
 

 

 University of Groningen

Magnetotransport of Ising superconductors
Zheliuk, Oleksandr

DOI:
10.33612/diss.113195218

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2020

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Zheliuk, O. (2020). Magnetotransport of Ising superconductors. [Thesis fully internal (DIV), University of
Groningen]. University of Groningen. https://doi.org/10.33612/diss.113195218

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.113195218
https://research.rug.nl/en/publications/246c3bf7-5a15-4f29-b27b-ec6fcdf89e18
https://doi.org/10.33612/diss.113195218


 
 

 

 

 

 

 

 

 

Magnetotransport of Ising 
superconductors 

 

 

 

 

 

 

 

 

 
Oleksandr Zheliuk 

  



 
 

 

 

 

 

 

 

Magnetotransport of Ising 
superconductors 
Oleksandr Zheliuk 
PhD thesis 
University of Groningen 
 
Zernike Institute PhD thesis series 2020-04 
ISSN: 1570-1530 
ISBN: 978-94-034-2345-6 (printed version) 
ISBN: 978-94-034-2344-9 (electronic version) 

 
The work described in this thesis was performed in the research group “Device 
physics of Complex Materials” of the Zernike Institute for Advanced Materials 
at the University of Groningen, the Netherlands. 
 
 
 
 
Cover and Layout design: Oleksandr Zheliuk  
Printing: Gildeprint 
 
 
 
 

 
 



 
 

 

 

 

 

 

Magnetotransport of Ising 
superconductors 

 

 

 

PhD Thesis 

 

 

 
to obtain the degree of PhD at the  

University of Groningen 
on the authority of the 

Rector Magnificus Prof. C. Wijmenga 
and in accordance with 

the decision by the  
College of Deans. 

 
This thesis will be defended in public on 

 
Friday 7 February 2020 at 14:30 hours 

 
 

by 
 
 
 

Oleksandr Zheliuk 
 

born on 20 July 1991 
in Rivne, Ukraine 

  



 
 

 

Supervisor 
Prof. J. T. Ye 
 
Co-supervisor 
Prof. M. V. Mostovoy 
 
Assessment committee 
Prof. B. J. van Wees 
Prof. Y. Iwasa 
Prof. A. Brinkman 

  



 
 

Contents 
1.  Introduction to Ising superconductors……………….. 

 
1.1. Two-dimensional (2D) Van der Waals materials...….…..…..…….. 
1.2. Spin-orbit coupling…..……………………..….…….…..………………..….…………………………….. 
1.3. Ising superconductors……………….…………….……....................................................... 
1.4. Motivation and outline of this thesis……………….….…..….….………………… 

References….….……………………………………….….……………….….................................................. 

 

2. Evidence for two-dimensional Ising 
superconductivity in gated MoS2.(𝛽𝛽𝑆𝑆𝑆𝑆 + 𝛼𝛼𝑅𝑅𝑅𝑅) ............ 
 
2.1. Superconducting dome of gated MoS2….………………………………….……… 
2.2. Two-dimensional transport..................................................................................  
2.3. In-plane upper critical field………………………….…..…….…….……………………….….. 
2.4. The interplay between Rashba and Zeeman type SOC……. 
2.5. Mean-field theory including Rashba and Zeeman type 

SOC…………………………………………………………..…............................................................................. 
2.6. Device fabrication and transport measurements……….…………. 

References……………………………………………………...................................................................... 

 

3. Superconducting dome of strong Ising 
protection in WS2 monolayers. (𝛽𝛽𝑆𝑆𝑆𝑆 ≫ Δ)………………………. 
 
3.1. Full electronic spectrum of monolayer WS2………….……………………. 
3.2. Superconducting phase diagram………………………………………………………….. 
3.3. Strong Ising protection over the entire dome……………………………. 
3.4. Re-entrant insulating phase at strong gating…………………………… 
3.5. Material and Device……………………………………….………………………………………………….. 

2 
7 
10 
13 
14 
 

19 
 

20
23
24
28   
 
30 
33
34 
 

38
40
42
44
47 

37 
 

1 



 
 

3.6. Gating protocol……………………………………………….……………………………………………………… 
3.7. Electrostatic nature of ionic gating in WS2 monolayers.... 
3.8. Linking transfer curves and determining effective gate 

voltage…………………………………………………….……………………………………………………………………… 
References………………………………………….………………………………………………………………………. 

 

4. Screening and proximity in few-layer WS2. 
(𝛽𝛽𝑆𝑆𝑆𝑆 ≫ 𝑡𝑡)……………………………………………………………………………………………………………………………….. 
 
4.1. Superconducting dome of bi-, tri- and quad-layer 

system……………………………………………………………………………………………………………………………. 
4.2. Superconducting dome splitting in dual-gate 

configuration…………………………………………….…………………………………………………………….. 
References………………………………………………….………………………………………………………………. 

 

5. Josephson coupled Ising superconducting 
state in suspended MoS2 bilayers. 
(𝛽𝛽𝑆𝑆𝑆𝑆~𝑡𝑡)…………………………………………………………………………………………………………………………………….. 
 
5.1. Superconducting dome of suspended MoS2 bilayers .......... 
5.2. In-plane upper critical field……………………………………………………………………….. 
5.3. Single band K/K’ pairing……….…………………………………………………………………….. 
5.4. Josephson coupling in layered superconductors…………………. 
5.5. Device fabrication and measurement………………………………………………. 
5.6. The Klemm-Luther-Beasley model of upper critical field 
5.7. The V-I measurement and lateral SS’ junction…….…………………. 
5.8. Appendix…………………………………………………….……………………………………………………………….. 

References…………………………………………………….……………………………………………………………. 

Summary……………………………………………………….………………………………………………………………….. 

Samenvatting………………………………………….………………………………………………………………….. 

Acknowledgement………………………………………………....................................................... 
List of publications…………………………………………......................................................... 
Curriculum Vitae……………………………………….………………………………………………………….

49
51 

 

  
64 
  
67
72 

63 
 

73 
 

74
79
84
85
87
89
92
96
98 
101 
 105 
 110 
 114 
 

54
59 

115 
 



 

1 
 

1. Introduction to Ising 
superconductors 

 
Abstract 

This chapter aims to deliver a comprehensive overview of the present status 
of the two-dimensional materials, their potential applications as well as more 
exotic phenomena associated with these systems, which are the subjects of 
intensive investigations worldwide during past years.   
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1.1. Two-dimensional (2D) van der Waals materials 

Since the first isolation of single-layer graphene [1], there has been 
enormous progress in the field of 2D materials. The amount of newly discovered 
members kept raising since 2004. It turns out that the number of materials with 
strong in-lane covalent bonding and weak van der Waals interaction between 
adjacent layers, so-called easily exfoliable, exceed far beyond 1000 species up to 
date [2]. In addition to the various bottom-up techniques such as molecular beam 
epitaxy (MBE) or chemical vapour deposition (CVD) available to produce 
monolayer crystalline films, the scotch tape technique [1] achieves the same result 
by thinning down the initially bulk 3D crystal. Such bottom-up techniques give 
certain advantages over top-down approach, enriching the library of 2D materials 
with their ternary and quaternary combinations of lateral heterojunctions, which 
does not have any counterpart in the parent 3D materials. Even in the case of 
atomically thin metal chalcogenides grown by CVD method [3], this number 
spans over 15 ternary compounds, whereas the number of binary compounds is 
above 30.  

The electronic properties of easily exfoliable 2D materials are widely 
studied showing a great promise towards electronic applications. These materials 
are deeply penetrating into all kinds of – Tronics fields:  

- Starting from conventional electronics, where 2D materials 
serve as a heart of the device either in field-effect transistors 
(FET) [1], [4], [5], light-emitters [6] or light detectors [7], 
thermal emitters [8] or even more complicated integrated 
circuits such as ring-oscillators and a static random access 
memory [9]. Flexible electronics is a natural consequence of 
transparent and ultrathin bendable materials with great 
mechanical properties [10]. High-frequency switching 
capabilities was predicted for graphene-based FETs beyond 
1THz [11]. 

- Spintronics – the field which utilizes the quantum mechanical 
property of electron’s angular momentum – known as spin. 
Herein, large spin relaxation length of graphene allows 
constructing a building block of spin-logic devices such as 
spin-valve [12-14] and spin demultiplexer [15]. 
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- Information can be also associated with electron momentum 
𝒌𝒌 in the Valleytronics field. This is especially relevant in 
semiconducting 2D materials, where charged particles can 
populate multiple electronic pockets close the band extrema 
in Brillouin zone. This internal degree of freedom provides a 
platform to implement the valley-related physics such as 
valley Hall effects [16], [17] with possibility of its electrical 
manipulation [18]; exciton Hall effect [19] that involves 
manipulation of bounded electron-hole pair [20] or even 
electrical control of emitted light chirality [21]. 

- Twisttronics is a new emergent field of physics that already 
breaks common wisdom by stating that 1+1 is more than just 
2. Since it requires a combination of two single atomic sheets 
of a 2D material with a small twist angle, this field does not 
have an analogous in 3-dimension systems. This paves the 
ways to explore strong correlations, where phenomena such 
as superconductivity [22], [23] or magnetism [24] can occur 
in a material that intrinsically does not possess these 
properties.  

These are only the archetypal fields where 2D materials already 
recommended themselves as a promising candidate, which can outperform 
existing analogue in 3-dimension. Fig. 1.1 is an example of several famous Van 
der Waals materials in their monolayer form together with their distinctive 
physical parameters.  

Hexagonal Boron Nitride is shown in Fig. 1.1A is a wide direct bandgap 
insulator consists of light B and N atoms arranged into a honeycomb lattice. Its 
small surface roughness of ~70 pm [25] and large breakdown field up to 20 
MV/cm [26] makes this material a good starting block for building up a high 
mobility electronics, where a scattering free dielectric substrate functions as a gate 
insulator as well [27]. The large bandgap of nearly 6 eV [28] makes it possible to 
use thin hBN films as ultimate tunnel barriers with atomic thickness [29], widely 
used in tunnelling spectroscopy [30], tunnelling field-effect transistors [31] or as 
an effective spin injection barrier [32], [33]. Moreover, large direct band-gap 
makes this material a suitable platform for UV lasing applications [34].  
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Figure 1.1 Famous 2D Van der Waals materials in monolayer form and their distinct physical 
parameters including A. hexagonal Boron Nitride B. Molybdenum disulfide  
C. Graphene D. Iron selenide and E. Chromium TriIodine. 
 



Introduction to Ising superconductors 

5 
 

Molybdenum disulfide represents a family of transition metal 
dichalcogenides with a general formula MX2 where M stands for transition metal 
(Mo, W, Nb, Ta and other groups IV-VIII transition metals [3]) and X is a 
chalcogen (S, Se, Te) as shown in Fig. 1.1B It is a wide direct bandgap 
semiconductor in its monolayer form. The gapped electronic structure makes this 
material a great candidate for optoelectronic applications. Versatile library of 
TMDs covers a wide visible spectral range from ~1 to 2.5 eV [35] and provides a 
tunability through composition and thickness. The FET based on single-layer 
MoS2 is perhaps the first member among 2D materials that is able to match 
stringent requirements of International Technology Roadmap for Semiconductor 
industry (ITRS), due to its low off current 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 < 10−13 𝐴𝐴, large on/off ratio 
𝐼𝐼𝑜𝑜𝑜𝑜
𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜

> 106 and suitable subthreshold swing of 74 mV/dec [4]. MoS2 based FET 

can even demonstrate a ballistic transport when the channel length is aggressively 
scaled down to 8 nm [36].  

Heavy transition metal together with broken inversion symmetry (IS) in 
monolayer MoS2 lifts the spin degeneracy in the valence and conduction bands. 
Large spin-splitting at the band extrema Δ𝑆𝑆𝑆𝑆𝑆𝑆𝐾𝐾−𝑉𝑉𝑉𝑉 = 150 meV and Δ𝑆𝑆𝑆𝑆𝑆𝑆𝐾𝐾−𝑆𝑆𝑉𝑉 = 3 −
4 meV [37], which is opposite in 𝐾𝐾,𝐾𝐾’ pockets, makes this monolayer 
semiconductor of particular interest for spin-valley related phenomena 
[16],[17],[19-21]. Such an intrinsic spin-splitting is a source of Ising 
superconductivity discovered in various TMDs [38-40]. 

In sharp contrast to other 2D materials, Graphene is an elemental single 
sheet of C atoms as shown in Fig. 1.1C Graphene is a Dirac semimetal which 
possesses zero bandgap and its dispersion is linear at 𝐾𝐾,𝐾𝐾’ points of hexagonal 
Brillouin zone. This unique combination of stability, thickness and electronic 
properties, where electrons shoot with a speed 𝑣𝑣𝐹𝐹 ≈ 𝑐𝑐/300, with 𝑐𝑐 - the speed of 
light, makes graphene the most studied 2D material up to date. Among other 
experiments, graphene was even used as a tabletop platform to explore relativistic 
phenomena, such as Klien tunnelling [41], [42]. Remarkably, the mobility of 
charge carriers in encapsulated graphene can reach up to 𝜇𝜇 = 1.8 ∙
106 cm2V−1s−1 [43]. This is especially relevant for studying a quantum transport 
phenomena [1], [44], [45] or even enables observation of quantum Hall state at 
room temperature [46]. A ground-breaking transition from high mobility to a 
strongly correlated system was made recently in twisted bilayer graphene [22-24] 
which enriches already versatile graphene research. Besides its electronic 



Chapter 1 

6 
 

properties, graphene is known as the strongest material ever tested with Young’s 
modulus Υ reaching up to 1 TPa [47]. This is at least 5 times larger than the 
strongest steel making graphene a promising candidate for future mechanical 
nanocomposites and hybrid materials. 

High-temperature superconductivity has been always an attractive field for 
condensed matter physicists, especially when the host of Cooper pairs is in the 2D 
limit. Iron Selenide is shown in Fig. 1.1D is one of such systems where 
superconductivity can not only survive down to the single layer but also can 
demonstrate enhanced critical temperature 𝑇𝑇𝑐𝑐 compared with its bulk counterpart. 
In particular, 𝑇𝑇𝑐𝑐 ranges from ~8 K to ~80 K [48] when the monolayer is grown on 
special substrates such as SrTiO3. This makes FeSe a flexible platform to study 
Cooper pairing mechanisms when looking for the insight of 𝑇𝑇𝑐𝑐 enhancement routs 
in other systems. However, its low ambient stability hinders the potential of this 
material. 

Chromium TriIodine enriches the toolbox of 2D materials with its magnetic 
properties Fig. 1.1E Despite the theoretical prediction of the non-existence of 
ferromagnetism or antiferromagnetism in 2 dimensions [49], CrI3 was the first 
experimental example to proof opposite [50]. Bulk CrI3 is known Ising 
ferromagnetic layered crystal with Curie temperature of 𝑇𝑇𝑆𝑆 = 61 K that possess a 
magnetic moment of 3𝜇𝜇𝑉𝑉 per single 𝐶𝐶𝐶𝐶3+ ion. It turns out that ferromagnetism 
can survive down to the monolayer limit, however with slightly reduced 𝑇𝑇𝑆𝑆 =
45 K. This, intrinsically semiconducting material with 1.1 eV bandgap in its 
monolayer limit makes it a promising candidate for 2D memory type devices [51] 
and enables a versatile control of its magnetic properties by the means of an 
electric field [52].  

Much more materials are expected to appear in the coming years together 
with their outstanding new properties. Present overview glances over the main 
findings and achievements of 2D materials without going deeply into their nature.  
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1.2. Spin-orbit coupling 

 

Spin-orbit coupling (SOC) plays an important role in semiconductor 
physics, leading to an interesting spin-related phenomenon such as spin Hall 
effect [53], spin-galvanic effect [54] or spin ballistic transport [55]. SOC 
originates from a relativistic correction to the electron energy with momentum 𝒑𝒑 
in the presence of strong electric fields 𝑬𝑬. Interesting to note that the sources of 
such an electric field can be extrinsic, such as gate field in FET geometry, as well 
as intrinsic - due to broken inversion or mirror symmetries of crystal lattice. The 
former case is especially relevant in 2D limit, when the electron motion is 
restricted to move only in 𝑥𝑥,𝑦𝑦 directions. The Hamiltonian of SOC can be written 
as: 

 𝐻𝐻�𝑆𝑆𝑆𝑆 = 𝜇𝜇𝑉𝑉𝝈𝝈 ∙ [𝒑𝒑 × 𝑬𝑬
2𝑚𝑚∗𝑐𝑐

] = 𝜇𝜇𝑉𝑉𝝈𝝈 ∙ 𝑩𝑩𝒆𝒆𝒆𝒆𝒆𝒆     (1) 

where 𝜇𝜇𝑉𝑉, 𝑚𝑚∗, 𝑐𝑐 and 𝝈𝝈 are Bohr magneton, the effective mass of an electron, speed 
of light and Pauli matrices respectively. The cross product in this equation can be 
viewed as an effective magnetic field 𝑩𝑩𝒆𝒆𝒆𝒆𝒆𝒆 that couples to momentum 𝒑𝒑 and 
interacts with electron spin. Depending on the relative orientation between 𝒑𝒑 and 
𝑬𝑬 there are two distinct types of 𝑩𝑩𝒆𝒆𝒆𝒆𝒆𝒆 as shown in Fig. 1.2A and B. Since the 
electron motion restricted into the plane of 2D electron gas (2DEG), the choice of 
electric field direction will make a substantial difference. Out-of-plane electric 
field 𝑬𝑬 together with in-plane 𝒑𝒑 will give rise to in-plane 𝑩𝑩𝒆𝒆𝒆𝒆𝒆𝒆 Fig. 1.2A, whereas 
in-plane 𝑬𝑬 and 𝒑𝒑 will lead to out-of-plane 𝑩𝑩𝒆𝒆𝒆𝒆𝒆𝒆 Fig. 1.2B. 

 

Figure 1.2 A. In-plane and B. Out-of-plane effective magnetic fields generated by relative 
orientation between electron momentum and electric field.  
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 Presence of an effective magnetic field in the system modifies electronic 
band structure and introduces a spin texture on the Fermi surface Fig. 1.3A and 
B. Here, the in-plane 𝑩𝑩𝒆𝒆𝒆𝒆𝒆𝒆 causes lifted spin degeneracy of Fermi circle into two 
with opposite spin winding - Rashba type SOC Fig. 1.3A [56]. This type of SOC 
is widely accessed in various heterostructures [57], [58]. Compared with in-plane 
Rashba SOC, out-of-plane 𝑩𝑩𝒆𝒆𝒆𝒆𝒆𝒆 acts as a Zeeman field and splits two Fermi 
surfaces in energy Fig. 1.3B. The former case implies breaking of time-reversal 
symmetry, therefore it is not expected to appear at high-symmetric Γ point, where 
the electron/hole pockets are usually form. The requirement of in-plane 𝑬𝑬 in 
crystal remains a challenging task and implies breaking of IS, which significantly 
narrows available choices.  

 

Figure 1.3 A. Rashba and B. Zeeman type spin-splitting of electronic dispersion of 2DEG. 

