional bulk and the proximity-induced surface

superconductivity in 2D superconductors.

Like other 2D materials, the sample thickness was determined using atomic force microscopy (AFM) and
optical contrast. Figure 1b shows an AFM image of a 2M-WS, (3 nm) flake on a SiO,/Si substrate. To
confirm the 2M phase, Raman spectroscopy measurements (right panel of Fig. 1¢) with a 532 nm laser were
performed on a 2M-WS, sample with different thicknesses (left panel of Fig. 1¢). Locations marked “1” to
“5” on the flake indicate where the corresponding Raman analysis was performed. We find that the
intensities for all the Raman peaks generally increase with the decreasing layer thickness, without any
noticeable shift in peak positions for samples thicker than 3 nm. Given the metastable nature of the 2M-
WS,?’, to study the intrinsic transport properties of 2M-WS, thin layers, we directly transferred the few-
layer 2M-WS; onto the pre-made Hall-bar electrodes, avoiding any potential contamination and phase
change during the standard nanodevice fabrication procedure. An optical image of a Hall-bar device for the
3-nm-thick layer is shown in the inset of Fig. 1d, along with the corresponding temperature dependence of
longitudinal resistance (Rxx). A clear metallic to superconducting transition is observed at a transition
temperature (7¢) of 6.98 K. In this work, we define 7¢ as the temperature where the sample resistance falls
to 75% of its normal value Ry. The narrow temperature range of approximately 0.5 K for the metal-to-
superconductor transition (Inset of Fig. 1d) with a residual resistivity ratio (RRR) of ~ 11 for the 3 nm-thick

sample demonstrates the high quality of the prepared 2M-WS, atomic layers.

To study how thickness affects the transport properties of 2M-WS,, we conducted measurements on

samples with thicknesses ranging from 3 to 50 nm. We note that the individual 2M-WS; layer with a



uniform thickness (roughness around or less than 1 nm, Fig. S1) has been selected for device fabrication.
We first identified the carrier density and mobility via Hall effect measurements. The representative results
of the Hall resistance (Rxy) results are shown in Fig. S2. We note that all the Hall resistance curves in Fig.
S2b-g have been subjected to symmetrical correction (Fig. S2a). Since the Rxy-B plots are mostly linear, we
employed the single-band model to fit our data and extracted the corresponding carrier density and Hall
mobility. The extracted results for different 2M-WS; layers at different temperatures are summarized in
Figs. 2a and S3a. We see that the carrier density for 2M-WS, generally decreases as both the temperature
and thickness decrease. For instance, the 2D carrier density reduces more than one order of magnitude as
the sample thickness decreases from 40 nm (~ 4.8 X 10*°cm™2) to 3 nm (~ 4.2 x 10*cm™2) at 10 K,
indicating the reduced contribution of bulk states to the transport. In contrast, the Hall mobility shows an
opposite temperature dependence compared to that of carrier density (Fig. S3a). Despite some variations,
the mobility generally decreases as sample thickness decreases. We further calculated the mean free path
(Fig. S3b) [ = hky/2pyNe? of the samples, where ky (= (3m2N)'/3) is the Fermi wave number, N is the
3D carrier density, and p, is the resistivity prior to the superconducting transition. We see that the mean free

path shares similar temperature and thickness dependences as those of mobility.

Figure 2b shows the normalized sheet resistance (}}:—5) as a function of temperature for various 2M-WS; thin
N

flakes. Figure 2¢ summarizes the thickness dependence of T¢ of the 2M-WS, layers, where T¢ is reduced
from 8.76 to 6.98 K as the thickness decreases from 40 nm to 3 nm. We note that the thickness dependence
of T¢ is much weaker compared with other 2D superconductors, such as NbSe,!?. To further characterize
the quality of the prepared 2M-WS; thin flakes, we calculated the corresponding RRR (= Rgr/Ry). It is
known that a higher value of RRR indicates fewer defects and impurities scattering in a material, suggesting
that the transport properties are predominantly governed by phonons and reflecting the material’s intrinsic
characteristics. We observe that the RRR decreases from 103 to 11 as the sample thickness decreases from
40 to 3 nm (inset of Fig. 2¢). Despite this reduction, the values remain high, confirming the high quality of
our samples. We further measured the /-V characteristics of 2M-WS; layers at different temperatures (Fig.
2d and Fig. S4). The inset of Fig. 2d shows the /-V traces of a 15 nm-thick 2M-WS, flake. Figure 2d
summarizes the thickness dependence of the critical current for different 2M-WS, layers measured at
temperatures 0.2 K lower than their corresponding 7¢’s. As expected, the critical current again decreases

with the decreasing sample thickness.

