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O. Zheliuk, J. M. Lu, Q. H. Chen, A. A. El Yumin, S. Golightly & J. T. Ye, Inducing Josephson coupled Ising 
pairing in suspended MoS2 bilayers. (submited) 

 

5. Josephson coupled 
superconducting state 
in suspended MoS2 
bilayers. (𝛽𝛽𝑆𝑆𝑆𝑆~𝑡𝑡) 

 

Abstract 

Coupling the individual state of two monolayers has been a fruitful 
approach for making many recent artificial bilayer systems, where new electronic 
state such as superconductivity and moiré modulated interlayer excitonic states 
are discovered when the conventional interlayer interaction exist in bulk crystals 
is altered by tuning parameters such as the relative crystalline orientation [1, 2]. 
Especially, the recent experiment also shows that external stimulant such as 
pressure can further change these states by tuning the strength of interlayer 
interaction [3]. Here we report a coupled superconducting state with strong Ising 
type spin-orbit (ISOC) interaction by inducing superconductivity symmetrical in 
suspended MoS2 bilayer. Clear signatures of forming a coupled superconducting 
state are manifested as drastic suppression of Ising protection in the system with 
alternating strong out-of-plane spin-orbit interaction within individual 
monolayers. Gating the bilayer symmetrically from both sides varies the interlayer 
interaction and accesses electronic states with broken local inversion symmetry 
while maintaining the global inversion symmetry. The present gating scheme not 
only induces superconductivity in both atomic sheets but also controls the 
Josephson coupling between them, which interplays with ISOC to give rise the 
dimensional crossover in the thinnest limit. This makes the essential preparation 
for realizing many exotic electronics states predicted for the coupled bilayer 
superconducting system with strong spin-orbit interactions. 
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5.1. Superconducting dome of suspended MoS2 bilayers 

 

The common wisdom of isolating two-dimensional (2D) materials into 
monolayers have been diverse recently by the success of making artificial 
electronic states formed by coupling two monolayers, which can dramatically 
change their electronic properties by forming the coupled state. This is best 
exemplified by observing superconductivity in the coupled state, which is 
originated by the formation of the flat electronic band due to the introduction of 
superlattice periodicity by misaligning the lattice with a small angle [1,2]. In the 
same way, the spin configuration of superconductivity in many monolayer 
transition metal dichalcogenides (TMD) can be influenced by interlayer coupling 
to form coupled state. In monolayer TMDs, the spins in the pairing are strongly 
aligned by a Zeeman-type SOC in the vicinity of 𝐾𝐾 and 𝐾𝐾’ points of the hexagonal 
Brillouin zone forming so-called Ising pairing [4-7]. The strong out-of-plane spin 
alignment alternating at the 𝐾𝐾/𝐾𝐾’ points makes this family of superconductors 
highly robust against the in-plane magnetic field. The resilience of pairing can be 
parameterized by the degree of violation of the Pauli limiting field 𝐵𝐵𝑝𝑝 =
1.86 [T/K] 𝑇𝑇𝑐𝑐0, which is estimated for a BCS type superconductor with a 
transition temperature 𝑇𝑇𝑐𝑐0. For typical Ising superconductivity observed in TMDs, 
the ratio between upper critical field 𝐵𝐵𝑐𝑐2 and 𝐵𝐵𝑝𝑝 ranges from 5 ~ 6 in MoS2 [4] 
and NbSe2 [5] with 6.2 meV and ~76 meV of 𝛽𝛽𝑆𝑆𝑆𝑆, ~ 9 in TaS2 [8] with 
~122 meV of 𝛽𝛽𝑆𝑆𝑆𝑆, and more than 40 in monolayer WS2 [7] with 30 meV of 𝛽𝛽𝑆𝑆𝑆𝑆 
Table S3. 

Based on the monolayer superconductivity configured by SOC, more exotic 
pairing schemes can be prepared by coupling two identical layers, for which two 
types of systems have been proposed theoretically [9-11]. The first one involves 
the coupling between two superconducting layers with Rashba-type SOC [9], 
which has been studied in the superlattices of CeCoIn5 [12]. Whereas, in the 
second system with Zeeman-type SOC, the effective control of Ising protection 
and interlayer interaction is the prerequisite for realizing several predictions of the 
exotic superconducting phase in bilayer TMDs with alternating Ising-like pairing 
residing in neighbouring layers (Fig. 5.1 A, B and C). These two Ising pairings 
with opposite spin configurations can interact through Josephson interaction 
forming a coupled state with finite centre-of-mass momentum q, i.e. the so-called 
FFLO state [10, 11]. On the other hand, making such a coupled system is not only 
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of theoretical interest. Switching Ising pairing, namely being able to make a 
coupled state at a specific location, can prepare superconducting devices with the 
adjacent regions having similar 𝑇𝑇𝑐𝑐0 but drastically different protection on the spins 
configuration, i.e. showing very different 𝐵𝐵𝑐𝑐2 values (section 5.6, Fig. 5.9B), 
which can form a new type of junction based on tuning the Ising protection. 

As the strong SOC is an intrinsic property of many 2𝐻𝐻–type TMDs, the 
Ising pairing thus configured by the SOC is inherently protected. The strength of 
this protection is closely related to the interlayer interaction that can mix the spin 
configurations of individual layers. Hence the spin alignment in the coupled state 
is expected to be significantly weakened. At the same time, an orbital effect is 
also introduced with the increase of layer numbers, which limits the chance of 
further development of coupled states due to the enhanced orbital coupling to the 
in-plane 𝐵𝐵 field [5, 8, 13]. Therefore, the superconducting bilayer 2𝐻𝐻–type NbSe2 
and TaS2 [5, 8] are regarded as the existing candidates for observing the coupled 
states. However, the interlayer coupling in both bilayers can only cause a small 
decrease in 𝐵𝐵𝑐𝑐2 compared with that of a monolayer, which is not consistent with 
the gross reduction predicted as the signature of effective coupling, indicating a 
coupled state is yet to be prepared. For the Ising pairing in the valence band of 
2𝐻𝐻–type TaS2 and NbSe2, the relevant pairing suppression mechanism such as 
Rashba–type SOC and interlayer interaction are much smaller than the intrinsic 
Zeeman–type SOC (Table S4). For example, a typical ratio between interlayer 
coupling and 𝛽𝛽𝑆𝑆𝑆𝑆 in bilayer TaS2 and NbSe2 are 0.31 and 0.056, respectively [8]. 
Therefore, to reach the coupled state that can significantly influence the Ising 
protection, weaker intrinsic SOC found in the conduction band of MoS2 stands 
out as the natural choice. 