Recent progress in 2D materials studies provides a wide library of materials 
which are able to satisfy these requirements. Semiconducting monolayer TMDs 
is one of such kind of platforms that contains the source of large SOC coming 
heavy transition metal and possess a broken IS. It has been argued that such a 
broken IS give rise to a net in-plane dipole moment acting on Mo [59] which is a 
source of out-of-plane spin-polarized bands in the band structure of TMDs Fig. 
1.4. The electronic pockets close to high symmetric 𝛤𝛤 point remains spin 
degenerate, whereas spin-splitting reaches the maximum at the corners of 
Brillouin zone 𝐾𝐾 and –𝐾𝐾(𝐾𝐾′) pockets. Zeeman type of SOC comes in pairs and 
have an opposite sign in 𝐾𝐾 and –𝐾𝐾, therefore, time-reversal symmetry remains 
preserved. The spin-splitting is formidable value, which ranges from 150 in MoS2 
to 400 meV (WSe2) in the valence band. It depends on the material choice, such 
that the presence of heavier transition metal W consequently leads to larger SOC 
[60]. The SOC is rather smaller in the conduction band of TMDs and ranges from 
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3 to 30 meV for Mo and W based compounds. The essence of such a splitting will 
be discussed in the following chapters of the present thesis.  

 

 

 

 
Figure 1.4 Band structure of monolayer MoS2 including effects of SOC [37],[61],[62]. Red and 
blue depicts opposite (up and down) out-of-plane spin-polarized bands in the vicinity to the 
band edges of hexagonal Brillouin zone. Right inset: expanded region close to the bottom of 
the conduction band. Left inset: the presence of net in-plane local electric dipole moment acting 
on Mo atom as a source of large SOC [59]. 
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1.3. Ising superconductors 

 

Superconductivity is a macroscopic quantum phenomenon well known due 
to its practical implementations of zero electrical resistance and Meissner state. 
This phenomenon has been first discovered by Onnes [63] more than a century 
ago in 1911. Since that time, many materials that are able to support this state 
were discovered. However, the understanding of this phenomenon came out much 
later in 1957 when J. Bardeen, L. N. Cooper and J. R. Schrieffer first introduced 
their theory of superconductivity [64] that involves an attractive interaction 
between two electrons resulting from a virtual exchange of phonons, which 
dominates the screened Coulomb repulsion. The ground state of a superconductor 
involves electrons excited in Cooper pairs with opposite momentum 𝒌𝒌 and –𝒌𝒌 
and opposite spins |↑⟩, |↓⟩ in the vicinity of the Fermi level for the case of singlet 
pairing. 

 

 

Figure 1.6 A. Cooper pairs formed on the degenerate Fermi surface without spin-polarization. 
B. Ising type Cooper pairing with spins polarized along crystallographic 𝑧𝑧 axis formed on the 
Fermi surface with lifted spin degeneracy. 

In the most general scenario, when the Fermi surface remains spin 
degenerate, the spins of Cooper pairs are randomly oriented with respect to the 
crystallographic direction Fig. 1.5A. The situation may dramatically change when 
the system experiences strong spin-orbit coupling that removes the spin-
degeneracy of the Fermi surface. For example, when the system experience 
alternating Zeeman type SOC in 𝒌𝒌 and –𝒌𝒌 points the electrons occupying the 
lowest energy bands are having opposite spin-polarization pointing along 
crystallographic 𝑧𝑧 direction Fig. 1.6B. Such kind of SOC effects can be described 
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by an extra term in Hamiltonian 𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆 = 𝛽𝛽𝑆𝑆𝑆𝑆𝑠𝑠𝑧𝑧𝜎𝜎𝑧𝑧, where 𝛽𝛽𝑆𝑆𝑆𝑆 denotes SOC 
strength, 𝑠𝑠𝑧𝑧 = ±1 corresponds to 𝐾𝐾/𝐾𝐾′ valleys and 𝜎𝜎𝑧𝑧 = ±1 denotes spin up and 
down. Superconducting pair formed on this kind of surface is called Ising pairing 
due to the pronounced alternating out-of-plane spin-polarization of electrons with 
𝒌𝒌 and –𝒌𝒌 momentum. 

The SOC is expected to enrich the magnetic properties of superconductors 
profoundly. For example, in the systems lacking inversion symmetry mixing of 
spin-triplet and spin-singlet states may take place [65] or existence of the line 
nodes of the superconducting gap. In order to fully acknowledge these spin-
related properties, the requirements of the absence of competing factors must be 
satisfied. One of such factors is certainly the orbital, which takes place in bulk 
superconductors placed into a magnetic field. Two electrons of a Cooper pair gain 
different kinetic energy associated with such magnetic field. Vector potential 
accessed in the momentum of each electron is 𝒌𝒌 + 𝑒𝑒𝑨𝑨

𝑐𝑐
  and −𝒌𝒌 + 𝑒𝑒𝑨𝑨

𝑐𝑐
. Thus, total 

energy gained is non zero. When the gained energy overcomes superconducting 
gap energy pair falls apart. In the case of 2D superconductors, applying the field 
parallel to the superconducting plane would eliminate the orbital depairing 
contribution of the magnetic field. Library of 2D materials provides a versatile 
platform where all these requirements can be matched.  

Fig. 1.6 represents a family of recently proposed 2D materials which are 
able to support Ising pairing. When the intrinsically semiconducting MoS2 or WS2 
are electron-doped, the Fermi level crosses the bottom of spin-split electronic 
pockets located at 𝐾𝐾/𝐾𝐾′ Fig. 1.6A [38], [40], [66]. Even greater spin-splitting 
found in the valence band of TMDs can be accessed by different material choice. 
Such as NbSe2 or TaS2 group V TMDs, which lacks one electron on the outer shell 
of transition metal and therefore exhibits intrinsic hole-like metallic transport 
followed by a superconducting transition at low temperatures even in the thinnest 
limit Fig. 1.6B [39], [67]. Recently discovered superconductivity in semi-metallic 
monolayer 𝑇𝑇𝑑𝑑-MoTe2 is slightly distinct from the former two cases where the 
Ising pair residing close to 𝐾𝐾/𝐾𝐾′ point of hexagonal Brillouin zone is polarized in 
out-of-plane direction. Instead, this system tend to possess a canted spin texture 
Fig. 1.6C in presence of external electric field [68], [69]. Even more intriguing 
pairing due to SOC effect was proposed recently for centrosymmetric 2D 
superconductors such as SnH [70], [71]. Interestingly, that even at the time-
reversal and spin degenerate 𝛤𝛤 pocket the SOC can lead to spin-orbital locking. 
Here, opposite Zeeman-like field is acting onto opposing orbitals. Such a Zeeman 
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field polarizes the electron spins into the out-of-plane direction and therefore 
enables so-called type II Ising pairing even in centrosymmetric 2D materials Fig. 
1.6D. 

 
Figure 1.6 The family of recently discovered platforms to support Ising pairing. A. Conduction 
band of monolayer MoS2 with small – 3-4 meV alternating SOC. B. The valence band of 
metallic group V TMDs such as NbSe2 and TaS2 monolayers. C. Semi-metallic 𝑇𝑇𝑑𝑑 phase of 
monolayer MoTe2 with tilted Ising spin-texture and nearly spin-degenerate 𝑄𝑄/𝑄𝑄’ and 𝛤𝛤 pockets. 
D. Recently proposed type-II Ising pairing in the monolayer SnH with broken time-reversal 
symmetry. Grey plane depicts the Fermi level.   
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1.4. Motivation and outline of this thesis 

 

In the view of introduction, the present thesis focuses on the magnetic 
properties of Ising superconductors based on 2D materials such as MoS2 and WS2 
– whose band structure in the vicinity of the conduction band is widely accepted 
as an archetypal platform with the spin-spit bands alternating in the Ising-like 
fashion. The role of the key energy parameter – 𝛽𝛽𝑆𝑆𝑆𝑆 is examined in an empirical 
way by the means of magnetotransport measurements. This thesis organized in 
the following order: 

Chapter 2 is dedicated to gate-induced superconductivity on the surface of 
MoS2. Effective competition between 𝛽𝛽𝑆𝑆𝑆𝑆 and 𝛼𝛼𝑅𝑅𝑅𝑅 which denotes Zeeman and 
Rashba type of SOC will be discussed in this chapter. In particular, the case where 
𝛽𝛽𝑆𝑆𝑆𝑆 > 𝛼𝛼𝑅𝑅𝑅𝑅. 

Chapter 3 will focus on the case when 𝛽𝛽𝑆𝑆𝑆𝑆 ≫ Δ,𝛼𝛼𝑅𝑅𝑅𝑅, where Δ is 
superconducting gap energy. Monolayers of WS2 grown by chemical vapour 
deposition (CVD) technique are chosen as a suitable platform that satisfies these 
criteria. The consequence of strong gating field in the combination of weak 
screening in 2D materials will be also discussed here. 

Chapter 4 is devoted to the attempt to introduce a competing parameter 
such as interlayer coupling 𝑡𝑡 in contrast to 𝛽𝛽𝑆𝑆𝑆𝑆. This was realized experimentally 
based on few-layer WS2, where 𝛽𝛽𝑆𝑆𝑆𝑆 ≫ 𝑡𝑡. 

Chapter 5 covers the situation where both 𝛽𝛽𝑆𝑆𝑆𝑆 and 𝑡𝑡 are comparable in the 
energy scale. Their interplay and its consequence on the transport properties of 
superconducting bilayer MoS2 will be discussed here. 
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2. Evidence for two-
dimensional Ising 
superconductivity in 
gated MoS2.(𝛽𝛽𝑆𝑆𝑆𝑆 + 𝛼𝛼𝑅𝑅𝑅𝑅) 

 
Abstract 

The Zeeman effect, which is usually detrimental to superconductivity, can 
be strongly protective when an effective Zeeman field from intrinsic spin-orbit 
coupling locks the spins of Cooper pairs in a direction orthogonal to an external 
magnetic field. We performed magnetotransport experiments with ionic-gated 
molybdenum disulfide transistors, in which gating prepared individual 
superconducting states with different carrier doping, and measured an in-plane 
critical field 𝐵𝐵𝑐𝑐2 far beyond the Pauli paramagnetic limit, consistent with Zeeman-
protected superconductivity. The gating-enhanced 𝐵𝐵𝑐𝑐2 is more than an order of 
magnitude larger than it is in the bulk superconducting phases, where the effective 
Zeeman field is weakened by interlayer coupling. Our study provides 
experimental evidence of an Ising superconductor, in which spins of the paired 
electrons are strongly pinned by an effective Zeeman field.  
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2.1. Superconducting dome of gated MoS2 

 

In conventional superconductors, applying a sufficiently high magnetic 
field above the upper critical field 𝐵𝐵𝑐𝑐2 is a direct way to destroy superconductivity 
by breaking Cooper pairs via the coexisting orbital and Pauli paramagnetic 
mechanisms. The orbital contribution originates from the coupling between the 
magnetic field and the electron momentum, whereas the paramagnetic 
contribution is caused by spin alignment in Cooper pairs by an external magnetic 
field. When the orbital effect is weakened or eliminated, either by having a large 
electron mass [1] or by reducing dimensionality [2], 𝐵𝐵𝑐𝑐2 is solely determined by 
the interaction between the magnetic field and the spin degree of freedom of the 
Cooper pairs. In superconductors where Cooper pairs are formed by electrons 
with opposite spins, aligning the electron spins by the external magnetic field 
increases the energy of the system; therefore, 𝐵𝐵𝑐𝑐2 cannot exceed the Clogston-
Chandrasekhar limit [3], [4] or the Pauli paramagnetic limit (in units of Tesla), 
𝐵𝐵𝑝𝑝 ≈ 1.86 𝑇𝑇𝑐𝑐0. Here, 𝑇𝑇𝑐𝑐0 is the zero-field superconducting critical temperature (in 
units of Kelvin) that characterizes the binding energy of a Cooper pair, which 
competes with the Zeeman splitting energy.  

However, in some superconductors, the Pauli limit can be surpassed. For 
example, forming Fulde-Ferrell-Larkin-Ovchinnikov states with inhomogeneous 
pairing densities favours the presence of a magnetic field, even above 𝐵𝐵𝑝𝑝 [5]. In 
spin-triplet superconductors, the parallel-aligned spin configuration in Cooper 
pairs is not affected by Pauli paramagnetism, and 𝐵𝐵𝑐𝑐2 can easily exceed 𝐵𝐵𝑝𝑝 [6-8]. 
Spin-orbit interactions have also been shown to align spins to overcome the Pauli 
limit. Rashba spin-orbit coupling (SOC) in non-centrosymmetric superconductors 
will lock the spin to the in-plane direction, which can greatly enhance the out-of-
plane 𝐵𝐵𝑐𝑐2 [9]; however, for an in-plane magnetic field, 𝐵𝐵𝑐𝑐2 can only be moderately 
enhanced to √2𝐵𝐵𝑝𝑝 [10]. Alternatively, electron spins can be randomized by spin-
orbit scattering (SOS), which weakens the effect of spin paramagnetism [11-15] 
and hence enhances 𝐵𝐵𝑐𝑐2. 

Superconductivity in thin flakes of MoS2 can be induced electrostatically 
using the electric field effect, mediated by moving ions in a voltage-biased ionic 
liquid placed on top of the sample (section 2.6; [16],[17]). Negative carriers 
(electrons) are induced by accumulating cations above the outermost layer of a 
MoS2 flake, forming a capacitor ~1 nm thick [17-22]. The potential gradient at  
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Figure 2.1 Inducing superconductivity in thin flakes of MoS2 by gating. A. conduction-band 
electron pockets near the 𝐾𝐾 and 𝐾𝐾′ points in the hexagonal Brillouin zone of monolayer MoS2. 
Electrons in opposite 𝐾𝐾 and 𝐾𝐾′ points experience opposite effective magnetic fields 𝐵𝐵𝑒𝑒𝑜𝑜𝑜𝑜 and 
−𝐵𝐵𝑒𝑒𝑜𝑜𝑜𝑜, respectively (green arrows). The blue and red coloured pockets indicate electron spins 
oriented up and down, respectively. B. Side view (left) and top view (right) of the four 
outermost layers in a multi-layered MoS2 flake. The vertical dashed lines show the relative 
positions of Mo and S atoms in 2𝐻𝐻-type stacking. In-plane inversion symmetry is broken in 
each individual layer, but global inversion symmetry is restored in bulk after stacking. C. 
Energy-band splitting caused by 𝐵𝐵𝑒𝑒𝑜𝑜𝑜𝑜. Blue and red bands denote spins aligned up and down, 
respectively. Because of 2𝐻𝐻-type stacking, adjacent layers have the opposite 𝐵𝐵𝑒𝑒𝑜𝑜𝑜𝑜 at the same 
𝐾𝐾 points. D. The red curve (left axis) denotes the theoretical carrier density 𝑛𝑛2𝐷𝐷 for the four 
outermost layers of MoS2 [17] for sample D1, when 𝑇𝑇𝑐𝑐0 =  2.37 K. In the phase diagram (right 
axis), superconducting states with different values of 𝑇𝑇𝑐𝑐0 are color-coded; the same color-
coding is used across all figures in this chapter. Here, 𝑇𝑇𝑐𝑐 is determined at the temperature where 
the resistance drop reaches 90% of 𝑅𝑅𝑁𝑁 at 15 K. This criterion is different from the 50% 𝑅𝑅𝑁𝑁 
criterion used in the rest of the paper; it was chosen to be consistent with that used in the phase 
diagram of [17]. E. Temperature dependence of 𝑅𝑅𝑠𝑠. showing different values of 𝑇𝑇𝑐𝑐 
corresponding to superconducting states (from samples D1 and D24) denoted in D. 
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the surface creates a planar homogenous electronic system with an 
inhomogeneous vertical doping profile, where conducting electrons are 
predominantly doped into a few of the outermost layers, forming superconducting 
states near the 𝐾𝐾 and 𝐾𝐾′ valleys of the conduction band Fig. 2.1A. The in-plane 
inversion symmetry breaking in a MoS2 monolayer can induce SOC, manifested 
as a Zeeman-like effective magnetic field 𝐵𝐵𝑒𝑒𝑜𝑜𝑜𝑜 (~100 T) oppositely applied at the 
𝐾𝐾 and 𝐾𝐾′ points of the Brillouin zone [23]. Because of electrons of opposite 
momentum experience opposite 𝐵𝐵𝑒𝑒𝑜𝑜𝑜𝑜, this SOC is then compatible with Cooper 
pairs also residing at the 𝐾𝐾 and 𝐾𝐾′ points [24]. Therefore, spins of electrons in the 
Cooper pairs are polarized by this large out-of-plane Zeeman field, which is able 
to protect their orientation from being realigned by an in-plane magnetic field, 
leading to a large in-plane 𝐵𝐵𝑐𝑐2. This alternating spin configuration also provides 
the essential ingredient for establishing an Ising superconductor, where spins of 
electrons in the Cooper pairs are strongly pinned by an effective Zeeman field in 
an Ising-like fashion. 

Because of the alternating stacking order in 2𝐻𝐻-type single crystals of 
transition metal dichalcogenide (TMD) Fig. 2.1B, electrons with the same 
momentum experience 𝐵𝐵𝑒𝑒𝑜𝑜𝑜𝑜 with opposite signs for adjacent layers, which 
weakens the effect of SOC by cancelling out 𝐵𝐵𝑒𝑒𝑜𝑜𝑜𝑜 mutually in the bulk crystal 
Fig. 2.1C. However, field-effect doping can strongly confine carriers to the 
outermost layer, reaching a two-dimensional (2D) carrier density 𝑛𝑛2𝐷𝐷 of up to 
~1014 𝑐𝑐𝑚𝑚−2 [17], [25]. Theoretical calculations for our devices indicate that the 
𝑛𝑛2𝐷𝐷 of individual layers decays exponentially from the channel surface (Fig. 2.1D, 
left axis), reducing the 𝑛𝑛2𝐷𝐷 of the second-to-outermost layer by almost 90% in 
comparison with the outermost one [26]. From the established phase diagram [17], 
if superconductivity is induced close to the quantum critical point (QCP; 𝑛𝑛2𝐷𝐷~6 ∙
1013 𝑐𝑐𝑚𝑚−2, the second layer is not even metallic, because metallic transport can 
be observed only when 𝑛𝑛2𝐷𝐷 > 8 ∙ 1012 𝑐𝑐𝑚𝑚−2. Therefore, the outermost layer is 
well isolated by gating, mimicking a freestanding monolayer [27].  