Figure 3a shows the /-V traces of a 9 nm-thick sample as a function of temperature (plotted in log-log scale).
We see that the /-V characteristics follow a power law dependence (V ~ %), consistent with Berezinskii-

Kosterlitz-Thouless (BKT) transition?’ for 2D superconductors. The hallmark of the transition is the

26,29

deviation from a linear relationship to a power-law dependence in the /-V characteristics* **, a phenomenon



attributed to the movement of free vortices within the system?-3!. This is specifically observed at a = 3, as
delineated by the black dotted lines in Fig. 3a and S5. Figure 3b summarizes the temperature dependence
of a for 2M-WS, layers with different thicknesses. Initially, a shows a weak temperature dependence,
followed by a sharp increase, surpassing the value of 3, where the superconductor undergoes a transition
from 3D to 2D. We find that the BKT transition temperature (7sx7) (defined as the critical temperature at o
= 3) decreases with the decreasing sample thickness, as shown in the inset of Fig. 3b. We see that Tpx7r’s
are only slightly smaller than their corresponding 7¢’s (Fig. 2c), consistent with the behavior of other 2D

superconductors’2.

We further performed the transport measurements under both IP and out-of-plane (OOP) magnetic fields
(Figs. 3 and S6,7). Figure 3c shows the normalized sheet resistance (Rs/Ry) as a function of the OOP
magnetic field measured at 1.5 K. We see that the upper critical field Bc;, defined as the magnetic field at
which the R¢/Ry drops to 75% of its value in the normal state, is weakly dependent on the sample thickness
as summarized in the inset of Fig. 3c. Figures 3d and e show the representative temperature dependences
of Ry under OOP and IP magnetic fields, respectively. In both cases, there is a noticeable broadening of the
superconducting transition region as the magnetic field increases. However, this broadening effect is
significantly more pronounced under OOP magnetic fields, suggesting a marked anisotropy. Strikingly,
superconductivity for the thin samples (Figs. 3¢ and S7) remains unsuppressed even under a 12 T IP

magnetic field.

To further understand the observed anisotropy and 2D superconductivity, we analyzed the angular
dependence of B¢ for samples with different thicknesses (Figs. 4a and S8a,b). The representative result for
a 6 nm-thick device is shown in Fig. 4a, where 0 is the angle between the applied magnetic field and the
sample plane. We observe a pronounced peak of B¢» at 8 = 0°, which then decreases sharply as § increases

to 10°, before exhibiting a weak dependence on 6. The angle dependence of the upper critical field is

2
generally described either by the anisotropic 3D Ginzburg-Landau (GL) model, (W) +

Cc2

L I

(BCZ(H) sin(6)
2 Be,

2
] ) =1 (green line) or 2D Tinkham’s formula

Be,

B¢ (8)cos (0) n (362(9) Sin(e))z =1 (black

line). ** The 3D GL model explains the anisotropic nature of the upper critical field in 3D superconductors,
whereas the Tinkham model is better suited for describing 2D systems. We see that our data can only be
fitted by the 2D-Tinkham model, suggesting the 2D nature of the superconductivity in the measured 2M-
WS; thin layers. We further calculated the IP and OOP coherence lengths for all the measured samples using

and B|| = ®o

i _W. Figure S8d summarizes the

the following two equations: B, = on(o)
Il

corresponding thickness dependences of the coherence length (left axis) and mean free path (right axis) of the



2M-WS; samples. Both the IP and OOP coherence lengths fall within a few nanometers range, while the mean
free path spans a few micrometers. For example, a sample with a thickness of 3 nm has a mean free path of
2.73 X 107 m and an IP coherence length of 8.35 x 102 m. In the case of a 40 nm-thick flake, these
values are 5.86 X 107% m and 2.77 X 10™° m, respectively. The ratio between the mean free path and the
coherence length is notably large, ranging from 300 to 2000 depending on the sample thickness, indicating
that our samples are in the clean limit. We note that the OOP coherence lengths are around 1- 2 nm with a
weak dependence on thickness, where the IP coherence length increases notably in samples thinner than 20

nm (Fig. S8d).