Here we focus on the thinnest choice of a coupled system – a bilayer 2𝐻𝐻–
MoS2 – a system exhibits global inversion symmetry (point P marked between 
two layers in Fig. 5.1A) while maintaining the broken inversion symmetry locally 
within the individual layers [14]. As shown schematically in Fig. 5.1C, symmetric 
superconducting states in both top and bottom layers can be induced by applying 
strong electric fields 𝐸𝐸𝐿𝐿𝑇𝑇 from ionic liquid gating. An in-plane magnetic field 𝐵𝐵𝑒𝑒𝑥𝑥 
can then be applied to probe the robustness of the Ising pairing. This scheme is 
implemented by suspending a bilayer MoS2 flake on an undercut of 0.8 ~ 1 μm in 
width [15, 16]. As shown in Fig. 5.1D, without  
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Figure 5.1 Bilayer MoS2 under double-side gating. A. Side view of the crystal structure of a 
bilayer 2𝐻𝐻–MoS2, where the Mo and S atoms are coloured in blue and brown, respectively. A 
unit cell is enclosed by the dashed rectangle, where the inversion symmetry point P is located 
between two neighbouring layers. B. The hexagonal Brillouin zone of a bilayer MoS2 and the 
electron doping near the conduction band edge. The electrons of the top and bottom layer near 
the one 𝐾𝐾/𝐾𝐾’ point shows the opposite spin configuration. The up (red)/down (blue) spin at 
𝐾𝐾/𝐾𝐾’ point is switched between layers. C. Schematic configuration of the double-side gating 
on a bilayer MoS2. The superconducting state is induced by the strong electric field 𝐸𝐸𝐿𝐿𝑇𝑇 (blue 
arrows) generated by accumulating ions on both top and bottom layers. The effect of interlayer 
interaction (orange arrow) on Ising protection is probed by the external in-plane magnetic field 
𝐵𝐵𝑒𝑒𝑥𝑥 (purple arrow). D. Optical micrograph (left) and false-colour SEM image (right) of a typical 
Hall-bar device of a bilayer MoS2 suspended over trenches on LOR before being immersed into 
the ionic liquid. E. Temperature dependence of sheet resistance 𝑅𝑅𝑆𝑆  of Sample A for the states 
with different 𝑇𝑇𝑐𝑐0 values. The inset shows the expanded temperature region close to the 
superconducting transitions. F. Superconducting phase diagram of the single- (green) and 
double-side (blue and red) gated bilayer devices with the onsets close to 𝑛𝑛2𝐷𝐷 = 0.6 ∙ 1014 and 
1.8∙ 1014 cm−2, respectively. The data is obtained from Sample A, B, and C for blue, green, 
and red symbols, respectively. The critical temperature 𝑇𝑇𝑐𝑐0 is defined at which the transition 
reaches 50% of the normal resistance 𝑅𝑅𝑁𝑁. The dashed line is a guide for the eye for the 
crossover temperature 𝑇𝑇∗extracted from the upper critical field measurements for Sample B 
(Fig. 5.2A) and C (Fig. 5.9). 
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having extended exposure, the suspended bilayer remains flat under electron 
microscopy. At room temperature, the highly fluidic ionic liquid can permeate 
through the undercut and contact both top and bottom surfaces. Hence, carriers 
can be induced symmetrically by 𝐸𝐸𝐿𝐿𝑇𝑇 on both sides of the flake by applying a 
single gate bias.  

Similar to the single-side gated multilayers [17], applying the gate bias on 
the suspended bilayer induces superconductivity as shown in Fig. 5.1E. The 
transition temperature 𝑇𝑇𝑐𝑐0, measured at zero 𝐵𝐵 fields, varies as a function of 
carrier density n2D, which was measured at 10 K by the Hall effect (Fig. 5.10). As 
shown in the phase diagram (Fig. 5.1F), the superconductivity emerges near 
𝑛𝑛2𝐷𝐷 = 1.8 ∙ 1014 cm−2, which is significantly higher than that observed in single-
side gated devices (0.6 ∙ 1014 cm−2) [17]. If gated only from the topside, the 
strong electric field confines carriers to the topmost layer breaking inversion 
symmetry and populating electrons in the 𝐾𝐾 and 𝐾𝐾’ pockets – mimicking the band 
structure of a freestanding monolayer [18, 19]. Whereas gating from both sides of 
a bilayer MoS2 preserves the global inversion symmetry. Therefore, the 
symmetric doping occupies the low lying 𝑄𝑄/𝑄𝑄’ pockets [20], which can 
accommodate more carriers than simply doubling that required for the single-side 
gating. In double-side gated Sample A (Fig. 5.1F), the 𝑇𝑇𝑐𝑐0 increases 
monotonically with the increase of 𝑛𝑛2𝐷𝐷 reaching highest 𝑇𝑇𝑐𝑐0 = 6.87 K at 𝑛𝑛2𝐷𝐷 =
4.75 ∙ 1014 cm−2, the highest 𝑛𝑛2𝐷𝐷 accessed in this device. In contrast to the 
single-side gating, red-shaded dome (Fig. 5.1F) extracted from Ref. 17, no clear 
𝑇𝑇𝑐𝑐0 saturation was observed even at the maximum gating. This is consistent with 
the higher 𝑛𝑛2𝐷𝐷 filling the additional 𝑄𝑄/𝑄𝑄’ pockets, which enhances the screening. 
Therefore, the metallic transport and superconducting state could be maintained 
even at the strong ionic gating without entering the highly resistive re-entrance 
state observed in strongly gated monolayer TMDs [7, 21]. Nevertheless, the 
normal resistance 𝑅𝑅𝑁𝑁, measured just above 𝑇𝑇𝑐𝑐0, increases by ~100 Ω for states 
from 𝑇𝑇𝑐𝑐0 = 4.2 to 6.8 K – the systematic increase of the sheet resistance 𝑅𝑅𝑆𝑆 
indicates the increasing contribution from the localization effect (Fig. 5.1F) and 
the tendency of approaching the re-entrant insulating state towards the dome peak 

[7]. 
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5.2. In-plane upper critical field 

 

For the induced superconducting states (Fig. 5.1E), their resilience against 
an external in-plane magnetic field 𝐵𝐵𝑒𝑒𝑥𝑥 was then examined. In Fig. 5.2A, we plot 
the temperature dependence of 𝐵𝐵𝑐𝑐2 of Sample A for states accessed by different 
ionic gating 𝑉𝑉𝑇𝑇. The 𝐵𝐵𝑐𝑐2 shows a strong and nonmonotonic dependence on 𝑇𝑇𝑐𝑐0, 
which was also consistently observed in another suspended bilayer device, 
Sample C (Fig. 5.9). In contrast to the 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝~6 observed for the single-side 
gating [4], the overall Ising protection is strongly suppressed. The 𝐵𝐵𝑐𝑐2 values for 
the low 𝑇𝑇𝑐𝑐0 states (𝑇𝑇𝑐𝑐0 < 5 K) are comparable or lower than the 𝐵𝐵𝑝𝑝.  For the states 
with  𝑇𝑇𝑐𝑐0 > 5 K, the temperature dependence of the 𝐵𝐵𝑐𝑐2 shows the clear features 
of a 2D to bulk 3D transition close to 𝑇𝑇𝑐𝑐0, which has been observed in layered 
bulk superconductors with strong 2D anisotropy [22]. This dimensional crossover 
can be parameterized by a crossover temperature 𝑇𝑇∗, below which the out-of-
plane coherence length 𝜉𝜉⊥ becomes smaller than interlayer spacing, which 
determines whether a Josephson vortex can be fitted between the layers and the 
strength of Josephson coupling. As a typical example, bulk 2𝐻𝐻–TaS2 is an 