We obtained superconducting states across a range of doping 
concentrations Fig. 2.1D, right axis by varying the gate voltage [17]; these states 
have different temperature dependences of sheet resistivity 𝑅𝑅𝑠𝑠 Fig. 2.1E. A 
superconducting state [𝑇𝑇𝑐𝑐 (at 𝐵𝐵 = 0) =  2.37 K] at the onset of superconductivity 
(close to QCP) could be induced without suffering from the inhomogeneity 
usually encountered at low doping concentrations, the red curve in Fig. 2.1E. 
Consistently, this well-behaved state also exhibits high mobility of ~700 𝑐𝑐𝑚𝑚2/𝑉𝑉𝑠𝑠 
(measured at 𝑇𝑇 =  15 K) before reaching zero resistance.  
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2.2. Two-dimensional transport 

 

Angle-resolved photoemission spectroscopy (ARPES) measurements [27], 
[28] and theoretical calculations [25], [29] both showed that electron doping starts 
near the 𝐾𝐾 points of the conduction band. The band structure is modified at higher 
doping [25], [29], meaning that the simplest superconducting states in MoS2, 
which are dominated by Cooper pairs at the 𝐾𝐾 and 𝐾𝐾′ points, should be prepared 
by minimizing doping. 

The charge distribution of our gated system implies that the 
superconducting state thus formed should exhibit a purely 2D nature. To 
demonstrate this dimensionality, we have characterized sample D24 [with 𝑇𝑇𝑐𝑐0 =
7.38 K] with a series of measurements. The temperature dependences of 𝑅𝑅𝑠𝑠 under 
out-of- and in-plane magnetic fields Fig. 2.2A and B, are highly anisotropic. The 
angular dependence of 𝐵𝐵𝑐𝑐2 at 𝑇𝑇 =  6.99 K Fig. 2.2D was extracted from Fig. 
2.2C. Curves fitted with the 2D Tinkham formula (red curve) [30] and the 3D 
anisotropic Ginzburg-Landau (GL) model (blue curve) [2] show that for 𝜃𝜃 > ±1°  
(where 𝜃𝜃 is the angle between the 𝐵𝐵 field and the MoS2 surface), the data are 
consistent with both models, whereas for 𝜃𝜃 < ±1°   Fig. 2.2D, inset, the cusp-
shaped dependence can only be explained with a 2D model. These measurements 
show that our system exhibits 2D superconductivity, similar to LaAlO3/SrTiO3 
interfaces [31] and ion-gated SrTiO3 surfaces [32]. From the voltage-current 𝑉𝑉 −
𝐼𝐼 dependence at different temperatures close to 𝑇𝑇𝑐𝑐0 Fig. 2.2E, we determined that 
the Berezinskii-Kosterlitz-Thouless temperature 𝑇𝑇𝑉𝑉𝐾𝐾𝐵𝐵 is 6.3 K for our 2D system 
Fig. 2.2F.  
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Figure. 2.2 2D superconductivity in gated MoS2 (sample D24). Temperature dependence of 𝑅𝑅𝑠𝑠 
under a constant out-of-plane A and in-plane B magnetic field, up to 12 T. In B, the left inset 
shows a close-up view of the data near 𝑅𝑅𝑁𝑁/2 within 1 K. In the right inset, 𝜃𝜃 is the angle between 
the 𝐵𝐵 field and the MoS2 surface. C. Angular dependence of 𝑅𝑅𝑠𝑠, where the dashed line denotes 
𝑅𝑅𝑠𝑠 = 𝑅𝑅𝑁𝑁/2. In the inset, the data are shown in detail within ±1° of the in-plane field 
configuration 𝜃𝜃 = 0°. D Angular dependence of 𝐵𝐵𝑐𝑐2, which is fitted by both the 2D Tinkham 
model (red) and the 3D anisotropic GL model (blue). In the inset, the angular dependence of 
𝐵𝐵𝑐𝑐2 is shown in detail within ±1° of the in-plane field configuration 𝜃𝜃 = 0°.  
E. The 𝑉𝑉 − 𝐼𝐼 relationship at different temperatures close to 𝑇𝑇𝑐𝑐, plotted on a logarithmic scale. 
The black lines are fits close to metal-superconductor transitions. The long black line denotes 
𝑉𝑉~𝐼𝐼3, which gives 𝑇𝑇𝑉𝑉𝐾𝐾𝐵𝐵. F. Temperature dependence of 𝛼𝛼 from fitting the power-law 
dependence of 𝑉𝑉~𝐼𝐼𝛼𝛼 from the black lines in E. 𝑇𝑇𝑉𝑉𝐾𝐾𝐵𝐵 = 6.3 𝐾𝐾 is obtained for 𝛼𝛼 = 3. 
 
 
2.3. In-plane upper critical field 
 

A moderate in-plane 𝐵𝐵 field of up to 12 T shows little effect on the 
superconducting transition temperature [where 𝑇𝑇𝑐𝑐0 = 7.38 K and the Pauli limit 
𝐵𝐵𝑝𝑝 = 13.7 T Fig. 2.2B)]; thus, the 𝐵𝐵𝑐𝑐2 of the system must be far above 𝐵𝐵𝑝𝑝. To 
confirm this, we performed a high field measurement up to 37 T of sample D1 
after observing a steep increase in 𝐵𝐵𝑐𝑐2  near 𝑇𝑇𝑐𝑐0 = 5.5 K Fig. 2.3C, green dots. By 
controlling the gating strength, superconducting states with 𝑇𝑇𝑐𝑐0 = 2.37 and 
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7.64 K were induced in sample D1. For 𝑇𝑇𝑐𝑐0 = 2.37 K, we obtained 𝐵𝐵𝑐𝑐2 as the 
magnetic field required to reach 50% of the normal state resistivity (𝑅𝑅𝑁𝑁) (Fig. 
2.3A). 𝐵𝐵𝑐𝑐2 is above 20 T at 1.46 K (Fig. 2.3C, red circles), which is more than 
four times the 𝐵𝐵𝑝𝑝. The data from the second gating [𝑇𝑇𝑐𝑐0 = 7.64 K  (Fig. 2.3B)] 
show only a weak reduction of 𝑇𝑇𝑐𝑐 by ~1 K at even the highest magnetic field, 
32.5 T (~ 2.3𝐵𝐵𝑝𝑝).  

The temperature dependences of in-plane 𝐵𝐵𝑐𝑐2 for sample D1 in three 
different states (Fig. 2.3C) are fitted using a phenomenological GL theory in the 
2D limit [2] and the microscopic Klemm-Luther-Beasley (KLB) theory [12], [15], 
[33]. The extrapolated zero-temperature in-plane 𝐵𝐵𝑐𝑐2 is far beyond 𝐵𝐵𝑝𝑝 for all three 
superconducting states. The zero-temperature 𝐵𝐵𝑐𝑐2 predicted by 2D GL theory, 
without taking a spin into account, is larger than that estimated by the KLB theory, 
which considers both the limiting effect from spin paramagnetism and the 
enhancing effect by the SOS from disorder. To fit the data using the KLB theory 
(dashed curves in Fig. 2.3C), the interlayer coupling has to be set to zero. This 
strongly suggests that the induced superconductivity is 2D, which is consistent 
with the conclusion drawn from Fig. 2.2 and previous theoretical calculations 
[17], [26] and ARPES measurements [27], [28] regarding predominant doping in 
the outermost layer. Curves fitted with the KLB theory yield a very short SOS 
time of ~24 fs, which is less than the total scattering time of 185 fs estimated 
from resistivity measurements at 15 K (table S2 [16]) and much shorter than the 
estimation of nanoseconds calculated for MoS2 at the carrier density range 
accessed by this work [34]. Short spin-orbit scattering times of ~40 to 50 fs have 
also been observed in organic molecule–intercalated TaS2 [35-37], 
(LaSe)1.14(NbSe2) [38], [39], and the organic superconductor 𝜅𝜅 −(ET)4Hg2.89Br8 
[ET, bis(ethylenedithio)tetrathiafulvalene] [40].  

The temperature dependence of 𝐵𝐵𝑐𝑐2 in bulk superconducting MoS2 
intercalated by alkali metals [41] near 𝑇𝑇𝑐𝑐0 is linear instead of the square root (Fig. 
2.3C). The slight upturn of 𝐵𝐵𝑐𝑐2 toward lower temperatures away from 𝑇𝑇𝑐𝑐0 is the 
evidence of crossover from 3D to 2D superconducting states [12], [33], [36] 
caused by the layered nature of the bulk crystal. In these bulk phases, the measured 
𝐵𝐵𝑐𝑐2 values are much smaller than or comparable (when Cs dopants are 
intercalated) to 𝐵𝐵𝑝𝑝 [41].  
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Figure 2.3 Determining the in-plane upper critical field Bc2 at different Tc (samples D1 and 
D24). A. Magnetoresistance of sample D1 [with 𝑇𝑇𝑐𝑐0 = 2.37 K near the onset of the 
superconducting phase] as a function of an in-plane magnetic field up to 37 T, at various 
temperatures. B. Temperature dependence of 𝑅𝑅𝑠𝑠 for sample D1 [with 𝑇𝑇𝑐𝑐0 = 7.64 K] under 
different in-plane magnetic fields up to 32.5 T. The dashed lines in A and B indicate 𝑅𝑅𝑁𝑁/2. 𝐵𝐵𝑐𝑐2 
is determined as the intercept between dashed lines and 𝑅𝑅𝑠𝑠 curves. C. Temperature dependence 
of 𝐵𝐵𝑐𝑐2 for superconducting states induced in sample D1 with different 𝑇𝑇𝑐𝑐 [solid circles; colours 
follow D]. The 𝐵𝐵𝑐𝑐2 for alkali metal–intercalated bulk MoS2 compounds are from [41] and are 
shown for comparison. The 𝐵𝐵𝑐𝑐2 for gate-induced states is fitted as a function of temperature 
using the 2D GL (solid line) and KLB (dashed line) models. D. 𝐵𝐵𝑐𝑐2 normalized by 𝐵𝐵𝑝𝑝, as a 
function of reduced temperature 𝑇𝑇/𝑇𝑇𝑐𝑐, including superconducting states from alkali-doped bulk 
phases and gated-induced phases (samples D1 and D24). The dashed line denotes 𝐵𝐵𝑝𝑝 and sets 
the boundary of the Pauli limited regime (shaded). 

 
This behaviour is visualized in Fig. 2.3D, where the in-plane 𝐵𝐵𝑐𝑐2 

normalized by 𝐵𝐵𝑝𝑝 for bulk superconducting phases falls within the shaded area 
bounded by the Pauli limit. In contrast, all gate-induced phases (from samples D1 
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and D24) are far above both 𝐵𝐵𝑝𝑝 (dashed line) and bulk phase 𝐵𝐵𝑐𝑐2. The D1 with 
𝑇𝑇𝑐𝑐0 = 2.37 K, which is separated from the other gate-induced states, exhibits the 
largest enhancement. If the large SOS rate extracted from the KLB fitting (Fig. 
2.3C) were the reason for the enhancement of 𝐵𝐵𝑐𝑐2 in gate induced phases, we 
would expect it to also enhance 𝐵𝐵𝑐𝑐2 in the bulk phases. The difference is shown 
in Fig. 2.3D indicates that SOS is unlikely to be the origin of the enhancement of 
𝐵𝐵𝑐𝑐2 in the gated phases. 

Excluding SOS as the principal mechanism for the strong enhancement of 
the in-plane 𝐵𝐵𝑐𝑐2, and taking into account recent developments in understanding 
the band structures of monolayer MoS2 [42], [43], we propose that this 𝐵𝐵𝑐𝑐2 
enhancement is mainly caused by the intrinsic spin-orbit coupling in MoS2. Near 
the 𝐾𝐾 points of the Brillouin zone (Fig. 2.1A) and on the basis of spin-up and –
down electrons [𝜓𝜓𝑘𝑘↑,𝜓𝜓−𝑘𝑘↓], the normal-state Hamiltonian of monolayer MoS2 in 
the presence of an external field can be described by [24]  

𝐻𝐻(𝒌𝒌 + 𝜖𝜖𝑲𝑲) = 𝜀𝜀𝒌𝒌 + 𝜖𝜖𝛽𝛽𝑆𝑆𝑆𝑆𝜎𝜎𝑧𝑧 + 𝛼𝛼𝑅𝑅𝑅𝑅𝒈𝒈𝐹𝐹 ∙ 𝝈𝝈 + 𝒃𝒃 ∙ 𝝈𝝈    (1) 

Here, 𝜀𝜀𝒌𝒌 = 𝒌𝒌2

2𝑚𝑚
− 𝜇𝜇 denotes the kinetic energy with chemical potential 𝜇𝜇; 

𝒌𝒌 = �𝑘𝑘𝑥𝑥,𝑘𝑘𝑦𝑦 , 0� is the kinetic momentum of electrons in the 𝐾𝐾 and 𝐾𝐾′ valleys; 𝑲𝑲 
is the kinetic momentum of the K valley; 𝑚𝑚 is the effective mass of the electrons; 
𝝈𝝈 = �𝜎𝜎𝑥𝑥,𝜎𝜎𝑦𝑦 ,𝜎𝜎𝑧𝑧� are the Pauli matrices; 𝒈𝒈𝐹𝐹 = �𝑘𝑘𝑦𝑦 ,−𝑘𝑘𝑥𝑥, 0� denotes the Rashba 
vector (lying in-plane); 𝛼𝛼𝑅𝑅𝑅𝑅 and 𝛽𝛽𝑆𝑆𝑆𝑆 are the strength of Rashba and intrinsic SOC, 
respectively; 𝜖𝜖 = ±1 is the valley index (1 at the 𝐾𝐾 valley and –1 at the 𝐾𝐾′ valley); 
𝒃𝒃 = 𝜇𝜇𝑉𝑉𝑩𝑩 is the external Zeeman field (where 𝜇𝜇𝑉𝑉 is the Bohr magneton). The 
intrinsic SOC term 𝜖𝜖𝛽𝛽𝑆𝑆𝑆𝑆𝜎𝜎𝑧𝑧, due to in-plane inversion symmetry breaking, induces 
an effective magnetic field pointing out of the plane (z-direction), which has 
opposite signs at opposite valleys (green arrows in Fig. 2.1A). This Zeeman-like 
effective magnetic field 𝑩𝑩𝑒𝑒𝑜𝑜𝑜𝑜 = 𝜖𝜖𝛽𝛽𝑆𝑆𝑆𝑆𝒛𝒛�/𝑔𝑔𝜇𝜇𝐵𝐵 (𝑔𝑔, gyromagnetic ratio; 𝒛𝒛�, unit vector 
in the out-of-plane direction) will only appear in our multi-layered system after 
applying a strong electric field, which isolates the outermost layers from the other 
layers [17], [44], thus mimicking a monolayer system. The large electric field 
generated by gating reaches ~50 million volts/cm [17] in our system, causing 
additional out-of-plane inversion symmetry breaking and creating a Rashba-type 
effective magnetic field 𝑩𝑩𝑅𝑅𝑅𝑅 = 𝛼𝛼𝑅𝑅𝑅𝑅𝒈𝒈𝐹𝐹/𝑔𝑔𝜇𝜇𝐵𝐵. 
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2.4. The interplay between Rashba and Zeeman type SOC 

 

The total energy in a magnetic field is schematically shown in Fig. 2.4A to 
D. If the electron spin aligned by 𝐵𝐵𝑒𝑒𝑜𝑜𝑜𝑜 (𝐵𝐵𝑅𝑅𝑅𝑅) stays parallel to the external magnetic 
field 𝐵𝐵𝑒𝑒𝑥𝑥 (Fig. 2.4A and C), the system gains energy through coupling between 
spin and external fields as 𝜇𝜇𝑉𝑉𝐵𝐵𝑒𝑒𝑥𝑥. Therefore, 𝐵𝐵𝑐𝑐2 is limited by 𝐵𝐵𝑝𝑝 (Fig. 2.4A), or 
it can reach √2𝐵𝐵𝑝𝑝 (Fig. 2.4C) when the coupling is reduced in a Rashba-type spin 
configuration [10]. When 𝐵𝐵𝑒𝑒𝑜𝑜𝑜𝑜 and 𝐵𝐵𝑅𝑅𝑅𝑅 are perpendicular to 𝐵𝐵𝑒𝑒𝑥𝑥, as respectively 
shown in Fig. 2.4 B and D, the spin aligned by both effective fields is orthogonal 
to 𝐵𝐵𝑒𝑒𝑥𝑥. Hence, the coupling between spin and 𝐵𝐵𝑒𝑒𝑥𝑥 is minimized, and 𝐵𝐵𝑐𝑐2 can easily 
surpass 𝐵𝐵𝑝𝑝 in these two cases.  

To theoretically describe our system when subjected to an in-plane external 
magnetic field (combining the cases shown in Fig. 2.4 B and C), we introduced 
the pairing potential terms Δ𝜓𝜓𝑘𝑘↑𝜓𝜓−𝑘𝑘↓ + ℎ. 𝑐𝑐. into 𝐻𝐻(𝒌𝒌) and solved the self-
consistent mean-field gap equation [section 2.5; ℎ. 𝑐𝑐., hermitian conjugate]. The 
in-plane 𝐵𝐵𝑐𝑐2 for a sample with a given 𝑇𝑇𝑐𝑐 can then be determined by including the 
intrinsic SOC term 𝛽𝛽𝑆𝑆𝑆𝑆 and the Rashba energy 𝛼𝛼𝑅𝑅𝑅𝑅𝑘𝑘𝐹𝐹, where 𝑘𝑘𝐹𝐹 is the Fermi 
momentum.  