We further analyzed the temperature dependence of Ryy for different samples under both the IP and OOP
upper critical fields. Figure 4b summarizes the corresponding B¢ normalized to the Pauli paramagnetic
limit (Bp = 1.84T), Bc2/Bp, as a function of Tc. Contrary to the previous report, 2 we see that both the
normalized IP and OOP upper critical fields (B¢»/Bp) show a linear relationship with 7c. We employed the

linearized GL theory, * B, = 27[?20(0) (1 - TL), to fit the results for OOP fields, as shown in Fig. 4b, where
c

@, is the flux quanta, and ¢ is the GL coherence length. We find that the OOP upper critical fields at zero

temperature, Bz, (0), fall below Bp. Given the linearity of the Bco/Bp vs Tc curves for the IP magnetic fields,

1
the commonly used 2D GL theory for the IP magnetic fields, B|c|2 = zi?(/(fd (1 - TL)Z, does not fit our
Cc

data. This discrepancy is evident in the fittings (two dotted curves) for the samples with 43 & 6 nm

thicknesses, as shown in Fig. 4b. Therefore, to estimate the IP upper critical field (Bél2 (0)) at zero
temperature, we employed the linearized GL formula to fit our results, as shown in Fig. 4b. Interestingly,
we find that for samples thicker than 20 nm, the B¢»/Bp versus Tc curves show a relatively weak temperature
dependence and converge into a narrow band with a similar slope. The superconductivity is suppressed at
the Pauli limit, indicating their conventional s-wave nature. Remarkably, when the sample thickness is
below 20 nm, the Bélz (0) values undergo a pronounced transition from below Bp to substantially above Bp
. Furthermore, the slope of the Bc./Bp versus T¢ curve increases with the reduced sample thickness. These
striking results indicate a non-trivial and thickness-induced crossover from conventional to unconventional
superconductivity in 2M-WS,, which has not been revealed before. Supported by the recent experimental
and theoretical studies,'®?® the anticipated surface topological superconductivity in 2M-WS; is attributed
to the proximity effect between conventional s-wave superconductivity in the bulk states and the TSSs in
the reciprocal space. Analogous to the competing behaviors between bulk and TSSs in 3D topological
insulators, the interplay between bulk superconductivity and surface unconventional superconductivity in
2M-WS; is expected to significantly impact transport results. However, to date, no studies have directly

addressed this phenomenon in the context of 2D topological superconductivity.



Next, we explore the nature of the unconventional superconductivity of samples thinner than 20 nm (Figs.
4b and S8c¢). Unconventional superconductors can feature an IP B¢, exceeding the Pauli paramagnetic limit,
attributing to various factors, including strong SOC!''"*, unconventional pairing mechanisms**, or multi-
band superconductivity®®, etc. Since 2M-WS, preserves inversion symmetry, conventional SOC attributed
to inversion symmetry breaking cannot account for the significantly enhanced Byz. We also rule out multi-
band superconductivity, quantum fluctuation induced by sample disorders, and finite-momentum Cooper
pairs as the causes because no obvious changes in the band structure and/or sample quality are expected
when the sample is thinner than 20 nm. We note that determining whether the orbital effect plays a role
requires further experimental studies. We notice that an earlier theoretical work predicted that the SOPC
arising from the coupling of spin, momentum and band parity could exist near the band inversion region of
17°-WTe; with inversion symmetry®. Subsequently, it was suggested that the SOPC could exist near the
topological band crossing of 2M-WS,, %6 and this might be the driving force behind the enhancement of
Bélz. One of the hallmark signatures for superconductivity with SOPC is that Byz shows a marked carrier
density (Fermi level) dependence as the SOPC becomes prominent only near the band crossing points.
However, this aspect has not been investigated before?®. From Fig. 2a, we revealed a distinct thickness-
dependent carrier density of 2M-WS,, indicating that thickness might be utilized to modulate the expected