anisotropic 3D superconductor with a weak anisotropy ratio 𝛾𝛾 = 𝑉𝑉𝑐𝑐2
∥

𝑉𝑉𝑐𝑐2⊥
≈ 6; By 

intercalating with organic molecule spacers, the expanded layers reduces 

Josephson coupling resulting in a larger anisotropy ratio 𝛾𝛾 = 𝑉𝑉𝑐𝑐2
∥

𝑉𝑉𝑐𝑐2⊥
≈ 60 [22]. The 

Ising pairing in monolayer TaS2 shows 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝~9 towards zero temperature, 
which reduces slightly to ~6 in bilayer [23]. The further reduction of 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 is 
even smaller when the layer number increases from 2 to 5 [8]. Comparing with 
the static change in bilayer 2𝐻𝐻–TaS2, the 𝐵𝐵𝑐𝑐2 shown in Fig. 5.2 A and C can be 
suppressed well below 𝐵𝐵𝑝𝑝 and electrostatically tuned. This clear difference 
originates from the competing energy scales between Josephson coupling and 
spin-orbit interaction: ℏ𝐽𝐽/𝛽𝛽𝑆𝑆𝑆𝑆. The effect of suppression in TaS2 is limited by 
ℏ𝐽𝐽 ≪ 𝛽𝛽𝑆𝑆𝑆𝑆 due to the large valence band 𝛽𝛽𝑆𝑆𝑆𝑆. Whereas, the comparable scales of 
𝛽𝛽𝑆𝑆𝑆𝑆 in the conduction band of MoS2 and gate controllable ℏ𝐽𝐽 enables effective 
competition. Therefore, Ising protection can be effectively tuned and reduced as 
𝐵𝐵𝑐𝑐2 < 𝐵𝐵𝑝𝑝. 

In order to understand the upturn of 𝐵𝐵𝑐𝑐2 near 𝑇𝑇𝑐𝑐0 for the superconducting 
states with 𝑇𝑇𝑐𝑐0 between 5 and 6.6 K, we applied the microscopic Klemm-Luther- 
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Figure 5.2 Upper critical field measurements for single- and double-side gating on a bilayer 
MoS2. A. Temperature dependence of in-plane upper critical field 𝐵𝐵𝑐𝑐2 of Sample A for different 
𝑇𝑇𝑐𝑐0 states. Three schematic profiles of carrier distribution in the bilayer after double-side gating 
are plotted for the states induced by weak (left), intermediate (middle), and strong (right) gating. 
B. The in-plane 𝐵𝐵𝑐𝑐2 of Sample B, gated from a single side, measured at states with different 
𝑇𝑇𝑐𝑐0. The schematic doping profiles in upper and lower panels correspond to the cases of weak 
and strong gating, respectively. The suppression of 𝐵𝐵𝑐𝑐2 appears when 𝑇𝑇𝑐𝑐0 passes the 
superconducting dome peak (corresponding to the filled green circles in Fig. 5.1F). The open 
and filled circles correspond to 𝐵𝐵𝑐𝑐2 with Ising protected and bilayer coupled states, respectively. 
C. The 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 is plotted as a function of normalized temperature 𝑇𝑇/𝑇𝑇𝑐𝑐0 for all states shown in 
panel A. The dashed line indicates the Pauli limit 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 = 1. D. The 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 versus 𝑇𝑇/𝑇𝑇𝑐𝑐0 
diagram for all states in panel B. The symbols and colours are matched with the data shown in 
panel B. The KLB fitting is enlarged in the inset for the upturn feature near the 𝑇𝑇𝑐𝑐0. E. As a 
function of different superconducting states of Sample A with different 𝑇𝑇𝑐𝑐0 values, the left and 
right axes show 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 at 0 K and Josephson coupling energy ℏ𝐽𝐽, respectively. Both 𝐵𝐵𝑐𝑐2 (𝑇𝑇 =
0 K) and ℏ𝐽𝐽 are extracted from KLB fitting of Sample A. 
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Beasley (KLB) theory [24, 25] to fit the temperature dependence of the 𝐵𝐵𝑐𝑐2 (solid 
lines in Fig. 5.2A) and extracted relevant parameters representing the 
contributions from the external in-plane magnetic field, the intrinsic spin-orbit 
interaction, and the Josephson coupling between the layers (Table 5.1. and Fig. 
5.7). Here, the phase diagram is shaped by the interplay between spin-orbit 
interaction and Josephson coupling ℏ𝐽𝐽. Therefore, the states with 𝑇𝑇𝑐𝑐0 < 5 K can 
be assigned to the strong Josephson coupled 3D-like states, in which the ℏ𝐽𝐽 ≥ 𝛽𝛽𝑆𝑆𝑆𝑆 
(dominated by the orbital pair-breaking effect). Whereas, the states with 𝑇𝑇𝑐𝑐0 
between 5 and 6.6 K are characterized by the Josephson coupled 3D state and 
decoupled 2D state above and below 𝑇𝑇∗, respectively, causing an upturn of 𝐵𝐵𝑐𝑐2 at 
𝑇𝑇∗. The correlation between this upturn feature and formation of Josephson 
coupling between two adjacent layers was carefully analysed by KLB theory in 
bulk doped TaS2 [22]. Here, our observation of the upturn is clear evidence that a 
Josephson vortex has been established in a bilayer. The presence of Josephson 
vortex is a prerequisite to realize the FFLO state in present bilayer system [10, 
11]. 

To confirm the strong suppression of 𝐵𝐵𝑐𝑐2 in the present system, especially 
to remove the concern about the flatness, a reference experiment was performed 
on a single-side gated device of bilayer MoS2 prepared on flat SiO2/Si substrate 
(Fig. 5.2B). In spite of the flat surface shown in Fig. 5.1D, small curvature is still 
possible and difficult to characterize after immersing the suspended bilayer into 
the ionic liquid, which might couple to the in-plane field causing the observed 
phenomena. In sharp contrast to the suppression observed in double-side gating 
(Fig. 5.2A and B are plotted with the same scales in 𝐵𝐵 and 𝑇𝑇), a strongly protected 
Ising state was induced at low gating, which is consistent with the dominant 
contribution from the topmost layer (phase diagram in Fig. 5.1F) and previous 
observations in single-side gated multilayers, where the stronger protection was 
found in the states with lower 𝑇𝑇𝑐𝑐0 [4]. Applying a larger gate, the 𝑇𝑇𝑐𝑐0 follows the 
previously established phase diagram (the red-shaded region from Ref (17) in Fig. 
5.1F) and reaches the dome peak. For the states with 𝑇𝑇𝑐𝑐0 on the left side of the 
dome peak, the temperature dependence of 𝐵𝐵𝑐𝑐2 remains steep as shown in the 
upper panel of Fig. 5.2B. For the states having 𝑇𝑇𝑐𝑐0 on the right side of the dome 
peak, carriers are increasingly doped to the second layer by the electric field 
penetrated from the top monolayer due to the intrinsically weak screening effect 
of a 2D system [7]. Therefore, superconductivity is increasingly shared by both 
MoS2 layers. The variation of 𝐵𝐵𝑐𝑐2 in this process can be modeled by the changing 
ℏ𝐽𝐽 from zero (data with open circles, starting with lowest 𝑇𝑇𝑐𝑐0 in the upper panel 
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of Fig. 5.2B) to a finite value (data shown in filled circles in the lower panel of 
Fig. 5.2B) mimicking the enhancement of Josephson interaction. As a result, for 
states in both layers accessed by strong gating (gold and red curves in Fig. 5.2B), 
a clear upturn region characteristic for the dimensional crossover is also observed 
close to the 𝑇𝑇𝑐𝑐0. Although the Ising protection is also reduced by the ℏ𝐽𝐽, the 
strength of suppression is weaker than the double-side gating (Fig. 5.2A), where 
the coupling is stronger between two identically doped superconducting layers. 