For the most extensive data set from sample D1 [𝑇𝑇𝑐𝑐0 = 2.37 K], the 
relationship between 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 and the reduced temperature 𝑇𝑇/𝑇𝑇𝑐𝑐, shown in Fig. 
2.4E can be fitted well with 𝛽𝛽𝑆𝑆𝑆𝑆 = 6.2 meV and 𝛼𝛼𝑅𝑅𝑅𝑅𝑘𝑘𝐹𝐹 = 0.88 meV. The value 
obtained for 𝛽𝛽𝑆𝑆𝑆𝑆 corresponds to an out-of-plane field of ~114 T, which is 
comparable to the value expected from theoretical calculation at the 𝐾𝐾 point 
(3 meV) [23]. The Rashba energy obtained can be regarded as an upper bound, 
because the present model does not include impurity scattering, which can also 
reduce 𝐵𝐵𝑐𝑐2 [45]. The scale of 𝐵𝐵𝑐𝑐2 enhancement is determined by a destructive 
interplay between intrinsic 𝛽𝛽𝑆𝑆𝑆𝑆 and 𝛼𝛼𝑅𝑅𝑅𝑅𝑘𝑘𝐹𝐹. Reaching higher 𝑇𝑇𝑐𝑐0 requires stronger 
doping under higher electric fields, with a concomitant increase of 𝐵𝐵𝑅𝑅𝑅𝑅. As a result 
of this competition, the in-plane 𝐵𝐵𝑐𝑐2 protection should be weakened with the 
increase of 𝑇𝑇𝑐𝑐0. To support this argument, we chose two other superconducting 
samples that showed consecutively higher 𝑇𝑇𝑐𝑐0 (from D1 and D24). By assuming 
identical 𝛽𝛽𝑆𝑆𝑆𝑆 (6.2 meV), 𝐵𝐵𝑐𝑐2 from D1 with 𝑇𝑇𝑐𝑐0 = 5.5 K and 𝐵𝐵𝑐𝑐2 from D24 with 
𝑇𝑇𝑐𝑐0 = 7.38 K can be well fitted using 𝛼𝛼𝑅𝑅𝑅𝑅𝑘𝑘𝐹𝐹 = 1.94 and 3.02 meV, respectively; 
these values are consistent with the expected increase of 𝛼𝛼𝑅𝑅𝑅𝑅𝑘𝑘𝐹𝐹 with 𝑇𝑇𝑐𝑐0 Fig. 2.4E.   
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Figure 2.4 The interplay between an external magnetic field and the spins of Cooper pairs 
aligned by Zeeman and Rashba-type effective magnetic fields.  
A to D Illustration of the acquisition of Zeeman energy 
through coupling between an external magnetic field 
and the spins of Cooper pairs formed near the 𝐾𝐾 and 𝐾𝐾′ 
points of the Brillouin zone (not to scale). When Rashba 
or Zeeman SOC aligns the spins of Cooper pairs parallel 
to the external field, the increase in Zeeman energy due 
to parallel coupling between the field and the spin 
eventually can cause the pair to break [A and C]. In B 
and D, the acquired Zeeman energy is minimized as a 
result of the orthogonal coupling between the field and 
the aligned spins, which effectively protects the Cooper 
pairs from depairing. E. Theoretical fitting of the 
relationship between 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 and 𝑇𝑇/𝑇𝑇𝑐𝑐  for samples D1 
[𝑇𝑇𝑐𝑐0 = 2.37 K and 5.5 K] and D24 [𝑇𝑇𝑐𝑐0 = 7.38 K], 
using a fixed effective Zeeman field (𝛽𝛽𝑆𝑆𝑆𝑆 = 6.2 meV) 
and an increasing Rashba field (𝛼𝛼𝑅𝑅𝑅𝑅𝑘𝑘𝐹𝐹 ranges from 10 
to ~50% of 𝛽𝛽𝑆𝑆𝑆𝑆) [section 2.5].Two dashed lines show 
the special cases calculated by equation 2 section 2.5 
when only the Rashba field (𝛼𝛼𝑅𝑅𝑅𝑅𝑘𝑘𝐹𝐹 = 30 meV; 𝛽𝛽𝑆𝑆𝑆𝑆 =
0) is considered (red), and when both the Zeeman and 
Rashba fields are zero (black). In the former case, a 
large 𝛼𝛼𝑅𝑅𝑅𝑅𝑘𝑘𝐹𝐹 causes a moderate increase of 𝐵𝐵𝑐𝑐2 to √2𝐵𝐵𝑝𝑝 
[10]. In the latter case, the conventional Pauli limit at 
zero temperature is recovered. F. Plot of 𝐵𝐵𝑐𝑐2 versus 𝑇𝑇𝑐𝑐  
for different superconductors [a magnetic field was 
applied along crystal axes 𝑅𝑅, 𝑏𝑏, or 𝑐𝑐 or to a 
polycrystalline (poly)]. The data shown are from well-
known systems including non-centrosymmetric (pink 
circles), triplet (purple squares) [6], [8], [9], low-
dimensional organic (green triangles) [40], [50-52], and 
bulk TMD superconductors (blue triangles) [35-38], 
[47]. The robustness of the spin protection can be 
measured by the vertical distance between 𝐵𝐵𝑐𝑐2 and the 
red dashed line denoting 𝐵𝐵𝑝𝑝. Gate-induced 
superconductivity from samples D1 and D24 are among 
the states with the highest 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 ratio. In 
(LaSe)1.14(NbSe2), 𝑇𝑇𝑐𝑐 was determined at 95% of 𝑅𝑅𝑁𝑁; 𝑇𝑇𝑐𝑐 
in an organic molecule–intercalated TMDs was 
obtained by extrapolating to zero resistance; all other 
systems use the standard of 50% of 𝑅𝑅𝑁𝑁.  
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The effective Zeeman field and its orthogonal protection in individual 
layers can also be induced by reducing the interlayer coupling in bulk 
superconducting TMDs [33], [35], [38], [47], [48]. Therefore, a large in-plane 𝐵𝐵𝑐𝑐2 
was also observed in bulk when lattice symmetry was lowered by intercalating 
organic molecules and alkali elements with large radii (Cs-intercalated MoS2 
shows the highest 𝐵𝐵𝑐𝑐2 among bulk phases in Fig. 2.3D) or by forming a charge 
density wave [48]. We compared our 𝐵𝐵𝑐𝑐2 results with those obtained from other 
superconductors with enhanced 𝐵𝐵𝑐𝑐2 under their maximum spin protection along 
the labelled crystal axis (Fig. 2.4F); we found that the Zeeman field–protected 
states in our samples are among the states that are most robust against external 
magnetic fields. Given the very similar band structures found in 2𝐻𝐻-type TMDs 
with universal Zeeman-type spin splitting and the recent successes in inducing 
more TMD superconductors using the field-effect [17], [49], [50], we would 
expect a family of Ising superconductors in 2𝐻𝐻-type TMDs. The concept of the 
Ising superconductor is also applicable to other layered systems, where similar 
intrinsic SOC could be induced by symmetry breaking. 
 
2.5. Mean-field theory including Rashba and Zeeman 
type SOC 

 
For a monolayer MoS2, first-principle calculations show that near the 𝐾𝐾 and 

𝐾𝐾′ points, the lowest two conduction bands are dominated by the spinful 𝑑𝑑𝑧𝑧2-
orbitals. As a good approximation, we describe the lowest two conduction bands 
by the following normal state Hamiltonian 

𝐻𝐻(𝒌𝒌 + 𝜖𝜖𝑲𝑲) = 𝜀𝜀𝒌𝒌 + 𝜖𝜖𝛽𝛽𝑆𝑆𝑆𝑆𝜎𝜎𝑧𝑧 + 𝛼𝛼𝑅𝑅𝑅𝑅𝒈𝒈𝐹𝐹 ∙ 𝝈𝝈 + 𝒃𝒃 ∙ 𝝈𝝈    (1) 

Here, 𝜀𝜀𝒌𝒌 = 𝒌𝒌2

2𝑚𝑚
− 𝜇𝜇 denotes the kinetic energy with chemical potential 𝜇𝜇; 𝒌𝒌 =

�𝑘𝑘𝑥𝑥,𝑘𝑘𝑦𝑦 , 0� is the kinetic momentum of electrons in the 𝐾𝐾 and 𝐾𝐾′ valleys; 𝑲𝑲 is the 
kinetic momentum of the K valley; 𝑚𝑚 is the effective mass of the electrons; 𝝈𝝈 =
�𝜎𝜎𝑥𝑥,𝜎𝜎𝑦𝑦 ,𝜎𝜎𝑧𝑧� are the Pauli matrices; 𝒈𝒈𝐹𝐹 = �𝑘𝑘𝑦𝑦 ,−𝑘𝑘𝑥𝑥, 0� denotes the Rashba vector 
(lying in-plane); 𝛼𝛼𝑅𝑅𝑅𝑅 and 𝛽𝛽𝑆𝑆𝑆𝑆 are the strength of Rashba and intrinsic SOC, 
respectively; 𝜖𝜖 = ±1 is the valley index (1 at the 𝐾𝐾 valley and –1 at the 𝐾𝐾′ valley); 
𝒃𝒃 = 𝜇𝜇𝑉𝑉𝑩𝑩 is the external Zeeman field (where 𝜇𝜇𝑉𝑉 is the Bohr magneton) 

We introduce a phenomenological interaction Hamiltonian to induce 
superconductivity. Suppose the superconducting state is singlet-pairing with the 
critical temperature 𝑇𝑇𝑐𝑐0 at zero magnetic fields. Although the SOC can mix the 
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spin-singlet with spin-triplet pairings, it is reasonable for us to ignore the triplet 
pairing component as the ratio between triplet and singlet pairings is proportional 
to that between the difference and the sum of the densities of states of two Fermi 
surfaces split by the SOC, which is usually very small. Furthermore, we assume 
the phase transition is always the second order. Then in the clean limit the relation 
between in-plane upper critical field 𝐵𝐵𝑐𝑐2 and critical temperature 𝑇𝑇𝑐𝑐 is given by 
the linearized gap equation:  

 
ln � 𝐵𝐵𝑐𝑐

𝑇𝑇𝑐𝑐0
� + Φ(𝜌𝜌−) + Φ(𝜌𝜌+) + [Φ(𝜌𝜌−) −Φ(𝜌𝜌+)] (𝒈𝒈𝐹𝐹+𝜷𝜷𝐒𝐒𝐒𝐒)2−𝒉𝒉2

|𝒈𝒈𝐹𝐹+𝜷𝜷𝐒𝐒𝐒𝐒+𝒉𝒉||𝒈𝒈𝐹𝐹+𝜷𝜷𝐒𝐒𝐒𝐒−𝒉𝒉| = 0,                            (2)  
 
where 𝑇𝑇𝑐𝑐0– is a critical temperature at zero fields, arguments defined as  
 
𝜌𝜌± =

|𝒈𝒈𝐹𝐹 + 𝜷𝜷𝐒𝐒𝐒𝐒 + 𝒉𝒉| ± |𝒈𝒈𝐹𝐹 + 𝜷𝜷𝐒𝐒𝐒𝐒 − 𝒉𝒉|
2𝜋𝜋𝑘𝑘𝑉𝑉𝑇𝑇𝑐𝑐

,                                                                                      (3) 

 
with parameters 
 
𝒉𝒉 = (𝜇𝜇𝑉𝑉𝐵𝐵𝑐𝑐2, 0,0),  𝒈𝒈𝐹𝐹 = (𝛼𝛼Ra𝑘𝑘F,−𝛼𝛼Ra𝑘𝑘F, 0),  𝜷𝜷𝐒𝐒𝐒𝐒 = (0,0,𝛽𝛽SO)                       (4) 
And 

|𝒈𝒈𝐹𝐹 + 𝜷𝜷𝐒𝐒𝐒𝐒 + 𝒉𝒉| = �(𝜇𝜇𝑉𝑉𝐵𝐵𝑐𝑐2 ± 𝛼𝛼Ra𝑘𝑘F)2 + (𝛼𝛼Ra𝑘𝑘F)2 + 𝛽𝛽SO
2                             (5) 

and the function Φ(𝜌𝜌) is related to the digamma function as  
 

Φ(𝜌𝜌) ≡
1
2 Re �𝜓𝜓 �

1 + 𝑖𝑖𝜌𝜌
2 � − 𝜓𝜓 �

1
2��

                                                                         (6) 
 
 The numerical solution to the Eq. (2) is shown in Fig. 2.5 A to F. For all 
cases the strength of 𝛽𝛽𝑆𝑆𝑆𝑆 was chosen to be fixed to 6.2 meV as the SOC in the 
conduction band of MoS2 does not change dramatically in the vicinity of the band 
edge and it best describes the high field data presented in Fig. 2.4E. 𝛼𝛼𝑅𝑅𝑅𝑅𝑘𝑘𝐹𝐹 is a 
variable parameter. Increasing of 𝑇𝑇𝑐𝑐0 from 1 K to 8.3 K result in an overall 
reduction of Ising protection 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 at 0 Kelvin limit, when both 𝛽𝛽𝑆𝑆𝑆𝑆 and 𝛼𝛼𝑅𝑅𝑅𝑅𝑘𝑘𝐹𝐹 
are fixed Fig. 2.5A to F. 𝛼𝛼𝑅𝑅𝑅𝑅𝑘𝑘𝐹𝐹 extracted from the best fit is plotted against 
induced carrier density in the inset of Fig. 2.5F. 
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Figure 2.5 Mean-field theory fitting of the in-plane upper critical field. A. Evolution of the 
upper critical field when 𝛽𝛽𝑆𝑆𝑆𝑆 is fixed to 6.2 meV and 𝛼𝛼𝑅𝑅𝑅𝑅𝑘𝑘𝐹𝐹 is variable from 0.1 to 5.1 meV 
with 0.2 meV step for 𝑇𝑇𝑐𝑐0 = 1 K. B to F corresponds to the case of 𝑇𝑇𝑐𝑐0 = 5, 5.5, 6.5, 7.1, 8.3 K. 
A wider range of 𝛼𝛼𝑅𝑅𝑅𝑅𝑘𝑘𝐹𝐹 up to 50 meV was used in C and D for a comprehensive overview. 
Black dots correspond to the experimental data points extracted from magnetotransport 
measurements. Inset in D shows extracted 𝛼𝛼𝑅𝑅𝑅𝑅𝑘𝑘𝐹𝐹 energy plotted as a function of induced carrier 
concentration. [51],[52] 
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2.6. Device fabrication and transport measurements 

Electric double-layer transistor (EDLT) devices for transport measurements 
were all fabricated on thin flakes of MoS2 exfoliated onto a highly doped silicon 
wafer with 285 nm SiO2. Flakes of thickness ranging from sub-10 to 50 nm were 
chosen by their colour-contrasting under optical microscopy [53]. Electrodes 
composed by a bilayer of Ti/Au (5nm/65nm) in Hall-bar geometry were deposited 
onto the flakes using e-beam evaporation in high vacuum (10-7 mbar) after 
patterning 300 nm resist of PMMA by standard e-beam lithography. To obtain a 
clean interface between the metal electrodes and the samples, in situ argon ion 
sputtering was used to remove the resist residues before metal evaporation without 
breaking the vacuum.  

After lift-off in hot acetone, the samples were all immersed into a small 
droplet of dehydrated ion liquid: N, N-diethyl-N-(2-methoxyethyl)-N-
methylammonium bis-(trifluoromethylsulfonyl)-imide (DEME-TFSI) and 
transferred to the vacuum chamber of the cryostat with minimized air exposure. 
The sample was gated at 𝑇𝑇 =  220 K, a temperature optimized in many previous 
investigations [17],[20] thereby enjoying both a sufficiently high speed of ionic 
movement and a reduced chance of chemical reaction at high gate voltage. For 
DEME-TFSI used in this study, we restricted the chemical window to a 
conservative voltage range within ± 5V, which proved to be free from the 
chemical reaction as shown in previous studies [17]. Keeping the liquid gate 
voltage constant, the samples were subsequently cooled from 220 K down to 
180 K at 3 K/min to freeze the ion movement, after which the top gate could be 
released to zero without losing the gating effect. To approach the base 
temperature, cooling speed was then lowered to about 1 K/min.  

Transport measurement was performed using three lock-in amplifiers 
(Stanford Research SR830). One supplied an AC voltage excitation as source-
drain voltage 𝑉𝑉𝑑𝑑𝑠𝑠at 𝑓𝑓 =  13 Hz and measured simultaneously the AC current 
through the sample via a current amplifier. The other two lock-ins measured the 
longitudinal (𝑉𝑉𝑥𝑥𝑥𝑥) and the Hall (𝑉𝑉𝑥𝑥𝑦𝑦) voltage at the locked frequency, respectively.  
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3. Superconducting 
dome of strong Ising 
protection in WS2 
monolayers. (𝛽𝛽𝑆𝑆𝑆𝑆 ≫ Δ) 

 
Abstract 

Many recent studies show that superconductivity not only exists in 
atomically thin monolayers but can exhibit enhanced properties such as a higher 
transition temperature and a stronger critical field. Nevertheless, besides being 
unstable in air, the weak tunability in these intrinsically metallic monolayers has 
limited the exploration of monolayer superconductivity, hindering their potential 
in electronic applications (e.g., superconductor–semiconductor hybrid devices). 
Here we show that using field-effect gating, we can induce superconductivity in 
monolayer WS2 grown by chemical vapour deposition, a typical ambient-stable 
semiconducting transition metal dichalcogenide (TMD), and we are able to access 
a complete set of competing electronic phases over an unprecedented doping 
range from band insulator, superconductor, to a re-entrant insulator at high 
doping. Throughout the superconducting dome, the Cooper pair spin is pinned by 
a strong internal spin-orbit interaction, making this material arguably the most 
resilient superconductor in the external magnetic field. The re-entrant insulating 
state at positive high gating voltages is attributed to localization induced by the 
characteristically weak screening of the monolayer, providing insight into many 
dome-like superconducting phases observed in field-induced 
quasi-2D superconductors. 
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3.1. Full electronic spectrum of monolayer WS2 

 

The last decade has witnessed the flourishing development of isolating 
layered materials to their 2D limit [1]. Reducing the dimensionality of an 
electronic system from three to two dimensions often conserves its fundamental 
electronic properties while simplifying the theoretical description; hence, a 
number of exact solutions of important physical models exist in 2D [2,3]. 
Although quantum confinement is gradually enhanced with reduced thickness, 
significant modifications to the electronic states sometimes are observed when the 
system approaches the monolayer limit such as the massless Dirac band in 
graphene [4, 5] and indirect-to-direct bandgap transition in MoS2 [6]. On the other 
hand, the dimensionality of a system is not an invariable but is rather related to 
specific phases [7], determined by the ratio of the geometrical thickness d to 
fundamental electronic length scales such as the phase or superconducting 
coherence length 𝜉𝜉. For instance, 2D superconductivity is well established in 
amorphous films of superconducting metals [8] far thicker than a single atom 
because 𝜉𝜉 can easily exceed 𝑑𝑑. However, due to the large carrier density in metals, 
the corresponding Fermi wavelength 𝜆𝜆𝐹𝐹 of diffusive electrons appearing after a 
quantum phase transition is typically smaller than 𝑑𝑑. This means that the transition 
coincides with a dimensional crossover from a 2D superconductor to a quasi-2D 
or 3D diffusive system. Such a dimensional crossover has also been observed in 
superconducting interfaces and cuprates when approaching the optimal gating and 
doping, respectively [9, 10].  

These constraints have motivated the search for truly monolayer 
superconductors [11, 12]. Recently, epitaxial growth on optimized substrates has 
given rise to elemental monolayer films [13, 14] (Pb, In, Ga, etc.), monolayer 
FeSe [15], as well as monolayer cuprate [16], heavy fermion [17], and organic 
superconductors [18]. The interaction between these monolayers and their 
substrates appears to be strong, with the electronic and vibrational couplings in 
the third dimension believed to be responsible for a reduced critical temperature 
𝑇𝑇𝑐𝑐 in metallic monolayers and a significantly enhanced 𝑇𝑇𝑐𝑐 in FeSe, respectively. 
Van der Waals layered materials [19-21] are 2D systems where electrons are 
mainly confined in a covalently bonded crystalline plane. Therefore, by breaking 
the van der Waals stacking, monolayer superconducting transition metal 
dichalcogenides (TMDs) [such as NbSe2 [22, 23]] and high-𝑇𝑇𝑐𝑐 cuprates 
Bi2Sr2CaCu2O8 [24] could exhibit truly 2D characteristics. However, due to their 
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large intrinsic carrier density, switching electronic phases in these 
superconductors appears to be limited [25]. Another strategy is to induce 
superconductivity in a semiconducting TMD monolayer such as MoS2 in ref. 26, 
though here, the availability of possible electronic phases and their variation by 
field-effect has yet to be explored.  