SOPC in 2M-WS,. Figure 4c summarizes the thickness dependences of the 2D carrier densities measured

Il
at 10 K and the slopes (%) of the Byz versus Tc¢ curves (Fig. 4b). We see that the 2D carrier density
c

Bl .
£2 increases ~3
dT¢

decreases ~5 times as the sample thickness reduces from 50 to 6 nm, while the slope

times. Our analysis reveals a pronounced correlation between the Byz and 2D carrier density of 2M-WS,.

These findings suggest that SOPC underpins the enhanced Bélz in 2M-WS; thin layers (sub-20 nm) as the
contribution from TSS is increased. Concurrently, the non-trivial crossover from conventional to spin-orbit-
parity coupled superconductivity (Fig. 4b), aligns well with our observations. Thus, our work highlights the
critical role of sample thickness in probing the topological properties of this type of material through
electrical transport measurements, paving the way for future studies on thickness-driven hybridization of

MZMs on the top and bottom vortices and 1D vortex-line topology.

In summary, our study has unveiled critical insights into the effect of sample thickness on the unconventional
superconductivity in 2M-WS; thin layers. Through magnetotransport measurements, we have elucidated the
2D nature and pronounced anisotropy of the superconductivity in our samples. We demonstrated pioneering
evidence of a thickness-dependent crossover from conventional to unconventional superconductivity in the
2M-WS; thin layers. We further identified the critical role of 2D carrier density in understanding the

significant enhancement of the IP upper crucial field, indicating the existence of spin-orbit-parity coupled



superconductivity. Our findings thus provide critical insights into the interplay between bulk and surface
states, highlighting the complex mechanisms at play and underscoring the potential of 2M-WS, as a

platform for studying topological superconductivity.
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Figure 1. Raman spectroscopy and superconductivity of 2M-WS; thin layers. (a) Top and side view of the

lattice structure of 2M-WS,. (b) AFM image of a 3 nm-thick 2M-WS; flake. Inset: the thickness profile of

the flake along the white dotted line. (c) Optical image (left) of a 2M-WS, flake with different thicknesses

and Raman spectra (right) taken at different locations labeled with numbers “1” to “5” on the flake. (d)

Longitudinal resistance (Rxx) versus temperature of a 3 nm-thick 2M-WS, device. Inset: zoomed-in view

near the superconducting transition temperature.
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Figure 2. Thickness dependent superconductivity of 2M-WS,. (a) Temperature dependence of the 2D
carrier density of 2M-WS; flakes with various thicknesses. (b) The normalized sheet resistance as a function
of temperature for 2M-WS; flakes. (c) Transition temperature (7¢) as a function of sample thickness. Inset:
The corresponding thickness-dependent residual resistivity ratio (RRR) is calculated by dividing the sheet
resistance at room temperature by the normal state resistance at the onset of the superconducting transition.
(d) Critical current as a function of thickness measured at a temperature that is 0.2 K below the

corresponding Tc. Inset: /-V characteristics of a 15 nm-thick device measured within a temperature range

of 7to 9 K.
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Figure 3. Berezinskii-Kosterlitz-Thouless transition and strong anisotropy in 2M-WS,. (a) I-V relationship
of a 9 nm-thick 2M-WS; device at various temperatures plotted in a log-log scale. The black dotted line
represents the power law dependence ¥ [/ with = 3. (b) The extracted  values as a function of
temperature for different samples. Dotted line represents = 3. The inset shows the extracted Tgxr values
for the corresponding samples. (c) Normalized sheet resistance as a function of the applied out-of-plane
(OOP) magnetic fields for different 2M-WS, flakes measured at 1.5 K. The inset shows the thickness
dependence of the extracted upper critical field. Temperature dependence of the sheet resistance for a 6 nm-
thick device measured at different (d) OOP and (e) IP magnetic fields. The step size of the OOP magnetic
field is 0.25 T and that for IP field is 1 T.
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