As shown in Fig. 5.2A, the 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 the ratio does not follow the change of 
𝑇𝑇𝑐𝑐0 monotonically. Especially, for the states with 𝑇𝑇𝑐𝑐0 > 6 K, the upturn feature 
becomes less prominent, is concomitant with the decrease of 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝. To show 
this anomalous dependence, the 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 ratio extrapolated to zero temperature and 
Josephson coupling ℏ𝐽𝐽 are extracted from KLB fitting for different 𝑇𝑇𝑐𝑐0 values 
(Fig. 5.2E). Assuming that spin-orbit protection is fixed for the present system, 
the ratio of 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 is mainly affected by ℏ𝐽𝐽. Therefore, the anti-correlative 
dependence between 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 and the ℏ𝐽𝐽 extracted from KLB fitting (Fig. 5.2E) is 
observed over the entire phase diagram. Details of the fitting can be found in 
Section 5.5 and Fig. 5.7. The Josephson coupling decreases gradually with the 
increase of 𝑇𝑇𝑐𝑐0  reaching the minimum value of 3.95 meV at 𝑇𝑇𝑐𝑐0 = 6.35 K. This 
monotonic decrease is stopped by an abrupt increase up to 8.35 meV within a 
narrow range of 𝑇𝑇𝑐𝑐0  from 6.35 to 6.69 K, which can be reversibly accessed by 
gating. The Josephson coupling is modified mostly by the applied electric field 𝐸𝐸 
and the gate dependent doping profile of induced carrier, together with a weak 
screening effect in 2D systems. For the states with 𝑇𝑇𝑐𝑐0 ≤ 4 K, the induced carrier 
is centrosymmetric and the localized spin texture in the individual layers is 
suppressed due to the symmetric doping. By applying a stronger gate to access a 
higher 𝑇𝑇𝑐𝑐0, the enhanced carrier confinement to the individual layer weakens the 
coupling between them, and from another hand, reveals the hidden local spin 
polarization [14] within each layer with broken local inversion symmetry. The 
even higher doping and penetration of the electric field eventually smear out the 
confined carrier distribution, which also restores the 3D-like behaviour of 𝐵𝐵𝑐𝑐2. 
This saturated screening effect at strong gating has been observed previously in 
many ionic-liquid gated systems [7, 21, 26] and is consistent with the stronger 
localization effect (Fig. 5.1E, the increase in 𝑅𝑅𝑁𝑁 for states with higher 𝑇𝑇𝑐𝑐0) 
observed at higher gating due to the saturation of screening from both layers. 
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5.3. Single-band K/K’ pairing 

 

To further examine the bilayer coupled state and exclude the possibility of 
two-gap formation in the 𝐾𝐾 and 𝑄𝑄 pockets as a possible cause of the non-
monotonic variation of 𝐵𝐵𝑐𝑐2 in Fig. 5.2E, we map the differential resistance 𝑑𝑑𝑉𝑉/𝑑𝑑𝐼𝐼 
extracted from a set of 𝑉𝑉– 𝐼𝐼 (Fig. 5.8A) measurements at different temperatures 
for the state with 𝑇𝑇𝑐𝑐0 = 6.63 K (Fig. 5.3A). The temperature dependence of 
critical current density 𝑗𝑗𝑐𝑐 was evaluated from Fig. 5.3A by using 50% of 
(𝑑𝑑𝑉𝑉/𝑑𝑑𝐼𝐼)𝑁𝑁 criteria, which approaches 2.84 MA/cm2 towards the zero-
temperature limit. The best fit of 𝑗𝑗𝑐𝑐(𝑇𝑇) was obtained with the single band self-
field model [27], where the superconducting energy gap Δ0 and London 
penetration depth λ0 were adjustable parameters Fig. 5.3B. The gap ratio 2Δ0

𝑘𝑘𝐵𝐵𝐵𝐵𝑐𝑐0
=

4.49 thus obtained favors conventional s-wave superconductivity that slightly 
overcomes weak-coupling limit [28], which is consistent with the present 
understanding of the single band 
pairing at 𝐾𝐾 and 𝐾𝐾’ points.  

 

Figure 5.3 The I–V mapping of the 
double-side gated bilayer MoS2. A. The 
temperature dependence of differential 
resistance 𝑑𝑑𝑉𝑉/𝑑𝑑𝐼𝐼  for the 
superconducting state with 𝑇𝑇𝑐𝑐0 =
6.63 K. B. The temperature dependence 
of the critical current density 𝑗𝑗𝑐𝑐 (black 
circle) extracted from panel A and the 
fitting using a single band self-field 
critical current model (red line). The 
inset shows the temperature dependence 
of the out-of-plane (B||c-axis) critical 
field (red circles) of the same state 
shown in panel A The zero temperature 
coherence length 𝜉𝜉0 obtained from 
Ginzburg-Landau fitting (black line) 
was used to fit the 𝑗𝑗𝑐𝑐(𝑇𝑇) data. Here, the 
𝜅𝜅 and 𝜆𝜆0 are the Ginzburg-Landau 
parameter and London penetration 
depth, respectively.  
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5.4. Josephson coupling in layered superconductors 

 

As discussed above, the bilayer TMDs and in particular MoS2 are good 
candidates to support the predicted FFLO states [10, 11]. Bilayer MoS2, being a 
centrosymmetric crystal with broken local inversion symmetry possess strong 
alternating Ising SOC and sufficient Josephson coupling that enables establishing 
a vortex in-between two layers of a superconductor that can bypass the Pauli limit 
significantly. However, present MoS2 superconductor is still lacked cleanliness 
and being in the dirty limit - 𝑙𝑙 ≪ 𝜉𝜉0, where 𝑙𝑙 = 𝑣𝑣𝐹𝐹𝜏𝜏 is the mean free path, 𝑣𝑣𝐹𝐹 
Fermi velocity, 𝜏𝜏 total scattering time, and 𝜉𝜉0 is in-plane coherence length. For 
example, the state with 𝑇𝑇𝑐𝑐0 = 6.63 K has 𝑙𝑙 ≈  1.3 nm and 𝜉𝜉0 = 13.6 nm, 
respectively. The mean free path was significantly improved in a bulk doped 
Ba3Nb5S13

 [33], indicating that TMD is a flexible platform to fulfil the stringent 
theoretical requirements for achieving finite momentum 𝑞𝑞 pairing. 