 

 
Figure 3.1 Electrical transport of ion-gated monolayer WS2. A. Schematic of measurement set-
up with both ion liquid 𝑉𝑉𝐵𝐵𝑇𝑇 and solid back gates 𝑉𝑉𝑉𝑉𝑇𝑇. (Inset) Optical image of the monolayer 
etched into standard Hall-bar geometry. B. Transfer characteristics measured by scanning 𝑉𝑉𝑉𝑉𝑇𝑇 
at 70 K with various 𝑉𝑉𝐵𝐵𝑇𝑇 were concatenated, as indicated by the black line. The origin of 
effective gate voltage 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 was extrapolated using gate dependence of Hall carrier density (Fig. 
3.8). Square resistance 𝑅𝑅𝑆𝑆 at typical temperatures (150 K, circle; 70 K, square; 10 K, triangle; 
2 K, diamond) are shown for many different 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 to reveal the evolution from an insulator to a 
superconductor and finally, to the reentrant insulator. Each colour represents a specific 𝑉𝑉𝐵𝐵𝑇𝑇. C 
and D. Temperature-dependent 𝑅𝑅𝑆𝑆 is plotted for regimes before C and after D the peak of the 
superconducting dome, where each curve corresponds to one 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 of the same colour in B. 
(Insets) Details around the superconducting–insulating transition on a linear scale. 

 
Here we demonstrate that monolayers of the semiconducting TMD WS2, 

where both carrier tunability and true 2D characteristics are accessible, provide 
an extremely versatile option for field-effect control of various quantum phases. 
By field-effect gating, WS2 flakes evolve from a direct band insulator into a metal 
that exhibits superconductivity [27–35] at low temperatures. The significant spin-
orbit coupling in the conduction band leads to so-called Ising superconductivity 
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[23, 36, 37] that is remarkably robust against external in-plane magnetic fields. 
Beyond the peak of the superconducting dome, the normal state becomes more 
resistive with increasing gate bias, eventually quenching the superconductivity, 
and a second distinct insulating ground state develops beyond the 
superconducting dome. 

The 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 dependence of the sheet resistance 𝑅𝑅𝑠𝑠 (Fig. 3.1B) at 2 K 
(diamond), 10 K (triangle), 70 K (square), and 150 K (circle) give an overview of 
the whole spectrum of electronic states. Between two insulating phases, metallic 
transport appears at intermediate values of 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 accompanied by a transition into 
a superconducting state. At 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 = 1130 V, optimal transport shows the lowest 
𝑅𝑅𝑠𝑠 and the highest superconducting transition temperature Tc. 
The temperature dependence of 𝑅𝑅𝑠𝑠 on the left and right sides of optimal doping is 
shown in Fig. 3.1 C and D, respectively. The curves reveal that superconductivity 
emerges from a non-metallic state (𝑑𝑑𝑅𝑅𝑠𝑠/𝑑𝑑𝑇𝑇 < 0, Fig. 3.1C) when approaching 
optimal doping from the low gating side and quenches into another insulating state 
at high gating (Fig. 3.1D). In this way, a full spectrum of electronic phases can be 
prepared using a single tuning parameter 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜, allowing the properties of different 
quantum phases—such as the quantitative dependence of superconductivity on 
𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 (Insets in Fig. 3.1 C and D) – to be analysed in detail.  
 
3.2. Superconducting phase diagram 

 

The full phase diagram is shown in Fig. 3.2, with the superconducting dome 
spanning the range 0.8 kV ≤ 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 < 1.6 kV. (Throughout, 𝑇𝑇𝑐𝑐  is defined as the 
temperature at which 𝑅𝑅𝑠𝑠 falls to 50% of its normal state value.) The 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 
dependence of the Hall carrier density 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 (Fig. 3.2, Lower) indicates that 𝑇𝑇𝑐𝑐 is 
mainly driven by changes in the carrier density. However, the separation between 
the maxima of 𝑇𝑇𝑐𝑐 and 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 (10 K) suggests that 𝑇𝑇𝑐𝑐 may also be affected by 
electron-impurity scattering, as inferred from the opposite 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 dependence of 
carrier mobility μ (T = 10 K, the right axis in Fig. 3.2, Lower) extracted from 𝑅𝑅𝑠𝑠 
(Fig. 3.1B) above and below the 𝑇𝑇𝑐𝑐 maximum. Notably in MoS2 [27], a similarly 
gated superconducting dome follows 𝑇𝑇𝑐𝑐 ∝ (𝑛𝑛2𝐷𝐷 − 𝑛𝑛0)𝑧𝑧𝑧𝑧, where 𝑧𝑧𝑧𝑧~0.6 is the 
product of exponents for correlation length 𝑧𝑧 and correlation time 𝑧𝑧 in scaling 
theory [3, 7], in analogy to that found for LaSrO3/SrTiO3 interfaces [40]. In the 
present monolayer superconductor, the limited temperature range precludes a 
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resolution of the scaling exponents and the exact locations of the two quantum 
critical points (QCPs, denoted roughly by two dashed circles). Nevertheless, 
within the experimentally accessible phase space, the voltage dependence of Tc 
does not contradict the relationship seen in the other two systems.  

 
Figure 3.2 Phase diagram of monolayer WS2 and critical scaling of quantum phases. (Upper) 
Superconducting critical temperatures 𝑇𝑇𝑐𝑐 are plotted (solid circle) as a function of the effective 
back gate 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜. Quasi-metal (qM) regime is bounded by metal-insulator crossover temperature 
(empty square). The initiation and suppression of the superconducting dome are indicated by 
dashed circles. (Lower) Hall carrier density measured at 160 and 10 K are plotted on the left 
axis; Hall mobility at 10 K on the right axis. 

In many quasi-2D superconductors, quasi-metallic (qM) regions have been 
inferred [7, 40, 41], in which 𝑅𝑅𝑠𝑠 exhibits a temperature dependence weaker than 
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exponential although overall 𝑑𝑑𝑅𝑅𝑠𝑠/𝑑𝑑𝑇𝑇 < 0. Here, we define 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 as the 
temperature at which 𝑅𝑅𝑠𝑠 reaches a minimum (Fig. 3.1 C and D) presumably from 
competition between electron-phonon scattering and Anderson localization. In 
Fig. 3.2, the trace of 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 (empty squares, Upper) marks the boundary of the qM 
regime. It is worth noting that the qM region here is manifest in a finite-size 
sample at intermediate temperatures, which might cross over to insulating 
behaviour at lower temperatures and/or in larger samples. We leave this question 
open to future investigations to be conducted at milliKelvin temperatures. 
 

3.3. Strong Ising protection over the entire dome 

 

An outstanding feature of the 2D superconductivity in TMD materials is 
the Ising pairing [23, 36, 37] that originates from the valley coupled spin texture 
found in monolayer TMDs. In this circumstance, the spins of the Cooper pairs 
become pinned by a strong out-of-plane effective magnetic field that is generated 
by an intrinsic Zeeman-type spin-orbit interaction (SOC) pointing oppositely in 
𝐾𝐾/𝐾𝐾′ valleys (Fig. 3.3B, Inset). The Zeeman field—normally the universal pair-
breaking mechanism in superconductors—here strongly protects the Cooper pair 
against an orthogonal (in-plane) external magnetic field. Compared with other 
quasi-2D Ising superconductors such as ion-gated multilayer MoS2, where the 
electronic wave function is confined to the uppermost layer and Ising pairing is 
protected by SOC ∼ 6 meV [36], the much heavier transition metal in WS2 creates 
SOC that is five times larger ∼ 30 meV [42], pointing to an even higher in-plane 
upper critical field 𝐵𝐵𝑐𝑐2. This stronger SOC in WS2 and hence larger spin splitting 
can result in an archetypal spin texture for Ising pairing, which avoids the crossing 
of two lower-lying spin-split conduction bands in MoS2 when the Fermi level 
moves further away from the band edge at 𝐾𝐾/𝐾𝐾′ points [43]. More importantly, 
the SOC in WS2 is more than one order of magnitude larger than the 
superconducting order parameter calculated from maximum 𝑇𝑇𝑐𝑐. In this sense, 
monolayer WS2 may provide an elegant platform to probe unconventional Ising 
pairing theoretically predicted for this system [44, 45]. 



Superconducting dome of strong Ising protection in WS2 monolayers. (𝛽𝛽𝑆𝑆𝑆𝑆 ≫ Δ) 
 

43 
 

 

Figure 3.3 Ising pairing over the entire superconducting dome. A Upper critical field 𝐵𝐵𝑐𝑐2 was 
measured on the left side (Upper), the peak (Middle), and right side (Lower) of the 
superconducting dome (Inset to A). Superconducting critical temperature Tc is defined by 50% 
of normal state resistance denoted by the dashed line. Each state is highlighted by an empty 
circle in the dome. B Normalized 𝐵𝐵𝑐𝑐2 with respect to the Pauli limit in WS2 is denoted by the 
solid red circle, which exceeds that of many well-known superconductors with high 𝐵𝐵𝑐𝑐2, 
including TMDs, triplet pairing, and monolayer Pb film. (Inset) Schematic of Zeeman type 
effective magnetic fields (green arrows) with alternating directions in 𝐾𝐾/𝐾𝐾′ valleys in a 
hexagonal Brillouin zone, which stabilize electron spins (red/blue denotes spin up/down) in a 
Cooper pair against the external in-plane magnetic field 𝐵𝐵𝑒𝑒𝑥𝑥. 
 

Guided by the phase diagram established in Fig. 3.2, we succeeded to 
induce superconductivity in another sample B with an optimal 𝑇𝑇𝑐𝑐 = 3.15 K (Fig. 
3A, Inset). The observed lower 𝑇𝑇𝑐𝑐 here is possibly due to the more defective 
crystal, as the interaction between electrons and charged scatterers would 
renormalize the superconducting order parameter [46]. This is also consistent with 
the lower mobility of sample B. The 𝐵𝐵𝑐𝑐2s were measured in three representative 
regions of the dome, as shown in Fig. 3. Interestingly, the strongest Ising 
protection was measured near the lower edge of the dome, where relatively weak 
electric fields cause a minimum Rashba effect [36] (Fig. 3.3A, Upper: 𝑇𝑇𝑐𝑐 =
1.54 K only shifted by Δ𝑇𝑇𝑐𝑐 = 0.08 K for an in-plane field 𝐵𝐵∥ as high as 35 T]. 
Following mean-field theory [36] (also see section 2.5), we can estimate the 
contribution from Zeeman-type SOC and Rashba splitting to the enhancement of 
𝐵𝐵𝑐𝑐2 (relative to the Pauli limit 𝐵𝐵𝑝𝑝 = 1.86 𝑇𝑇𝑐𝑐). The comparison with experimental 
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data (solid red points) is shown in Fig. 3.3B (red line). Assuming a Rashba effect 
created through ionic gating of order 0.7 meV – that is, as found near the left QCP 
of MoS2 [36] – the obtained Zeeman-type SOC is found to be 30 meV, consistent 
with theoretical calculations. Neglecting the Rashba contribution, our data set a 
lower bound of 19.5 meV for Zeeman SOC. Because of the very large 𝐵𝐵𝑐𝑐2 for 
states at the peak (Fig. 3.3A, Middle) and the upper edge (Fig. 3.3A, Lower) of 
the dome, the change of 𝑇𝑇𝑐𝑐 at a maximum field of 12 T is below the measurement 
accuracy for extracting quantitative values of the SOC.  

In Fig. 3.3B, we compared the ratio 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 of other superconductors where 
the Pauli limit is significantly violated. For the gated monolayer WS2, 𝐵𝐵𝑐𝑐2/𝐵𝐵𝑝𝑝 is 
at least as large as those in the UCoGe [47] and the submonolayer Pb film [48] 
protected by triplet pairing and Rashba splitting, respectively. It is much larger 
than other recently discovered Ising-protected superconductors such as multilayer 
MoS2 [36] and monolayer NbSe2 [23]. It is noteworthy that the Zeeman SOC in 
the NbSe2 (∼ 70 meV, valence band) is even larger than that in both MoS2 (∼
6 meV) and WS2 (∼ 30 meV), yet the level of protection in monolayer NbSe2 and 
bulk (LaSe)1.14(NbSe2) [49] (resembling decoupled monolayers at low 
temperatures) merely approaches that found in gated MoS2. A similar mismatch 
also appears in TaS2(Py)0.5 [50], where the pairing occurs also in the valence band. 
This reduction in Ising protection could be influenced by a competing charge 
density wave (CDW) phase and the contributions from a spin degenerate 𝛤𝛤 point 
[51], which might effectively weaken the strong Ising pairing formed at the 𝐾𝐾/𝐾𝐾′ 
valleys of NbSe2 and TaS2. 
 
 
3.4. Re-entrant insulating phase at strong gating 

 
Another prominent feature of the data is the reversible re-entrance into a 

strongly insulating state at high 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜, which is closely related to how the 
superconductivity is suppressed beyond optimal doping. First, we rule out the 
possibility of electrochemical reaction between WS2 and ion liquid as seen from 
the high repeatability of sample performances in consecutive gating processes 
(more is elaborated in, section 3.7.). Second, recent advances in studies of 
semiconducting WS2 [42] could safely exclude many exotic(intrinsic) 
mechanisms as well, such as the opening of a Mott, CDW, or Kondo gap, and the 
enhanced correlation effects [52, 53]. Alternatively, extrinsic mechanisms, which 
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take into account the charged ions on the sample surface [54], may be more 
relevant. Typical examples include narrow-band materials such as rubrene [55] 
and ReS2 [56] where Mott- and Anderson type localization were proposed, 
respectively, and wide-band materials like silicon inversion layers [54, 57, 58] 
with Coulomb traps and strong short-range scattering from rough surfaces. To 
address this universal insulating phase, in the following, we focus on the common 
fact that all of the above examples involve ionic gating (either by ion liquid or 
alkaline metal). 

Inspection of Arrhenius plots (Fig. 3.4A) yields similar insulating 
behaviour at high temperatures for both the low and high gating sides of the dome. 
Without knowledge of the underlying transport mechanism, we tentatively extract 
a characteristic energy scale. As shown in Fig. 3.4B, although the two energy 
scales are similar in magnitude, their dependences on 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 have the opposite sign. 
The temperature dependence of 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 also confirms insulating behaviour at large 
𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜, manifesting as a freeze-out of carriers within a large range of gate voltages 
including the whole superconducting dome (𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 from 0.8 to 1.6 kV, Fig. 3.4C). 
In contrast, a nearly temperature-independent 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 is observed only in the qM 
region near the left QCP at low 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜.  

To account for the above observation about activation energy and Hall 
carrier density, we adopt a scenario of a gate-induced band variation as sketched 
in Fig. 3.4D, which is based on the fact that randomly arranged charged ions can 
trap the induced carriers [54, 58] as well as disturb periodic lattice potential [56]. 
In such a truly 2D system, weak out-of-plane screening exposes induced carriers 
directly to the potential of ions lying on the surface. The localization effect 
depends on the distance 𝑙𝑙 between induced carriers and charge centres of the 
cations (Fig. 3.4D). At low 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 ≪ 1.1 kV, ions accumulated by the weak electric 
field create a uniform potential, while at large 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 ≫ 1.1 kV, the discreteness of 
the ions at a reduced 𝑙𝑙 can no longer be averaged out by the characteristically 
weak 2D screening effect. This increased randomness enlarges the band tail (Fig. 
3.4E) where more carriers localize, reducing the number of free carriers available 
for band transport. In the high gating limit and low temperature, every induced 
carrier is localized/bounded on-site by the potential of an adjacent ion – that is, 
forming electron–cation pairs that mimic the hydrogen impurity model (Fig. 3.4E, 
Right). Strongly localized electrons in the reentrant regime would form an 
impurity band, thereby reducing the Fermi level with increasing gate voltage. 
When the temperature is lower, charge transport deviates from single thermal 
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activation from impurity band to conduction band, which is likely due to an 
additional conduction channel involving hopping between localization centres.  

 
Figure 3.4 Reentrant insulator induced in monolayer WS2 by ionic gating. A. Arrhenius plot of 
conductance defined as 1/𝑅𝑅𝑠𝑠 in insulating (Left) and reentrant insulating (Right) regimes. The 
characteristic energy scales are extracted in terms of thermal activation transport (dashed lines). 
In Right, the long tail at low temperature may suggest complicated hopping mechanisms along 
with the increasing 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜. B. Extracted characteristic energy is plotted as a function of effective 
gate voltages. Black squares and blue triangles correspond to the reentrant insulator and band 
insulator. C. Normalized Hall carrier density at various gate voltages as a function of 
temperature. Free carriers freeze out during cooling down in the reentrant insulating regime 
(red), while the carrier concentration almost remains constant in the metallic regime (blue and 
purple). D. Schematics of electron (blue sphere) localization in the Coulomb traps (black curve) 
due to the poorly screened cations (organic molecular DEME+, the positive charge centre is 
highlighted by a solid ball in purple) in proximity to monolayer WS2 film. E. Representation of 
the density of states (DOS) as a function of energy, E, in the insulating phase (left of the dome) 
and the reentrant insulator (right of the dome), in both of which a disorder potential results in a 
localized band tail below the spin–split conduction band (red and blue denote spin up and down, 
respectively). The insulating side has a low density of localization centres (Left), whereas 
overlapping of high-density localized states on the reentrant insulating side plausibly forms an 
impurity band. 

 
With this physical picture in mind, we can understand the shift in maxima 

between 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 (10 K) and 𝑇𝑇𝑐𝑐 in Fig. 3.2. Starting from 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜~1130 V, where 𝑇𝑇𝑐𝑐 
peaks, 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 decreases from 160 K to 10 K more rapidly at higher 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜, due to the 
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stronger localization originating from more and deeper Coulomb traps. Such 
localization of induced carriers neutralizes Coulomb traps (Fig. 3.4D, dashed 
line), which then acts as short-range scattering centres and leads to a decrease in 
mobility (Fig. 3.2, Lower). As a result, compared with its counterpart (with the 
same 𝑇𝑇𝑐𝑐) on the left side of the dome peak, the state on the right side resides in a 
more disordered environment that cancels out the effect of higher carrier density 
on critical temperature. In other words, the interplay between carrier density and 
disorder shapes the superconducting dome versus 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜.  

Considering that electrostatic gating by polarizing dielectrics (polarized 
dipole) and ionic media (cation-anion pair) is similar in principle, the competing 
quantum phases induced in the present study represent the high field limit with 
respect to those superconducting domes reported previously [27, 29, 31–33, 40, 
53], where either a very strong field effect or an isolated monolayer crystal was 
missing. In this truly 2D system, localized states can now be easily formed 
because of the slow 1/𝐶𝐶3 decay of the ion potential, indicating that any disorder 
in the potential landscape has a long-range effect. In contrast, in quasi-2D 
systems, gate induced carriers always extend to a finite thickness; strong gating 
populates multiple subbands, causing crossover to 3D, which enhances screening 
and thereby reduces carrier localization. In this sense, the proposed scenario 
provides a clear understanding of the power-law/logarithmic correction in the 
normal state resistance as the precursor of a re-entrant insulator in ion-gated bulky 
materials (silicon, rubrene, etc.) and universally observed superconducting dome 
in gated multilayer MoS2 [27], TiSe2 [31], ZrNCl [32], as well as LaAlO3/SrTiO3 
interface [40, 59], where accessing the right QCP and the insulating state 
subsequent to the superconducting dome is prohibited by the enhanced screening 
in these quasi-2D systems. 
 