Figure 5.4A compares the effect of Josephson coupling for the 
superconducting states induced in the conduction bands of TMDs. From the 
𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝~40 extrapolated from monolayer WS2, the present control of interlayer 
coupling (dark blue and red squares in Fig. 5.4A) provides an effective way to 
tune and suppress the Ising protection below 𝐵𝐵𝑝𝑝. We also compared the variation 
of the 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝  in Fig. 5.4B for superconductors well known for SOC-induced 
strong spin protection [1, 29-32], as a function of thickness from monolayer, few-
layer, to bulk. The 2𝐻𝐻–TaS2 (purple open circle) and NbSe2 (yellow diamond) are 
the archetypal examples of intrinsic Ising superconductors. In the bilayer case, the 
intrinsic spin-orbit and interlayer interactions are competing, therefore, the spin 
protection in pairing becomes thickness dependent. Comparing with the bilayer 
2𝐻𝐻–type TaS2 and NbSe2, the double-side gated bilayer 2𝐻𝐻-MoS2 is a unique 
platform where these parameters are comparable in energy scale and gate 
controllable. Hence, as a function of gating, both Ising protected (decoupled) and 
interlayer Josephson dominated (coupled) regimes can be continuously accessed 
(Sample A, dark blue squares). The ratios of 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 of bilayer MoS2 are mostly 
located near the Pauli limit approaching the bulk intercalated 3D cases at low 
gating (light green square). In contrast, the 𝐵𝐵𝑐𝑐2 of the superconductivity induced 
in a few-layer MoS2 (linked open green square) by single-side gating is mostly 
determined by 𝛽𝛽𝑆𝑆𝑆𝑆 and 𝛼𝛼𝑅𝑅𝑅𝑅𝑘𝑘𝐹𝐹, where the competing Rashba SOC is overwhelmed 
by the strong intrinsic SOC. Especially at low gating, the state is well separated 
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from the bulk showing 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝~6 [4]. The large gap between these two distinct 
cases can be bridged by introducing gate tunable Josephson interaction ℏ𝐽𝐽 as 
shown in highly doped single-side gated bilayer MoS2 (Sample B, red squares). 
With the effective control of pairing protection by SOC demonstrated above, this 
all-around gate control of carriers as well their distribution among the layers 
introduces an extra variable degree of freedom for in situ tuning of the spin 
protection in superconductors. 

Figure 5.4 The interplay between SOC and interlayer interaction in superconductors with large parallel 
𝐵𝐵𝑐𝑐2. A. The systematic variation of the 𝐵𝐵𝑐𝑐2 in 2H–MoS2 (same legend as in panel B) with the change of 
interlayer coupling. The schematics of the competing influence of SOC and strength of the interlayer 
interaction is pictorially shown as the shade changes from light to dark orange, where darker shade 
corresponds to stronger interaction. B. The enhancement of 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 as a function of 𝑇𝑇𝑐𝑐0 for typical non-
centrosymmetric and centrosymmetric superconductors with broken local inversion symmetry, which 
includes the pristine, intercalated, and gate-induced superconductivity in TMDs. The widely used 
criteria of 50% of 𝑅𝑅𝑁𝑁 was chosen to determine 𝑇𝑇𝑐𝑐0. And the Bc2 at the limit of zero temperature was 
determined from KLB fitting. The data points belonging to the same superconductor are shaded as a 
guide to the eye. The uneven carrier distribution in single-side gated bilayer MoS2 illustrates the reduced 
Ising protection having partial shading. In MoS2 bilayers, the broken inversion symmetry in single-side 
gated bilayer by relatively low electric field gives rise to strong Ising protection of ~4𝐵𝐵𝑝𝑝 (green squares), 
which can be continuously suppressed to ~1.6𝐵𝐵𝑝𝑝 when a sufficient amount of carriers are induced in 
the second layer, hence partially restoring the inversion symmetry (red square). By adding more 
balanced carrier into two individual layers, the 𝐵𝐵𝑐𝑐2 in double-side gated bilayer can be varied below and 
above the 𝐵𝐵𝑝𝑝  (blue square).  
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5.5. Device fabrication and measurement  

 

The MoS2 flakes were exfoliated using scotch tape from a bulk 2H-MoS2 
single crystal. The substrate is prepared by coating LOR/SiO2 layers (540±10/30 
nm) on a degenerately doped Si wafer. To establish the relationship between the 
layer number measured by the AFM and colour contrast obtained by the optical 
microscopy, we started by establishing the well-known correlation for 285 nm 
SiO2 substrate grown on highly-doped silicon. Here, the relative intensity ratio for 
one channel of the RGB channels of an optical micrograph was measured as 𝐼𝐼𝑆𝑆/𝐼𝐼0, 
where 𝐼𝐼𝑆𝑆 is the intensity of the sample, and 𝐼𝐼0 the background. As shown in Fig. 
5.5A, we measure the AFM of a typical flake with regions of different thicknesses 
and obtained the monotonic correlation between the thickness and contrast (for 
the red channel, Fig. 5.5B). After the spin coating of LOR (540 nm), the flake 
shown in Fig. 5.5A is then transferred onto LOR/SiO2 as the guidance for 
thickness determination. Overall, the LOR/SiO2 substrate shows a very different 
interference colour compared with 285 nm SiO2 on Si.  The red colour channel 
was selected because of the largest change of contrast Δ𝐼𝐼 ≈ 10% for adding a 
single atomic layer (Fig. 5.5C, black open circle). This dependence was then 
cross-checked with other flakes directly cleaved onto LOR/SiO2. The contrast 
obtained for flakes with the same thickness consistently shows similar value. As 
shown in Fig. 5.5C, thin flake with thickness ≤ 3 layers can be easily identified. 
For different flakes, we observed a slight variation of contrast, which could be 
attributed to the thickness variation of the polymer film even though the LOR was 
prepared by the identical spin coating process. 

Standard e-beam lithography was used to define electrodes in Hall-bar geometry 
followed by e-beam evaporation of Ti/Au (0.5/50 nm). After lift-off in hot o-
xylene at 80°C1, a second e-beam lithography step was used to define the undercut 
structure. Thereafter, the exposed LOR was developed with ethyllactate for the 
undercut pattern. The suspended bilayer is then immersed into a droplet of a 
widely-used ionic liquid: N,N–diethyl–N–(2–methoxyethyl)–N–
methylammonium bis –(trifluoromethylsulfonyl) – imide (DEME–TFSI). The 
transport measurement was performed using the standard AC lock-in technique 
(Stanford Research SR830 at 13 Hz) in the four-probe configuration. The Keithley 
K2450 and K182 were used for the DC current excitation and as a voltage meter 
for DC critical current measurements. The sample was gated at 220 K up to 5 V 
(maximum gate voltage used for this device) of the liquid gate and then cooled 

https://paperpile.com/c/EpKYOR/vq4A
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down below glass transition of ionic liquid 𝑇𝑇𝑔𝑔 ≈ 190 K with 3K/min to freeze the 
ionic motion. All properties were measured at a temperature well below 𝑇𝑇𝑔𝑔, the 
different electronic states were prepared by thermal release of the liquid gate [2, 
3]. 