3.5. Material and Device 

 

WS2 monolayers were grown in a quartz tube by low-pressure chemical 
vapour deposition (CVD). The temperatures of the sulfur source and the growth 
zone were independently controlled by a band heater (150 °C) and a tube furnace, 
respectively. The sulfur sublimation was carried by Ar flow (20 sccm). We used 
a highly doped silicon wafer with thermally grown silicon dioxide (285 nm) as 
the growth substrate. Before growth, the substrate was cleaned by hot acetone and 
isopropanol, followed by oxygen plasma (40 W/1 min). The substrate was placed 
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on top of a thin layer of WO3 powder in a face-to-face configuration with 1–3 mm 
separation and heated to 800 °C for 30 min. After growth, the furnace was 
naturally cooled down.  

 
Figure 3.5 Basic characterization of CVD-grown WS2 flakes. A. Typical morphology of CVD-
grown flakes under optical microscopy. B. AFM characterization of a typical triangular sample. 
C. PL of the sample after etching into Hall-bar geometry (Left) and optical image of as-made 
device A studied in the main text. D. Raman (enlarged by 100× for clarity) and PL spectrum 
was taken on the bright area of the studied sample. 
 

CVD-grown monolayers are triangular single crystals with occasional 
bilayer/multilayer imperfections (Fig. 3.5A). We noted that the atomically flat 
surface characterized by atomic force microscopy (AFM) is not sufficient to 
guarantee the electrical uniformity (Fig. 3.5B). As PL depends sensitively on the 
intrinsic carrier doping, which is contributed mainly by sulfur vacancies, we only 
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selected an area with uniform and strong PL intensity for making our devices (Fig. 
3.5C, Left).  

A field-effect transistor with Hall-bar geometry was patterned using 
standard e-beam lithography, followed by reactive ion etching (RIE) (Fig. 3.5C, 
Right). The contact electrodes of Ti/Au (0.5/50 nm) are thermally evaporated. 

We used the ionic liquid, N, N-diethyl-N-(2-methoxyethyl)-N-
methylammoniumbis(trifluoromethyl sulphonyl)-imide (DEME-TFSI), for ionic 
gating, which was applied just before loading the device into a cryostat 
(Cryogenic Limited). 

 
 
3.6. Gating protocol 
 

The gating protocol to access the full superconducting dome comprises two 
steps: 

Step 1: Fixing a Gating State. As shown in Fig. 3.6A, we first bias the 
ionic gating 𝑉𝑉𝐵𝐵𝑇𝑇  at 220 K for several bias cycles until the transfer characteristics 
are stable. The maximum 𝑉𝑉𝐵𝐵𝑇𝑇  applied is +4 V for the samples investigated in the 
main text. The stable state at 𝑉𝑉𝐵𝐵𝑇𝑇 = +4V is then fixed by cooling the sample 
quickly down to 180 K at a rate of ∼ 3 K/min to freeze the ionic motion. Since 
the ions are static at 180 K and below, the 𝑉𝑉𝐵𝐵𝑇𝑇  is then set to zero. All of the 
processes related to the ionic gating are completed after this step. The evidence of 
electrostatic gating in step 1 is discussed in detail in 3. Electrostatic Nature of 
Ionic Liquid Gating in WS2 Monolayers.  

Step 2: Electrostatic Mapping of the Superconducting Dome by 
Thermal Release and Solid-State Back Gating. Throughout this step, the ionic 
gate voltage is always zero, and the different electronic states are accessed by 
either thermal release or solid-state back gating 𝑉𝑉𝑉𝑉𝑇𝑇  that is purely electrostatic. In 
the former, we activate the motion of the ion by keeping 𝑉𝑉𝐵𝐵𝑇𝑇 = 0 V and warming 
the sample up to 192 K, at which the ionic movement is so slow that the decrease 
of accumulated ions can be finely controlled. The new state after this thermal 
release can be fixed again by fast cooling down below 190 K. With the back gate 
𝑉𝑉𝑉𝑉𝑇𝑇 , electronic states can be continuously accessed in very fine steps between 
adjacent thermal releases over the whole superconducting dome. Details of how 
to seamlessly link adjacent states before and after the thermal release are shown 
in section 3.8. Linking Transfer Curves and Determining the Effective Gate 
Voltage 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜. 
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Figure 3.6 Electrostatic nature of ionic gating of WS2 monolayers. A. Typical gating cycles of 
a monolayer WS2 device with a maximum bias 𝑉𝑉𝑇𝑇 = 5.5 V. Repeated response of the source-
drain current 𝐼𝐼𝑆𝑆𝐷𝐷 was observed. No significant change could be observed in the leakage current 
𝐼𝐼𝑇𝑇  for all cycles. B. No visible damage is detected in the AFM characterization of the sample 
before and after the ionic gating. Note that the white dots are typical polymer residues from e-
beam lithography. Finer scanning of the area within the white boxes indicates nearly the same 
surface roughness (RMS ∼ 0.58 nm) for both Left and Right graphs, indicating the WS2 channel 
remains unchanged after the gating. 
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3.7. Electrostatic nature of ionic gating in WS2 monolayers 
 

An ion-gated transistor comprises three main parts: a conducting channel, 
a gate electrode, and the ionic media in between (DEME-TSFI in the present 
work). In general, the electrochemical window – specified for ionic media to have 
an electrostatic operation – is defined as the difference between the cathodic and 
anodic limits, which are the potentials at which reduction and oxidation of the 
ions in the media take place. Namely, the cathodic limit is set by the reduction of 
the cations and the anodic limit by the oxidation of the anions. However, in an ion 
gated device, even if the gate voltage is well within the electrochemical window 
of the ionic media, either the conducting channel or gate electrode may show non-
volatile change induced by the large electric field (e.g., deoxygenation in VO2 as 
revealed in ref. 60) before any chemical change of ionic media. Therefore, this 
sets the “effective” voltage window, which depends on which materials were 
chosen for the three active components. As a result, for a given ionic media, this 
bias limit is not a universal physical parameter. On the other hand, from the device 
point of view, the nature of transistor operation can be compared by a well-
established reference: the silicon-based MOSFET. The device operation of a 
MOSFET sets a widely accepted standard for an electrostatic process. 
Considering the key characteristics of this natural guidance, gating the present 
monolayer WS2 device in step 1 fulfils all key requirements discussed below for 
supporting the electrostatic device operation. 

1) Repeatability. In a typical WS2 sample measured at 220 K as shown in 
Fig. 3.6A, the repeated gate voltage 𝑉𝑉𝐵𝐵𝑇𝑇  ramping cycles generate a reproducible 
response of source-drain current 𝐼𝐼𝐷𝐷𝑆𝑆 with a negligible leakage current that is 
beyond the sensitivity of our measurement setup. The repeatable response is 
consistent with the fundamental requirement for the electrostatic operation. It is 
worth noting that the full superconducting dome can be repeatedly accessed (for 
each gating cycle) if we prepared the initial state as discussed in step 1 (see 2. 
Gating Protocols). The electrostatic operation is also consistent with the recent 
report of reversible accessing of a dome structure of the metallic state in ReS2, 
another 2𝐻𝐻-type semiconducting TMD [56]. Similar repeatability was also 
observed in multilayer MoS2 for continuous gating cycles [27], as well as another 
2D covalently bonded single crystal ZrNCl, where the electrostatic gating 
maintains up to +6.5 V at 220 K [32]. Besides the repeatability at a single 
temperature 220 K, to further confirm the sample is indeed electrically repeatable 
for all gating cycles, the temperature dependence of resistivity 𝑅𝑅(𝑇𝑇) was 
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measured for two consecutive gatings. The precise overlapping can be observed 
in many pairs of 𝑅𝑅(𝑇𝑇) curves (coloured and grey, respectively, as shown in Fig. 
3.10) when the carrier density of the states denoted by coloured curves is carefully 
tuned by 𝑉𝑉𝑉𝑉𝑇𝑇  to match that of grey curves. The overlapping over a wide 
temperature range requires the two states to have identical properties of both 
carrier density and mobility, which is consistent with a purely electrostatic gating.  

2) Volatility. Repeatable electric performance alone does not sufficiently 
rule out the possibility of a chemical reaction. For electrostatic operation, the 
volatile gating effect is also required – that is, when the gate voltage is removed, 
the channel must return to its pristine state. This actually rules out the possibility 
of having a reversible chemical reaction, where the same electronic state can be 
accessed repeatedly, but not at the same gate voltage [62]. Fulfilling this 
requirement can be seen in the gating cycles shown in Fig. 3.6A, where the sample 
restores its insulating states when the gate voltage ramps down to zero. It is also 
verified by the insulating 𝑅𝑅(𝑇𝑇) curves are shown in Fig. 3.1C, which is obtained 
by a step-by-step thermal release of the gating effect (see step 2 in 3.6. Gating 
Protocols).  

3) Structure Integrity After Gating. The volatility discussed above is not 
only reflected in electrical measurement but also suggests the structural integrity 
of channel materials. In the present monolayer, this is related to the surface 
morphology before and after the measurement. The AFM images before and after 
ionic gating are shown in Fig. 3.6B. Guided by the device features—for example, 
the shape of the electrodes shown in Left (pristine) and Right (after gating) – no 
visible change of surface morphology could be observed. More detailed imagining 
in the reduced size denoted by the white box in Fig. 3.6B confirms that the 
roughness of channel, RMS ∼0.6 nm, remains the same before and after ionic 
gating. The identical surface morphology suggests that the whole 
gating procedure is free from an electrochemical reaction. This is also consistent 
with the previous AFM characterization on ion-gated ZrNCl [32]. 

4) Fast Response of the Ionic Gating. One distinct property between 
electrostatic and electrochemical gating, although not frequently mentioned, is the 
response speed to the applied gate voltage. For a bulk sample, the response time 
of an electrostatic gating at the interface is mainly limited by the mobility of 
cation/anion in the ion liquid, but the response of an electrochemical reaction 
involves, besides the ionic motion, the diffusion of ions inside the bulk sample as 
well [e.g., the oxygen diffusion in VO2 [60] and the lithium intercalation in bulk 
TaS2 [61]]. Therefore, the gate response is usually limited by the slower diffusion 
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in the chemical process, which takes a much longer time to reach a stable state. 
Unlike the gating with solid dielectrics, polarizing the ionic media is intrinsically 
slow if we perform gating at 220 K, at which the ionic motion becomes very slow. 
Nevertheless, each ramping cycle can be finished within tens of seconds at 220 K 
for a repeatable electrical response for gating monolayer WS2 shown in Fig. 3.6 
and gating multilayer MoS2 (figure S2 in ref. 27]. In contrast, the ion movement 
in the ionic media is much faster at room temperature compared with 220 K. 
Nevertheless, the much slower diffusion process of chemical reaction still requires 
many hours of gating to realize a single switching for the reversible chemical 
reaction in SrCoO3 [62] at room temperature.  

Finally, we would like to compare our system to contrasting examples, 
which indeed showed gate-induced electrochemical reactions. While electrostatic 
gating of FeSe could be observed at 220 K, the intentional chemical reaction is 
introduced when the same gating is performed at ∼245 K (𝑉𝑉𝐵𝐵𝑇𝑇 = 5 V) [63]. Note 
that irreversible change was observed in transfer characteristics (𝐼𝐼𝐷𝐷𝑆𝑆 as a function 
of 𝑉𝑉𝐵𝐵𝑇𝑇). In contrast, our sample was always gated at 220 K, showing reversible 
transfer characteristics in step 1 and the temperature never exceeded 192 K in step 
2 with 𝑉𝑉𝐵𝐵𝑇𝑇 = 0 V (see 3.6. Gating Protocols). Moreover, in the high-temperature 
gating of FeSe, the electrochemical reaction was characterized by the layer-by-
layer etching as confirmed by X-ray scattering. Considering our monolayer 
sample – if a similar etching process happened in the gating cycles in Fig. 3.6A – 
we would not expect to see the very reversible electrical response because only 
one layer of WS2 would be etched away. Similar to the etched multilayer FeSe 
[63], this kind of damage could have been easily observed in AFM 
characterization. In VO2 films, the non-volatile gating effect [60] was observed 
due to the oxygen migration driven by the strong electric field, and the material 
stoichiometry was permanently changed with a high positive gate voltage. 
Therefore, when the gate voltage is removed, the sample cannot go back to its 
original status (Mott insulator in this case) unless a negative gate voltage is 
applied to drive the oxygen atoms back to the material. Such a deoxygenation 
process (here, sulfur instead of oxygen) is not expected in the WS2 sample because 
of the volatile and fast response to the gate bias.  

Based on detailed discussions above referring to the key characteristics of 
electrostatic gating, consistent observations of repeatable electric performance 
and stable surface morphology suggest that ionic gating in monolayer WS2 is 
distinct from an electrochemical reaction, confirming the electrostatic nature of 
gating.  
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3.8. Linking transfer curves and determining effective gate 
voltage 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 
 

In the present study, we adopted a step-by-step thermal release of ionic 
gating at zero 𝑉𝑉𝐵𝐵𝑇𝑇 . Namely, after being gated at 220 K, the sample always stays 
at temperatures below 192 K (close to the glass transition of ion liquid). For all 
electronic states shown in Fig. 3.2, the sample is gated by ion liquid only once. 
As a result, only 𝑉𝑉𝐵𝐵𝑇𝑇  voltage is not able to label the various states of samples due 
to the sequential thermal releases, neither does the carrier density, which loses its 
one-to-one correspondence to the electronic states due to the reentrant insulating 
states. Instead, we took the dielectric back gate 𝑉𝑉𝑉𝑉𝑇𝑇  (285 nm SiO2 grown on 
highly doped silicon substrates) as the internal gauge to evaluate the gating 
strength for all the states accessed. 

 In the following, we first get the relative effective back gate voltage for 
each thermal release and then determine the absolute value of every electronic 
state. 

(i) Relative 𝚫𝚫𝑽𝑽𝒆𝒆𝒆𝒆𝒆𝒆 Before and After Each Thermal Release. The overlap 
in transfer characteristics and 𝑅𝑅(𝑇𝑇) curves before and after each thermal release 
allow us to determine the relative gating effect Δ𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 in terms of 𝑉𝑉𝑉𝑉𝑇𝑇 . Specifically, 
we choose 70 K for measuring the transfer characteristics because at this 
intermediate temperature the sample shows clear back gate dependence of sheet 
resistance for both insulating and superconducting states. For simplicity, the state 
fixed in step 1 (of 3.6. Gating Protocols) is temporarily taken as the origin of 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜. 
Therefore, the electronic states are always associated with negative 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 after 
thermal releases of ionic gating.  

Fig. 3.7A and B show a typical example – that is, the 𝑅𝑅(𝑇𝑇) curves before 
and after the fourth thermal release at 192 K. Before the release, several 𝑉𝑉𝑉𝑉𝑇𝑇s 
ranging from +70 to −50 V are applied to obtain 𝑅𝑅(𝑇𝑇) curves are shown with the 
light green colour (Fig. 3.7A). The 𝑅𝑅(𝑇𝑇) curves with blue colour are from the 
states after the thermal release. Corresponding transfer curves are also recorded 
at 70 K as shown in Fig. 3.7B, labelled for fourth and fifth thermal release, 
respectively. Therefore, the state fixed right after the fourth thermal release 
(denoted by a dashed arrow) is equivalent to applying +68.2 V to the state after 
fifth thermal release because of 𝑅𝑅(𝑇𝑇) curves of these two states coincide exactly.  
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Figure 3.7 Determination of relative 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 for thermal releases. A. Temperature dependence of 
sheet resistance 𝑅𝑅(𝑇𝑇) is plotted with different 𝑉𝑉𝑉𝑉𝑇𝑇s before (green) and after (blue) the fourth 
thermal release. The colour-coding scheme is the same as curves shown in Fig. 3.1 C and D. B. 
Corresponding to the fourth thermal release (dashed arrow) in A, transfer curves for fourth and 
fifth thermal releases (measured at 70 K) are concatenated. Filled circles denote electronic states 
shown in A. The relative 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 on the x-axis starts state fixed in step 1, associated with the state 
after the initial cooling down. C. The 𝑅𝑅(𝑇𝑇) curves before (thick) and after (thin) the sixth release 
(dashed arrow) on the right side of the superconducting dome peak, in which the state with 
𝑉𝑉𝑉𝑉𝑇𝑇 = −75 V after the sixth thermal release matches the state with 𝑉𝑉𝑉𝑉𝑇𝑇 = 0 V after the seventh 
thermal release in both normal and superconducting regions. D. The 𝑅𝑅(𝑇𝑇) curves before (thick) 
and after (thin) the 12th release (dashed arrow) on the left side of the superconducting dome 
peak, where the state with 𝑉𝑉𝑉𝑉𝑇𝑇 = +20 V of the 12th release matches well with 𝑉𝑉𝑉𝑉𝑇𝑇 = +60 V of 
the 13th release. 
 

In superconducting regimes, the electronic state is also characterized by Tc 
in addition to the normal state resistance. Fig. 3.7C shows 𝑅𝑅(𝑇𝑇) curves at low 
temperatures before (thick lines) and after (thin) the sixth thermal release. 
Obviously, the critical temperature increases after the release, indicating both 
thermal released states are on the right side of the superconducting dome peak. 
One can also find the curve with 𝑉𝑉𝑉𝑉𝑇𝑇 = −75 V in the state after the sixth thermal 
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release coincides exactly with the 𝑉𝑉𝑉𝑉𝑇𝑇 = 0 V state of the seventh release. As a 
result, the sixth thermal release of the ionic liquid gating effect is equivalent to 
75 V. Similarly, in Fig. 3.7D, before (thick) and after (thin) the 12th release, the 
𝑅𝑅(𝑇𝑇) curve with 𝑉𝑉𝑉𝑉𝑇𝑇 = +20 V in the 12th state matches precisely with the state 
of 𝑉𝑉𝑉𝑉𝑇𝑇 = +60 V of the 13th release. Therefore, the state after the 12th thermal 
release is denoted by 40 V of 𝑉𝑉𝑉𝑉𝑇𝑇 .  

For all 𝑅𝑅(𝑇𝑇)  curves are shown in Fig. 3.1, there are 27 thermal releases in 
total spanning ∼ 1,600 equivalent volts of 𝑉𝑉𝑉𝑉𝑇𝑇 . We would like to point out that 
these relative 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜s are precise for the individual electronic states, although at this 
stage the absolute 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 is yet to be determined.  

(ii) Absolute Magnitude of Each Effective Gating. The origin of the 
relative 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 – that is, the 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 = 0 V – should be assigned to the state fixed in 
step 1. Nevertheless, it would be more physical to associate this origin with state 
of zero carrier density determined by the Hall effect, although it is still an 
idealized scenario without considering the disorders in the mobility edge or any 
localized electronic puddles.  

To find 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 = 0 V, Hall carrier density was measured at temperatures from 
10 K to 160 K for many states after thermal releases. Note that the 𝑉𝑉𝑉𝑉𝑇𝑇  dependence 
of 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻  at the left dome edge (Fig. 3.8) shows a capacitive efficiency of changing 
carrier density: Δ𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 = 1012cm−2 for Δ𝑉𝑉𝑉𝑉𝑇𝑇 = 38.2 V. Compared with the 
geometrical capacitance of 285 nm SiO2, the derived capacitance is less than half 
of the theoretical value, which may be correlated to the nonstandard device 
configuration with an additional ionic gate on top of the channel. As shown in 
Fig. 3.9, on the left side of the superconducting dome, 𝑉𝑉𝑉𝑉𝑇𝑇  is found to be linear 
with 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻  which has also been confirmed in Fig. 3.8. This linearity allows us to 
extrapolate 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 to the point with 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 =0 and get 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 = −2161.7 V. With this 
offset value determined one could rescale all relative 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜s to set the absolute 
magnitude for each electronic state.  

At last, we would like to emphasize again that the extrapolated 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜(0 V) 
is only true when inhomogeneous doping and/or defects trapping is omitted. 
Nevertheless, it does not affect the precision of relative 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 over the whole phase 
diagram is shown in Fig. 3.2. because of the relative 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜, by definition, will be 
shifted always by the same offset. 
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Figure 3.8 Back gate-dependent carrier 
density measured by the Hall effect. Raw 
data of the Hall effect in A after 
antisymmetrization in B with a different 
back gate 𝑉𝑉𝑉𝑉𝑇𝑇 at 70 K, fitted linearly by 
dashed lines. C. The carrier concentration 
induced by 𝑉𝑉𝑉𝑉𝑇𝑇 shows a linear dependence 
near the left dome edge, consistent with 
the well-defined metallic behaviour also 
observed there. For a series of states 
accessed by 𝑉𝑉𝑉𝑉𝑇𝑇, we obtained a consistent 
gating efficiency by using 𝑉𝑉𝑉𝑉𝑇𝑇 (dashed 
line) in this double gating configuration, 
which is reduced to ~37% of the 
calculated geometrical capacitance (solid 
line). 
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Figure 3.9 Carrier density as a function of effective gate voltage at different temperatures. The 
dashed lines, as a guide for the eyes, denote linear dependence of carrier density 𝑛𝑛𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 on 𝑉𝑉𝑒𝑒𝑜𝑜𝑜𝑜 
away from the dome peak, whereas close to the dome peak, the positive dependence cross overs 
to a negative one. 

 
Figure 3.10 Overlay of two sets of sequentially measured transport data close to the 
superconductor-to-insulator transition. The data labelled by grey colour correspond to the 
initial gating (Fig. 1D), while the colour curves represent data from the next gating where 
electronic states are traced with fine voltage steps (ΔVBG = 5 V). The high repeatability rules 
out any possible chemical reaction during gating processes.  
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4. Screening and 
proximity in few-layer 
WS2. (𝛽𝛽𝑆𝑆𝑆𝑆 ≫ 𝑡𝑡) 

 

Abstract 

Here, we study the evolution of the superconducting phase diagram of 
monolayer WS2 on top of a metallic substrate with different electronic properties, 
represented by weakly doped extra layers of WS2. Presence of a metallic substrate 
in contact with superconducting top layer results in a reduction of critical 
temperature 𝑇𝑇𝑐𝑐0 over the entire phase diagram due to a proximity effect. We 
demonstrate that increasing layer number and tuning carrier distribution in a dual-
gate configuration results in variable dimensionless resistance of Superconductor-
Normal Metal (SN) interface 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖. The superconducting state remains its strong 
Ising protection and shows an only weak change to a normalized upper critical 
field (within 3%), despite a significant change of 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖. 
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4.1. Superconducting dome of the bi-, tri-, quad-layer 
system 

 

 Field-effect is a widely known technique not only to induce an insulator to 
metal transition for conventional transistor (FET) application in two-dimensional 
materials [1], [2] but it can also turn a wide gap semiconductor into a 
superconductor at low temperatures [3], [4]. One example is the discovery of the 
superconducting dome at the LAO/STO interface tuned by a high-k dielectric gate 
insulator [5]. Another example is electric double layer transistor (EDLT) 
[3],[4],[6], where the strong electric field originating from the small ~1 nm ions 
directly deposited onto the surface of channel material. Extreme two-
dimensionality in combination with such a strong electric field was found to 
produce not only a complete superconducting dome but also a field-induced re-
entrant insulating state due to a formation of local electrostatic trapping states at 
high gating regime [7], [8].  

 Transition metal dichalcogenides (TMDs) in their mono- and few-layer 
appearance are widely studied materials and are known to support Ising 
superconductivity [9-11] due to a large spin-splitting in the 𝐾𝐾/𝐾𝐾’ points of 
conduction and valence bands. Therefore, TMDs holds a great promise for 
supporting even more exotic superconducting states, such as equal spin-triplet 
Cooper pairs or Fulde-Ferrel-Larkin-Ovchinnikov state in mono- and bilayer 
system respectively [12], [13].  

 In present work, we used a few-layer WS2 flake grown by chemical vapour 
deposition (CVD) or cleaved from bulk 2𝐻𝐻 polytype crystal as a channel material 
of EDLT Fig. 4.1A. Strong electric field originated from ionic liquid DEME-
TFSI, is mostly screened by the topmost layer, confining up to 80 − 90% of the 
total induced carrier density 𝑛𝑛2𝐷𝐷, while the remaining fraction of the electric field 
is leaked into the bottom layers, inducing a state that falls far beyond the onset of 
superconducting dome Fig. 4.1B [14]. Such a system can be regarded as an 
artificial, vertical Superconductor-Normal (SN) metal junction [15], where the 
properties of the sandwich are highly affected by the proximity effect [16], [17]. 
Therefore, changing the properties of the N layer such as thickness, coupling and 
doping profile is expected to influence the S layer profoundly.  
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Figure 4.1 Device structure and experiment schematics A. Schematic illustration of a device 
configuration. Few layer WS2 flake (grown by CVD or cleaved from bulk 2H single crystal) is 
placed onto SiO2/HfO2 substrate and gated from the top by DEME-TFSI ionic liquid VTG into 
a superconducting state. B. Formation of SN sandwich with interlayer resistance 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 by non-
uniform doping profile across the layers. The superconducting state is induced in the topmost 
layer, whereas bottom layers serve as a metallic substrate. C. Optical micrograph of the typical 
device etched into a Hall bar geometry, based on few-layer CVD WS2 on SiO2. 

  



Chapter 4 

66 
 

 

Figure 4.2 Layer dependent transport in WS2. Temperature dependence of sheet resistance RS 
of CVD grown A. bi-, B. tri-, C. quad- layer – and D. cleaved 2H trilayer WS2 at different 
doping level on 285nm SiO2/Si++. Left insets: optical micrograph of the corresponding device, 
scalebar is 5µm. Right insets: enlarged region close to the transition temperature 𝑇𝑇𝑐𝑐0. 

 Fig. 4.2A shows a resistance-temperature dependence of a bilayer WS2 
grown by CVD technique. The system follows metallic transport down to the 
lowest temperature, where a superconducting transition can be observed below 5 
K. Gradual change of top gate voltage results in a family of electronic states, 
where each state is characterized by its own critical temperature 𝑇𝑇𝑐𝑐0 determined 
as 50% of normal resistance 𝑅𝑅𝑁𝑁, carrier concentration 𝑛𝑛2𝐷𝐷 measured by Hall 
effect at 10 K, doping profile 𝑛𝑛2𝐷𝐷(𝑧𝑧) and mobility 𝜇𝜇. One of the prominent 
features of these ultrathin samples is the presence of a mobility peak formed by a 
combination of strong electrostatic trapping potential from the ionic gate and 
weak screening of two-dimensional (2D) materials [7], [8]. Such a trapping 
potential is not only able to suppress a superconducting dome completely, but also 
can drive the system back into Re-entrant insulating state (RI), setting up a 
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boundary for the maximum induced carrier concentration. In present bilayer WS2 
this mobility peak resembles as a minimum of 𝑅𝑅𝑁𝑁 for a state with 𝑛𝑛2𝐷𝐷 = 8.34 ∙
1013 cm−2 that coincides with maximum 𝑇𝑇𝑐𝑐0 = 3.67 K observed in this sample. 
Further incensement of gate voltage is followed by only a slight increase in 𝑅𝑅𝑁𝑁 
and a decrease in 𝑇𝑇𝑐𝑐0. Presence of a second, bottom layer significantly enhances 
electrostatic screening in the whole system, that allows inducing 2.5 times larger 
amount of carriers compared with the pristine monolayer WS2.  

 

4.2. Superconducting dome splitting in dual gate 
configuration 

 

 The situation changes slightly once the layer number in the system is 
increased to three and four layers Fig. 4.2 B and C respectively. It becomes more 
evident that the amount of 𝑅𝑅𝑁𝑁 incensement towards the RI state becomes smaller 
when the layer number is increased Δ𝑅𝑅𝑁𝑁2𝐿𝐿 > Δ𝑅𝑅𝑁𝑁3𝐿𝐿 > Δ𝑅𝑅𝑁𝑁4𝐿𝐿 , whereas the 
maximum 𝑛𝑛2𝐷𝐷 is larger 𝑛𝑛2𝐷𝐷𝑚𝑚𝑅𝑅𝑥𝑥

2𝐿𝐿 < 𝑛𝑛2𝐷𝐷𝑚𝑚𝑅𝑅𝑥𝑥
3𝐿𝐿 < 𝑛𝑛2𝐷𝐷𝑚𝑚𝑅𝑅𝑥𝑥

4𝐿𝐿 . Despite the weak signature 
of 𝑅𝑅𝑁𝑁 incensement at strong gating in 2H trilayer sample Fig. 4.2D, similar to the 
one observed in bi- and tri-layer CVD flakes, amount of 𝑛𝑛2𝐷𝐷𝑚𝑚𝑅𝑅𝑥𝑥

3𝐿𝐿−2𝐻𝐻 = 12.2 ∙
1013 cm−2

 makes this polytype electronically distinct from its CVD counterparts. 
The difference can be better seen in a summarized phase diagram Fig. 4.3. 
Overall, the critical temperature at a fixed carrier possesses the following trend 
𝑇𝑇𝑐𝑐02𝐿𝐿(𝑛𝑛2𝐷𝐷) > 𝑇𝑇𝑐𝑐03𝐿𝐿(𝑛𝑛2𝐷𝐷) > 𝑇𝑇𝑐𝑐04𝐿𝐿(𝑛𝑛2𝐷𝐷) > 𝑇𝑇𝑐𝑐03𝐿𝐿−2𝐻𝐻(𝑛𝑛2𝐷𝐷). Data can be viewed as a 
three sets of different systems, where the first one – direct bandgap monolayer 
with low lying 𝐾𝐾/𝐾𝐾’ pockets, second – CVD grown bi-, tri-, quad-layer flakes 
with random stacking that possess quasi-indirect bandgap [18] with low lying 
𝐾𝐾/𝐾𝐾’ and 𝑄𝑄/𝑄𝑄’ pockets; third group – 2𝐻𝐻 poly type trilayer with low lying 𝑄𝑄/𝑄𝑄’ 
and 𝐾𝐾/𝐾𝐾’ – indirect bandgap semiconductor.  

 Absence of supporting layer in the monolayer sample together with a 
relatively low density of states (dos) at 𝐾𝐾/𝐾𝐾’ pockets makes this system 
vulnerable to external electrostatically charged impurities, therefore setting up an 
upper boundary of maximum induced carrier density of 𝑛𝑛2𝐷𝐷𝑚𝑚𝑅𝑅𝑥𝑥

1𝐿𝐿 = 3.31 ∙
1013 cm−2. The abrupt change of the phase diagram between mono- and bilayers 
is a direct consequence of two factors – extended screening length and larger DOS  
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Figure 4.3 Summarized superconducting phase diagram of CVD grown mono-, bi-, tri-, quad-
layer and 2H trilayer WS2 on 285 nm SiO2/Si++ substrate. Arrows indicate the direction of top-
gate voltage increase. Critical temperature 𝑇𝑇𝑐𝑐0 is determined by 50% of normal resistance 𝑅𝑅𝑁𝑁 
criteria. Left inset: dimensionless resistance of SN interface 𝜌𝜌int for different samples denoted 
with the same colour as in the main panel. Right inset: schematic picture of the device structure 
and its carrier distribution across the layers. Interlayer spacing of 2H trilayer WS2 is decreased 
for clarity. 

from extra Q/Q’ pockets. Further incensement of the layer number extends a 
screening, making bottom layers more metallic. This tendency is also supported 
by the first-principles calculation of field-effect doping on the surface of few-
layer WS2, where a fraction of the carriers populating the topmost layer depends 
on the layer number and decreasing for the thicker film [14]. For example, a 
fraction of electrons populating topmost layer in bi- and tri-layer WS2 are 0.89 
and 0.86 when the total amount is fixed at 𝑛𝑛2𝐷𝐷 = 7.33 ∙ 1013 cm−2. Metallic 
substrate in a thin film SN junction configuration is known to affect the 
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superconducting properties via proximity effect [16], [17]. In order to understand 
the difference in 𝑇𝑇𝑐𝑐0 we apply a next formula:  

𝑙𝑙𝑛𝑛
𝑇𝑇𝑐𝑐𝑆𝑆𝑆𝑆
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where 𝑇𝑇𝑐𝑐𝑆𝑆𝑆𝑆 – is a transition temperature of a pristine superconductor, 𝑇𝑇𝑐𝑐 – the 
transition temperature of the SN sandwich, 𝜔𝜔𝐷𝐷 is the Debye energy and 𝜓𝜓(𝑥𝑥) is 
the digamma function. The average time that electron spends in N/S layer before 
escaping into the opposite layer and are given by 𝜏𝜏𝑁𝑁 = 2𝜋𝜋 𝑣𝑣𝑁𝑁

𝑣𝑣𝑆𝑆2
𝑑𝑑𝑁𝑁𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 and 𝜏𝜏𝑆𝑆 =

2𝜋𝜋 1
𝑣𝑣𝑆𝑆
𝑑𝑑𝑆𝑆𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖, here 𝑣𝑣𝑁𝑁 and 𝑣𝑣𝑆𝑆 are Fermi velocities in the N and S layers, 𝑑𝑑𝑁𝑁 and 

𝑑𝑑𝑆𝑆 are the layer thicknesses and 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 is a dimensionless SN interface resistance. 
The logarithmic term in the right side becomes important only in the Cooper limit 
of a transparent interface, therefore can be neglected in the present system. 
Interlayer resistance 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 extracted from Eq.(1) is plotted as a function of layer 
number in Fig. 4.3 inset and it decreases monotonically towards thicker flake in 
CVD samples. Having a significantly lower 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 – 2𝐻𝐻 trilayer (black dot) with its 
well-developed indirect band structure and low energy 𝑄𝑄/𝑄𝑄’ pockets originating 
from the out-of-plane S orbitals makes these layered systems a good candidate for 
exploring an interlayer interaction related phenomena.  

 To further examine a proximity effect in these systems, tri-layer CVD grew 
WS2 was transferred onto high-k dielectric - 50 nm HfO2/Si++. A 
superconducting phase diagram was obtained in a dual-gate configuration Figure 
4 (a). Here, several resistance-temperature dependences were measured with 
applied -30V, -15V, 0V, +15V and +30V of the back gate for each individual 
liquid gate state Fig. 4.4B. As a result, a superconducting dome splits into several 
domes, where each dome is a result of a unique combination of two parameters – 
total carrier density 𝑛𝑛2𝐷𝐷 and its distribution across the layers 𝑛𝑛2𝐷𝐷(𝑧𝑧). Applying a 
negative back gate voltage depletes the induced carriers from the bottom layers as 
well as reduces the total amount of 𝑛𝑛2𝐷𝐷 , therefore mimicking a freestanding 
superconductor on top of an insulating substrate (SI). An opposite trend can be 
observed when the back gate is tuned into a positive direction, namely, the carrier 
distribution is smeared among all layers towards a  
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Figure 4.4 High-k dielectric back-gate A. Summarized superconducting phase diagrams of 
CVD grown trilayer WS2 transferred onto HfO2. All states with the same back-gate voltage are 
shaded by a single colour. Arrows indicate the direction of liquid-gate voltage increase. Inset: 
schematic picture of the device structure on HfO2 and its carrier distribution across the layers 
when different back-gate voltage is applied. B. The same phase diagram as in A, states with 
fixed top-gate are interconnected by a dotted line. C. Carrier density dependence of 
dimensionless SN interface resistance under different applied back-gate voltage. D. Parallel 
upper critical field 𝐵𝐵𝑐𝑐2 normalized with respect to the Pauli limit 𝐵𝐵𝑝𝑝 for various representative 
samples or states.  

a more uniform system, making the metallic state of the N part more pronounced, 
which consequentially results into stronger proximity effect. Overall, 
𝑇𝑇𝑐𝑐0(−30𝑉𝑉) > 𝑇𝑇𝑐𝑐0(−15𝑉𝑉) > 𝑇𝑇𝑐𝑐0(0𝑉𝑉) > 𝑇𝑇𝑐𝑐0(+15) > 𝑇𝑇𝑐𝑐0(+30) for each 
individual liquid, gate state is consistent with the proximity effect scenario. By 
setting 𝑇𝑇𝑐𝑐𝑆𝑆𝑆𝑆 = 𝑇𝑇𝑐𝑐0(−30𝑉𝑉) we extract the value of 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 as a function of applied 
back gate voltage Fig. 4.4C. Overall, 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 is decreasing towards larger back gate, 
thus making SN interface more transparent for electrons and enhancing the 
proximity effect. It is worth to mention that 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 shows very weak dependence on 
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the total induced carrier due to much stronger origin of the electric field in IL. 
Therefore, strong top gate prepares an individual SN state, whereas a back gate is 
a small-scale modulation of the N layer and SN interface.  

 In order to confirm this scenario, a series of upper critical field 𝐵𝐵𝑐𝑐2
∥  

measurements parallel to the layers were performed on various samples Fig. 4.4D. 
All samples greatly exceed Pauli limiting field and exhibit strong Ising protection, 
originated from the strong out-of-plane spin-orbit coupling 30 meV in the 
conduction band of WS2. CVD bi-, tri- and quad-layer flakes that possess larger 
𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 among other sample are showing stronger protection as well. Whereas 2𝐻𝐻 
sample and the sample with +30V of HfO2 back gate that possess smaller 𝜌𝜌𝑚𝑚𝑚𝑚𝑖𝑖 
demonstrate a weak tendency of reduction of 𝐵𝐵𝑐𝑐2

∥ .  

 In summary, we studied an artificial vertical SN junction induced by EDLT 
and an influence of N layers via proximity effect onto a superconducting property 
of the sandwich, such as 𝑇𝑇𝑐𝑐0 and 𝐵𝐵𝑐𝑐2

∥ . A relatively weak variation of 𝑇𝑇𝑐𝑐0 and 𝐵𝐵𝑐𝑐2
∥  

is supported by the BCS limit of SN junction. Among the studied polytypes, 2𝐻𝐻 
phase hold more promise for an interlayer related physics due to the presence of 
strongly interacting 𝑄𝑄/𝑄𝑄’ electron pockets in the vicinity of the conduction band 
of multilayer TMDs.  
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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).  