 

 

Figure 5.5 Layer number identification. A. Atomic-force microscope (AFM) image of a MoS2 
flake on SiO2 (285 nm) grown on Si substrate, which was used as a reference. The monolayer 
part is highlighted with the yellow dashed line, which is confirmed by its photoluminescence 
(the right inset). The height profile of AFM across the red line (the left inset) shows a single 
atomic step on the flake. B. The normalized intensity, i.e. the ratio between sample intensity 
and background intensity 𝐼𝐼𝑆𝑆/𝐼𝐼0, of the red channel as a function of layer thickness for various 
MoS2 flakes on SiO2 (285 nm) and c, on the surface of LOR/SiO2 (540±10/30 nm) prepared on 
a highly doped Si substrate. The MoS2 flakes (Sample A and C) transferred from SiO2 onto 
LOR shows a consistent rate of decrease in normalized intensity with the increase of layer 
thickness. 
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5.6. The Klemm-Luther-Beasley (KLB) model of the upper 
critical field 

 

The microscopic Klemm-Luther-Beasley theory [4, 5] has been developed 
to describe the 𝐵𝐵𝑐𝑐2 of layered superconductors. To model a crystal as the stacked 
superconducting sheets, the Hamiltonian includes the contributions from free-
electron motion within each sheet in a dirty limit with scattering time 𝜏𝜏, a single 
particle interlayer hopping rate 𝐽𝐽, the BCS-type pairing within each layer 
�𝛹𝛹𝑘𝑘�⃗ ↑,𝛹𝛹−𝑘𝑘�⃗ ↓�, the Pauli paramagnetism 𝑔𝑔𝜇𝜇𝑉𝑉𝐵𝐵𝑒𝑒𝑥𝑥𝑖𝑖, as well as the effect of spin-orbit 
scattering (SOS) parameterized by the time 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆. In order to obtain the 𝐵𝐵𝑐𝑐2 − 𝑇𝑇 
equation, simplifications are made, in which 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆 > 𝜏𝜏 means that electron 
experiences multiple scattering events before flipping its spin; and ℏ/3𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆 ≥
𝑔𝑔𝜇𝜇𝑉𝑉𝐵𝐵𝑒𝑒𝑥𝑥𝑖𝑖/2 – the external field is smaller than the SOS effects. For applying this 
model to present system, the SOS energy in the original KLB model is replaced 
by the energy scale of 6.2 meV along the same out-of-plane direction from the 
Zeman-type SOC, which is originated from the spin splitting of the conduction 
band of MoS2. The implicit relationship between 𝐵𝐵𝑐𝑐2 and 𝑇𝑇 is then reduced to Eq. 
(1) 

ln �
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where the 𝜓𝜓(𝑥𝑥) denotes the digamma function of 𝑥𝑥, 𝑔𝑔 ≈ 2, 𝑓𝑓(ℎ)  =  2𝜀𝜀(ℎ)/ℏ𝐽𝐽2𝜏𝜏, 
and 𝜀𝜀(ℎ) is the eigenvalue of Eq. (2) 
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where the reduced field is ℎ = 𝐵𝐵𝑒𝑒𝑥𝑥𝑖𝑖𝑒𝑒𝑠𝑠2𝛾𝛾/ℏ for superconducting layers with 

spacing 𝑠𝑠 =  6.5 Å and anisotropy ratio 𝛾𝛾 = (𝑚𝑚
⊥

𝑚𝑚∥) = 𝑉𝑉𝑐𝑐2
∥

𝑉𝑉𝑐𝑐2⊥
= 𝜉𝜉0

∥

𝜉𝜉0⊥
. 

Figure 5.6 shows the typical superconducting transitions for one representative 
state with 𝑇𝑇𝑐𝑐0 = 6.63 K under both perpendicular and parallel magnetic fields. 
Taking a reference from Ref. 22 for organic molecule intercalated 2𝐻𝐻–TaS2, the 
criteria of 50% of normal resistance 𝑅𝑅𝑁𝑁 was followed to construct the 𝐵𝐵𝑐𝑐2 − 𝑇𝑇 
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phase diagram. The numerical solution of the dimensionless parallel-field 
eigenvalue from Eq. (2) is plotted against the reduced field ℎ in Fig. 5.7A.  The 
best fit of 𝐵𝐵𝑐𝑐2 − 𝑇𝑇 for the representative state with 𝑇𝑇𝑐𝑐0 = 5.93 K is shown in Fig. 
5.7B. The evolution of 𝐵𝐵𝑐𝑐2 − 𝑇𝑇 with fixed SOS ℏ/𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆 = 6.2 meV and various 
Josephson coupling ℏ𝐽𝐽 strengths are presented in Fig. 5.7C as a numerical solution 
to Eq. (1). On the other hand, the plot shown in Fig. 5.7D corresponds to the 
alternative case of fixed ℏ𝐽𝐽 = 4.6 meV and different SOS values. The featureless 
square root behaviour (2D-like) appears when ℏ/𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆 ≫ ℏ𝐽𝐽. Whereas, a 3D-like 
dependence of 𝐵𝐵𝑐𝑐2 − 𝑇𝑇 is obtained when ℏ/𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆 ≪ ℏ𝐽𝐽. The crossover regime can 
be accessed when the ℏ/𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆~ℏ𝐽𝐽. 

 

 

Figure 5.6 The measurement of upper 
critical field Bc2 for two orthogonal 
magnetic fields. The temperature 
dependence of sheet resistance 𝑅𝑅𝑆𝑆 for 
the superconducting state with 𝑇𝑇𝑐𝑐0 =
6.63 K under two orthogonally applied 
𝐵𝐵𝑒𝑒𝑥𝑥𝑖𝑖 oriented in out-of-plane A and in-
plane B configurations. 
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Figure 5.7 Klemm-Luther-Beasley (KLB) fitting. A. The numerical solution to Equ. (2). The 
upper axis gives a clear overview of the field range expected for the crossover regime 
(𝛾𝛾 =  450). The 3D-like (2𝜀𝜀(ℎ)/ℏ𝐽𝐽2𝜏𝜏~ℎ) and 2D-like (2𝜀𝜀(ℎ)/ℏ𝐽𝐽2𝜏𝜏~1) behaviours can be 
observed for a small and large field, respectively. B. Fitting the upper critical field (red dot) 
with KLB model (solid line) for one representative superconducting state with 𝑇𝑇𝑐𝑐0 = 5.93 K. 
The C and D panels show the evolutions of the 𝐵𝐵𝑐𝑐2 for the case of a fixed SOS (ℏ/𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆 =
6.2 meV) and a variable Josephson coupling and a fixed Josephson coupling (ℏ𝐽𝐽 = 4.6 meV) 
and a variable SOS, respectively.  

  



Chapter 5 

92 
 

5.7. The V-I measurement and lateral SS’ junction  

The 𝑉𝑉– 𝐼𝐼 characteristics in a linear scale of superconducting state with 
𝑇𝑇𝑐𝑐0 = 6.63 K at different temperatures are shown in Fig. 5.8A. The steep onset of 
the longitudinal voltage signal can be clearly observed above critical current for 
curves well below 𝑇𝑇𝑐𝑐0. The 𝑑𝑑𝑉𝑉/𝑑𝑑𝐼𝐼 colour map shown in Fig. 5.3A is obtained by 
taking the numerical derivative of the data shown in Fig. 5.8A. According to the 
BKT theory for 2D superconductors, the density of free vortices inside the 
superconductor scales as a function of current as 𝐼𝐼2 below the BKT transition 
temperature 𝑇𝑇𝑉𝑉𝐾𝐾𝐵𝐵, giving rise to 𝑉𝑉 ~ 𝐼𝐼3  power-law dependence that can be well 
distinguished from the normal metallic regime showing 𝑉𝑉– 𝐼𝐼 dependence well 
above the 𝑇𝑇𝑉𝑉𝐾𝐾𝐵𝐵. Here, the 𝑇𝑇𝑉𝑉𝐾𝐾𝐵𝐵 can be extracted by fitting the temperature 
dependence of the 𝑅𝑅𝑆𝑆 using the Halperin-Nelson equation [6] and from the 𝑉𝑉 ~ 𝐼𝐼𝛼𝛼 
dependences when the exponent 𝛼𝛼 jumps from 1 to 3 as shown in Fig. 5.8 B and 
D, respectively.  The extracted 𝑇𝑇𝑉𝑉𝐾𝐾𝐵𝐵 = 6.26 and 6.27 K, by using the methods of 
Halperin-Nelson equation and change of exponent 𝛼𝛼, respectively, indicating 
good agreement by using different analyses. 

The temperature dependence of sheet resistance 𝑅𝑅𝑆𝑆 under different applied 
in-plane magnetic field was also measured for Sample B in single-side 
(unsuspended region) and double-side (suspended region) gated regions as shown 
in Fig. 5.9 A and B, respectively. Although the states measured in different 
regions were prepared under the same gate voltage, applying in-plane magnetic 
field shows a clear distinction between the Ising-protected and interlayer-coupled 
superconductivity as shown in Fig. 5.9 A and B, respectively. Moreover, due to 
the incomplete suspension process in Sample B, multiple transition regions can 
be observed in Fig. 5.9 B. Here, higher 𝑇𝑇𝑐𝑐0 component shows stronger protection 
against the in-plane magnetic field and therefore attributed to Ising 
superconductivity arising from the single-side gated part of a channel that is 
connected in series to the double-side gated region, which shows significant 
suppression of Ising protection. Angular dependence of the upper critical field 
measured in two different regions is presented in Fig. 5.9 D. The 2D-like cusp 
shape in the angular dependence of the 𝐵𝐵𝑐𝑐2 is observed in the single-side gated 
region, whereas a broad 3D-like behaviour is measured in the double-side gated 
region. These contrasting behaviours can be fitted by the 2D Tinkham model: 
(𝐵𝐵𝑐𝑐2(𝜃𝜃)𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃/𝐵𝐵𝑐𝑐2

∥ )2 + |𝐵𝐵𝑐𝑐2(𝜃𝜃)𝑠𝑠𝑖𝑖𝑛𝑛𝜃𝜃/𝐵𝐵𝑐𝑐2⊥ | = 1 and the 3D  
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Figure 5.8 The 𝐼𝐼–𝑉𝑉 characteristics and Berezinskii-Kosterlitz-Thouless (BKT) transition. A. The 𝐼𝐼–𝑉𝑉 
dependences of superconducting state with 𝑇𝑇𝑐𝑐0 = 6.63 K measured at different temperatures from 2 to 
7 K with a 0.1 K step. B. The normalized superconducting transition of the same state plotted in linear 
(left penal) and semilog (right penal) scales. The black line is fitting of the BKT transition using the 

Halperin-Nelson equation 𝑅𝑅 = 𝑅𝑅0𝑒𝑒𝑥𝑥𝑒𝑒 �−2𝑏𝑏 � 𝐵𝐵𝑐𝑐0−𝐵𝐵
𝐵𝐵−𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

�
1/2
�, where 𝑏𝑏 and 𝑅𝑅0 are the material-specific 

parameters. The 𝑇𝑇𝑉𝑉𝐾𝐾𝐵𝐵 = 6.26 K is obtained with 𝑏𝑏 = 1.45. C. The 𝐼𝐼–𝑉𝑉 relationship at different 
temperatures close to 𝑇𝑇𝑐𝑐0 plotted in the logarithmic scale. The black solid line corresponds to the 𝑉𝑉 ~ 𝐼𝐼𝛼𝛼, 
where the intercept with 𝛼𝛼 = 3 gives the BKT temperature. D. The temperature dependence of 𝛼𝛼 
obtained from power-law fitting of the 𝐼𝐼–𝑉𝑉 dependencies shown in panel C. 

Ginzburg-Landau (G-L) model: (𝐵𝐵𝑐𝑐2(𝜃𝜃)𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃/𝐵𝐵𝑐𝑐2
∥ )2 + (𝐵𝐵𝑐𝑐2(𝜃𝜃)𝑠𝑠𝑖𝑖𝑛𝑛𝜃𝜃/𝐵𝐵𝑐𝑐2⊥ )2 = 1 

for the 𝜃𝜃 dependence of 𝐵𝐵𝑐𝑐2, respectively. Significant deviation from 3D G-L 
dependence is observed in the double-side gated region when the 𝜃𝜃 between the 
magnetic field and the superconducting plane was smaller than 10°. The 
broadening of the angular dependence of 𝐵𝐵𝑐𝑐2 has also been observed in flat 
multilayer samples, which has been attributed to the flux flow [7] and small 
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domains with inclinations of few degrees [8]. These mechanisms can also be the 
possible causes of deviation observed in present devices due to the flux flow 
between the layers or small ripples in an overall flat sample. 

 

Figure 5.9 Upper critical field of Sample C and the local variation of Ising protection. A. The 
temperature dependence of sheet resistance 𝑅𝑅𝑆𝑆 under different in-plane magnetic fields 𝐵𝐵𝑒𝑒𝑥𝑥𝑖𝑖. The data 
is measured in the single-side gated region (unsuspended region of Sample C) showing strong Ising 
protection. The inset illustrates the schematics of the top view of device C, where the arrows indicate 
the applied current, The gold rectangles corresponds to Au electrodes. The Ising protected 
superconducting region is depicted by the darker blue colour, whereas the suspended region showing 
suppressed Ising state is shaded in light blue. B. A significant decrease in the upper critical field is found 
in the double-side gated area (partially suspended region). C. Angular dependence of RS, where the 
dashed line denotes 𝑅𝑅𝑁𝑁/2 measured at the double-side gated region. Inset: the expanded region near the 
parallel field configuration. D. Angular dependence of 𝐵𝐵𝑐𝑐2 obtained from double-side gated (blue open 
circle) state with 𝑇𝑇𝑐𝑐0 = 6.35 K and single-side gated state with 𝑇𝑇𝑐𝑐0 = 6.29 K (red circle), which are 
measured at 3.7 and 6.0 K, respectively. Inset: enlarged region close to 𝜃𝜃 = 0°. The solid blue and red 
lines are fitted by 3D anisotropic Ginzburg-Landau model and 2D Tinkham model for double- and 
single-side gated regions, respectively. 
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Figure 5.10 Hall effect measurement. The Hall effect measurement of various electronic states 
induced in the phase diagram Fig. 5.1F. The measured RH is subtracted by 𝑅𝑅𝐻𝐻(𝐵𝐵 = 0 T) for 
offsetting the zero-field resistance. The inset shows the expanded range with small 𝑅𝑅𝐻𝐻 for the 
high carrier density states.  
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5.8. Appendix  

 

𝑻𝑻𝒄𝒄𝒄𝒄 (𝟓𝟓𝒄𝒄%) 
 

(𝐊𝐊) 

𝝆𝝆□𝑵𝑵 
 

(𝛀𝛀) 

𝒏𝒏𝟐𝟐𝟐𝟐 
 

�𝟏𝟏𝒄𝒄𝟏𝟏𝟏𝟏𝐜𝐜𝐜𝐜−𝟐𝟐� 

𝝁𝝁𝟐𝟐 
 

�𝐜𝐜𝐜𝐜𝟐𝟐𝐕𝐕−𝟏𝟏𝐬𝐬−𝟏𝟏� 
 

𝝉𝝉 
 

�𝟏𝟏𝒄𝒄−𝟏𝟏𝟏𝟏𝒔𝒔� 

ℏ𝑱𝑱 
 

(𝐜𝐜𝐦𝐦𝐕𝐕) 
 

𝜸𝜸𝑲𝑲𝑲𝑲𝑩𝑩 𝑩𝑩𝒄𝒄𝟐𝟐/𝑩𝑩𝒑𝒑 
 

(𝑻𝑻 = 𝒄𝒄 𝐊𝐊) 

2.85 51.3 2.23 54.5 1.55 6.58 200 0.66 
4.32 44.4 2.88 48.8 1.39 5.46 220 1.10 
4.96 45.4 3.28 41.9 1.19 5.40 350 1.37 
5.30 47.2 3.55 37.4 1.07 5.07 305 1.59 
5.59 49.3 3.75 33.9 0.96 4.74 420 1.74 
5.93 53.3 4.02 29.0 0.83 4.61 450 1.80 
6.35 59.7 4.22 24.7 0.71 4.11 460 1.81 
6.52 62.2 4.27 23.5 0.69 3.95 490 1.89 
6.53 70.7 4.43 20.0 0.57 5.26 490 1.78 
6.58 73.6 4.48 19.0 0.54 6.98 200 1.59 
6.69 81.3 4.57 16.8 0.48 8.23 190 1.48 
6.87 82 4.58 16.7 0.48 8.36 180 1.46 

 

Table 5.1 Physical parameters of Sample A including critical temperature 𝑇𝑇𝑐𝑐0, normal state 
square resistivity 𝜌𝜌□𝑁𝑁, carrier density 𝑛𝑛2𝐷𝐷, Drude mobility 𝜇𝜇𝐷𝐷, total scattering time 𝜏𝜏, and the 
extracted parameters from KLB model such as Josephson coupling ℏ𝐽𝐽, anisotropy ratio 𝛾𝛾𝐾𝐾𝐿𝐿𝑉𝑉, 
and the ratio 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 . The spin-orbit scattering was fixed to ℏ/𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆 = 6.2 meV for all states 
with different 𝑇𝑇𝑐𝑐0. 

 

 

 

𝑻𝑻𝒄𝒄𝒄𝒄 (𝟓𝟓𝒄𝒄%) 
(𝐊𝐊) 

𝝆𝝆□𝑵𝑵 
(𝛀𝛀) 

𝒏𝒏𝟐𝟐𝟐𝟐 
�𝟏𝟏𝒄𝒄𝟏𝟏𝟏𝟏𝐜𝐜𝐜𝐜−𝟐𝟐� 

𝝁𝝁𝟐𝟐 
�𝐜𝐜𝐜𝐜𝟐𝟐𝐕𝐕−𝟏𝟏𝐬𝐬−𝟏𝟏� 

𝝉𝝉 
�𝟏𝟏𝒄𝒄−𝟏𝟏𝟏𝟏𝒔𝒔� 

ℏ𝑱𝑱 
(𝐜𝐜𝐦𝐦𝐕𝐕) 

ℏ/𝝉𝝉𝑺𝑺𝑺𝑺𝑺𝑺 
(𝐜𝐜𝐦𝐦𝐕𝐕) 

𝜸𝜸𝑲𝑲𝑲𝑲𝑩𝑩 𝑩𝑩𝒄𝒄𝟐𝟐/𝑩𝑩𝒑𝒑 
(𝑻𝑻 = 𝒄𝒄 𝐊𝐊) 

6.41 329.4 1.30 145.9 4.14 1.32 21.9 300 3.65 
6.55 271.2 1.52 151.2 4.30 1.3 7.3 500 2.07 
6.6 367.8 1.37 123.7 3.51 1.97 6.2 200 1.81 

 

Table 5.2 Physical parameters of single-side gated Sample B in the highly doped region. 
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TMD 
1L 

𝜷𝜷𝑺𝑺𝑺𝑺 
(𝐜𝐜𝐦𝐦𝐕𝐕) 
𝑩𝑩𝒄𝒄𝟐𝟐
∥ fitting 

∆𝑺𝑺𝑺𝑺𝑺𝑺𝑲𝑲  
(𝐜𝐜𝐦𝐦𝐕𝐕) 

DFT+SOC 
CB-MoS2 6.2[4] 3-4[34] 

CB-WS2 30[7] 27[34] 

VB-NbSe2 49[8],76[5] 152[8] 

VB-TaS2 122[8] 332[8] 

 

CB & VB are conduction and valence band respectively. 

Table 5.3 The values of the Ising SOC energy are obtained from the transport experiments and 
corresponding values of SOC in 𝐾𝐾/𝐾𝐾′ points of the Brillouin zone obtained from the DFT+SOC 
calculations.  

 

 

 

 

 

Material 𝑻𝑻𝒄𝒄𝒄𝒄 (𝟓𝟓𝒄𝒄%) 
(𝐊𝐊) 

𝜷𝜷𝑺𝑺𝑺𝑺  
(𝐜𝐜𝐦𝐦𝐕𝐕) 

 

ℏ𝑱𝑱/𝜷𝜷𝑺𝑺𝑺𝑺 𝑩𝑩𝒄𝒄𝟐𝟐/𝑩𝑩𝒑𝒑 
(𝑻𝑻 = 𝒄𝒄 𝐊𝐊) 

Ising 
protection 

1L-MoS2 0-10 6.2 - ~5-6 ON 
1L-WS2 0-4 30 - ~40 ON 

1L-NbSe2 3.0 ~76 - ~6 ON 
1L-TaS2 3.4 ~122 - ~9 ON 
2L-MoS2 0-7 6.2 0.64-1.35 0.66-1.81 ON-OFF 
2L-NbSe2 4.9-5.3 ~76 0.056 ~4 ON 
2L-TaS2 2.8-3.0 ~122 0.31 6.5 ON 

 

Table 5.4 Physical parameters of typical mono- and bilayer Ising superconductors including 
critical temperature 𝑇𝑇𝑐𝑐0,  spin-splitting 𝛽𝛽𝑆𝑆𝑆𝑆, the ratio between Josephson coupling and spin 
splitting ℏ𝐽𝐽/𝛽𝛽𝑆𝑆𝑆𝑆, and enhancement of the upper critical field in 0 Kelvin limit  𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝. 
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