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

87 
 

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.  
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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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Summary 
 

In the view of rapid technological development within the past decade and 
especially approaching the end of Moore’s Law era, material science becomes an 
integral part of the research nowadays. The search for new functional properties 
and materials which are able to address the challenges of the XXI century is 
already a daily routine of various research groups and large tech companies 
around the world. The current library of available 2D materials offers a wide range 
of properties that can challenge existing 3D technologies. 2D semiconductors, 
semi-metals, ferromagnets, superconductors and insulators were already 
identified and are now questioned for being utilized. The top-down and bottom-
up approach to synthesize 2D materials provides flexibility to fulfil both 
scalability and miniaturization for achieving a large number of small devices on-
chip. Reduced density of states in two dimensions compared with its 3D parent 
materials provides a great opportunity to control the electronic properties by 
means of field-effect doping even in intrinsically metallic materials. The enhanced 
doping capability of an electric double-layer transistor gives a unique opportunity 
to unravel the hidden electronic properties and capabilities of materials. For 
example, turning a band insulator into a superconductor at low temperatures with 
continuous control of its critical temperature over the entire phase diagram.  

Chapter 2 touches another important problem of present days – the search 
for novel superconducting materials. It has been a long time since people tried to 
combine both ferromagnetism and superconductivity in single material with the 
aim to achieve spin-polarized superconductor or even more exotic topological 
superconductivity. Despite several examples where two order parameters can 
coexist in heavy fermion compounds, there is a very limited knowledge about this 
in other systems, where, normally, a small amount of ferromagnetic dopants (1-
4%) quenches superconducting order parameter rapidly.  

This chapter represents a new milestone achieved ahead of the previous 
works on field-induced superconductivity. The discovery is naturally about the 
fundamental physical nature of gate-induced superconductivity, based on intuitive 
scientific curiosities. This gate-induced phase is the underlying difference that is 
distinct from other superconducting phases, resulting in unique superconducting 
properties belonging to layered transition metal dichalcogenides.  
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This chapter represents a direct and comprehensive answer to those 
curiosities: 

 The gate-induced superconducting phase in MoS2 represents a new type of 
superconducting phase, called Ising superconductivity. The orientation of spins in 
a Cooper pair of Ising superconductors is firmly pinned by strong effective 
Zeeman-type magnetic field. Here, an effective Zeeman field arises from gate-
triggered inversion symmetry breaking. Identifying this unique spin configuration 
in Ising superconductor is the first step towards new properties in Ising 
superconductors.  

Extreme two-dimensionality of gate induced superconducting MoS2 
isolates Ising superconductivity completely from the orbital pair-breaking effect 
and makes it strongly spin-protected along the out-of-plane direction. Reaching 
Ising superconductivity also requires subtle interplay between carrier doping, 
break of inversion symmetry, and spin-orbit interaction by merging core ideas of 
modern condensed matter physics in a simple system. Field-effect gating uniquely 
provides those essential ingredients, which is difficult to be accessed by other 
superconducting systems. 

The new understanding of physics in Ising superconductors shed light onto 
a 40-year-old mystery in understanding unusually high upper critical field found 
in superconducting transition metal dichalcogenides (TMD) since the 70s. From 
measurement under high magnetic field up to 37 T, we experimentally showed a 
huge difference in upper critical field between field-induced and bulk phase, 
where Ising superconductivity is switched on by breaking of the inversion 
symmetry using gating. The results point out a unified physical picture for the 
long-lasting puzzle that lowering of symmetry causes the increase of the upper 
critical field by unveiling the hidden Ising superconductivity. 

Material wise, an emerging family of Ising superconductors is supported by 
the recent discovery of many TMD superconductors and varieties of choices 
available from the big class of TMD materials, where a similar mechanism can be 
readily applied to broaden the horizon in the study of Ising superconductivity.  

Chapter 3 represents a milestone in the broad field of two-dimensional 
(2D) electronics where the science and technology shaping our modern society 
are based on. For the very first time, we demonstrated that a field-effect device 
made of a monolayer single crystal – a monolayer of the transition metal 
dichalcogenide WS2 - covers a full spectrum of insulator, metal, and 
superconductor. In particular, to the best of our knowledge, it is the only system 
where the evolution between a strictly 2D band insulator and 2D superconductor 
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renders a complete dome in a single device. The powerful field effect tuning in a 
monolayer device opens up a series of surprises that are expected to influence this 
important field profoundly. 

Although 2D field-effect devices have been studied for more than half a 
century, we just reached a model system that combines a truly 2D system with 
strong field effect tuning allowing us to access hitherto inaccessible electronic 
phases and transitions in a single device. 

The electronic phases feature a fully developed superconducting dome, 
which evolves into a surprising re-entrant insulating phase at very strong field-
effect gating. The whole spectrum of this complete evolution used to be observed 
as puzzling pieces without demonstrating a coherent picture. The fully reversible 
control of the whole spectrum of electronic phase is the best examples to answer 
the fundamental question of what will exactly happen for gating a monolayer. And 
the finding is surprising: the final destiny of a gated monolayer is becoming an 
insulator, which challenges the common belief that higher doping concentration 
is supposed to be more metallic.  

A particular feature of monolayer WS2 is Ising-type superconductivity due 
to the valley coupled spin texture. It belongs to a group of unique superconductors 
that show low transition temperature 𝐵𝐵𝑐𝑐2 but ultra-high upper critical field 𝐵𝐵𝑐𝑐2 
due to various types of spin-protecting mechanisms against an external magnetic 
field. Comparing with all the strong players in these high 𝐵𝐵𝑐𝑐2 superconductors, 
including previously discovered Ising superconductors such as MoS2 and NbSe2, 
WS2 has clearly set a new record of protection due to larger spin splitting and pure 
Ising pairing. 

The evolution between electronic phases in the complete spectrum settles 
the recent doubts about the existence of the dome-like superconducting phase 
diagram. Moreover, it sheds light on many puzzling observations in previous 
quasi-2D systems, one of which is the dome-like superconducting phase diagrams 
induced in various band insulators. By observing the fully developed dome and 
re-entrant insulating phase at high gating in our system, it is clear that the 
formation of a superconducting dome is due to the subtle interplay of field-effect 
doping and field-effect localization, which appears ubiquitously in all field-effect 
devices but can only be clarified unambiguously in truly 2D and strongly tunable 
system. 

Let alone all the scientific importance, from the viewpoint of engineering, 
highly tunable superconducting transistors made of monolayer crystals are 
technically promising for nanoelectronics devices. Especially, the present sample 
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is grown by a scalable method of chemical vapour deposition (CVD) making the 
system an important prototype for the electronic industry. 

Chapter 4 addresses the problem of weak screening and interlayer coupling 
in few-layer WS2. The effect of field-induced localization at strong gating, 
discussed in chapter 3 for the case of monolayer device, can be significantly 
reduced. Extra bottom layers play an important role in screening enhancement and 
therefore inevitably affecting the superconducting properties via proximity effect. 
The role of layer number and the effect of interlayer stacking onto its electronic 
properties was also discussed. Among randomly stacked CVD layers, 2𝐻𝐻 phase 
showed more promise for an interlayer related physics due to the presence of 
strongly interacting 𝑄𝑄/𝑄𝑄’ electron pockets in the vicinity of the conduction band 
of multilayer TMDs. 

Chapter 5. Since the first discovery of Ising superconductivity there were 
a lot of efforts in this field trying to take advantage of the spin-protected Cooper 
pair, however, the lack of control over this phenomenon makes this task even 
more challenging. Here we addressed this problem, as well as broaden our 
fundamental understanding about Ising superconductivity found in various 
layered transition metal dichalcogenides.  

As far as we know, this is the first coupled superconducting state with 
strong SOC residing in the neighbouring layers in the thinnest possible limit – 
freestanding bilayer MoS2. This is not simply about a new phase diagram where 
the record-high carrier concentration can be electrostatically induced showing one 
plus one layer is different from two layers due to the change of band structure. 
More importantly, the symmetry becomes a truly tunable parameter not only to 
gets broken but also gets restored by applying an external field effect.  

Secondly, present work is a break of a common belief that Josephson 
interaction is an intrinsic material property. Instead, we demonstrate that it is a 
dynamic parameter that can be manipulated with the help of external electric 
fields by changing the doping strength and carrier distribution profile. The upper 
critical field is the first basic superconducting parameter to be significantly 
influenced by such kind of change.  

To our knowledge, the double-side gated bilayer MoS2 is the first 
superconductor that can be tuned below and above the Pauli limit. In other words, 
the spin-protection of Cooper pair can be manipulated from “ON” to “OFF” in a 
continuous fashion – which might act as the cornerstone ingredient for exotic 
superconductivity.
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Samenvatting 
 
 
Met het oog op de snelle technologische ontwikkeling in het afgelopen 

decennium, en met name het naderende einde van het tijdperk van Moore’s Law, 
materiaalkunde is een integraal onderdeel van de hedendaagse wetenschap 
geworden. De zoektocht naar nieuwe functionele eigenschappen en materialen als 
oplossing voor de technologische uitdagingen van de 21e eeuw is nu al dagelijkse 
routine voor verscheidene onderzoeksgroepen en grote technologiebedrijven 
wereldwijd. Het huidige assortiment van beschikbare 2D materialen biedt een 
groot variëteit aan eigenschappen welke de huidige 3D-technologie kunnen 
uitdagen. 2D halfgeleiders, half-metalen, ferromagneten, supergeleiders en 
isolatoren zijn al geïdentificeerd en worden nu onderzocht op toepassingen. De 
top-down en bottom-up benaderingen om 2D materialen te synthetiseren biedt 
flexibiliteit in zowel opschaalbaarheid als miniaturisatie om een groot aantal 
apparaten per chip te verkrijgen. De gereduceerde toestandsdichtheid in twee 
dimensies, in contrast met hun 3D variant, biedt een goede mogelijkheid om de 
elektronische eigenschappen af te stemmen door middel van veldeffect dotering, 
zelfs in intrinsiek metallische materialen. De verbeterde dopingeigenschappen 
van een elektrisch-dubbel-laags transistor biedt een unieke kans om de verborgen 
elektronische eigenschappen en mogelijkheden van materialen te ontrafelen. 
Bijvoorbeeld de transitie van een isolator naar een supergeleider bij lage 
temperaturen, met over zijn gehele fasediagram een constante afstemming van de 
kritische temperatuur.  

Hoofdstuk 2 snijdt een ander belangrijk hedendaags probleem aan – de 
zoektocht naar nieuwe supergeleidende materialen. Men probeert al lange tijd 
zowel ferromagnetische als supergeleiding in een enkel materiaal te combineren, 
met als doel om de spin-gepolariseerde supergeleider of zelfs exotischere 
topologische supergeleiding te verkrijgen.  Ondanks verscheidene voorbeelden 
waar twee orde parameters gelijktijdig bestaan in zware fermion-composities, is 
de kennis over deze combinatie in andere systemen beperkt. In deze andere 
systemen kan een klein aantal ferromagnetische doteringen (1-4%) normaliter de 
supergeleidende orde parameter snel uitdoven.  

Dit hoofdstuk vertegenwoordigt een mijlpaal ten opzichte van vorige 
werken over veld-geinduceerde supergeleiding. De ontdekking is natuurlijk over 
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de fundamentele fysische aard van gate-geinduceerde supergeleiding, gebaseerd 
op intuitieve wetenschappelijke nieuwschierigheid. Deze gate-geinduceerde fase 
is het onderliggende verschil wat zich onderscheid van andere supergeleidende 
fasen. Dit resulteert in unieke supergeleidende eigenschappen behorende aan 
gelaagde overgangsmetaal dichalcogeniden. 

In dit hoofdstuk wordt een direct en uitgebreid antwoord op deze curiosa 
beschreven.  Gate-geinduceerde supergeleiding in MoS2 representeerteen nieuwe 
fase in supergeleiding: Ising supergeleiding. De de oriëntatie van spins in een 
Cooper-paar van Ising-supergeleiders is sterk vastgeklemd door middel van een 
sterk Zeeman-type magnetisch veld. Dit Zeeman-veld is afkomstig van 
symmetrie-breking door de gate. Het identificeren van deze unieke spin-
configuratie in Ising supergeleiders is een eerste stap naar het ontdekken van 
nieuwe eigenschappen in Ising supergeleiders. 

 Extreme tweedimensionaliteit van gate-geinduceerde supergeleidend 
MoS2 isoleert Ising supergeleiding volledig van orbitale paarbrekingseffecten em 
beschermt de spin in loodrechte richting. Het verkrijgen van Ising-supergeleiding 
heeft ook een subtiel samenspel nodig tussen ladings-dotering, het breken van de 
inversie symmetrie, en spin-baan interactie door middel van het samensmelten 
van fundamentele ideeën van vastestoffysica in een simpel systeem. Veld-effect 
gating biedt unieke essentiële ingrediënten, welke moeilijk te vinden zijn in 
andere supergeleidende systemen.  

De nieuwe inzichten in de fysica van Ising-supergeleiders biedt 
duidelijkheid over een 40-jaar oud mysterie in het begrijpen van de merkwaardig 
hoge kritische velden gevonden in supergeleidende overgangsmetaal 
dichalcogeniden (TMD) sinds de jaren 70. Door middel van metingen onder hoge 
magnetische velden tot 37 T hebben we experimenteel een groot verschil tussen 
het hoogste kritische veld tussen veld-geïnduceerde en bulk fasen waar Ising 
supergeleiding wordt aangezet door het breken van de inversie symmetrie door 
middel van gating. De resultaten wijzen op een samenvallend fysisch beeld over 
de langdurige puzzel dat het verlagen van de symmetrie een toename in het 
bovenste kritieke veld veroorzaakt door de verborgen Ising-supergeleiding te 
onthullen.  

Qua materiaal wordt een opkomende familie van Ising-supergeleiders 
ondersteund door de recente ontdekking van veel TMD-supergeleiders en 
verschillende keuzes die beschikbaar zijn in de grote klasse van TMD-materialen, 
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waar een soortgelijk mechanisme gemakkelijk kan worden toegepast om de 
horizon te verbreden in de studie van Ising-supergeleiding. 

Hoofdstuk 3 vertegenwoordigdt een mijlpaal in het brede veld van 
tweedimensionale (2D) electronica waar de wetenschap en technologie die onze 
moderne samenleving vormen op gebaseerd zijn. Voor de allereerste keer hebben 
we gedemonstreerd dat een veldeffectapparaat gemaakt van een enkellaagst 
enkelvoudig kristal – een monolaag van het overgangsmetaaldichalcogenide WS2 
– het volledige spectrum van isolator, metaal en supergeleider omvat. Voor zover 
wij weten is dit het enige systeem waarbij de overgang van een strikt 2D-
bandisolator en een 2D-supergeleider in één apparaat zit. De krachtige 
veldeffectafstelling in een enkellaags-apparaat opent een reeks verassingen die dit 
belangrijke veld naar verwachting diepgaand zullen beïnvloeden.  

Hoewel 2D-veldeffect-apparaten al meer dan een halve eeuw zijn 
bestudeerd, hebben we pas net een modelsysteem bereikt dat een echt 2D-systeem 
combineert met een sterke veldeffectafstemming waardoor we toegang hebben tot 
de tot nu toe ontoegankelijke elektronische fasen en overgangen in één enkel 
apparaat. 

De elektronische fasen zijn voorzien van een volledig ontwikkelde 
supergeleidende koepel, die zich ontwikkelt tot een verrassende opnieuw 
binnenkomende isolerende fase bij een zeer sterke veldwerking. Vroeger werd het 
hele spectrum van deze volledige evolutie waargenomen als raadselachtige 
puzzelstukjes zonder een samenhangende relatie. De volledig omkeerbare 
beinvloeding van het hele spectrum van de elektronische fase is het beste 
voorbeeld om de fundamentele vraag te beantwoorden over wat er precies zal 
gebeuren bij het gaten van een monolaag. En de uitkomst is verrassend: het 
uiteindelijke lot van een gated monolaag wordt een isolator, wat de algemene 
overtuiging uitdaagt dat een hogere dopingconcentratie meer metaalachtig zou 
moeten zijn. 

Een bijzonder kenmerk van enkellaags WS2 is Ising-type supergeleiding 
vanwege de vallei-gekoppelde spintextuur. Het behoort tot een groep unieke 
supergeleiders die lage overgangstemperatuur Bc2 maar ultrahoog bovenste 
kritisch veld Bc2 vertonen vanwege verschillende soorten spinbeschermende 
mechanismen tegen externe magnetisch velden. In vergelijking met alle sterke 
spelers in deze hoge Bc2-supergeleiders, inclusief eerder ontdekte Ising-
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supergeleiders zoals MoS2 en NbSe2, heeft WS2 duidelijk een nieuw record van 
bescherming gevestigd dankzij grotere spinsplitsing en pure Ising-koppeling. 

De evolutie tussen elektronische fasen in het volledige spectrum neemt de 
recente twijfels weg over het bestaan van het koepelachtige supergeleidende 
fasediagram. Bovendien werpt het licht op veel raadselachtige waarnemingen in 
eerdere quasi-2D-systemen, waaronder de koepelachtige supergeleidende 
fasediagrammen geïnduceerd in verschillende bandisolatoren. Door het 
observeren van de volledig ontwikkelde koepel en opnieuw binnenkomende 
isolatiefase bij hoge gating in ons systeem, is het duidelijk dat de vorming van 
een supergeleidende koepel te wijten is aan het subtiele samenspel van veldeffect 
doping en veldeffect lokalisatie, die alomtegenwoordig voorkomt in alle 
apparaten met veldeffecten, maar kunnen alleen ondubbelzinnig worden 
verduidelijkt in een echt 2D- en sterk afstembaar systeem. 

Naast al het wetenschappelijke belang, vanuit het oogpunt van engineering 
gezien zijn zeer afstelbare supergeleidende transistors gemaakt van 
monolaagkristallen technisch veelbelovend voor nano-elektronische apparaten. In 
het bijzonder wordt het huidige monster gegroeid door een schaalbare methode 
van chemische dampafzetting (CVD) waardoor het systeem een belangrijk 
prototype voor de elektronische industrie is. 

Hoofdstuk 4 gaat in op het probleem van zwakke screening en koppeling 
tussen lagen in WS2 van enkele lagen. Het effect van door het veld geïnduceerde 
lokalisatie op sterke gating, besproken in hoofdstuk 3 in het geval van een 
enkellaagsapparaat, kan aanzienlijk worden verminderd. Extra bodemlagen 
spelen een belangrijke rol bij het verbeteren van de screening en beïnvloeden 
daarom onvermijdelijk de supergeleidende eigenschappen via nabijheidseffecten. 
De rol van laagsnummer en het effect van het stapelen van tussenlagen op zijn 
elektronische eigenschappen werd ook besproken. Onder willekeurig gestapelde 
CVD-lagen, toonde de 2H-fase meer belofte voor fysica tussen de lagen door de 
aanwezigheid van sterk op elkaar inwerkende Q/Q’ elektronenzakken in de buurt 
van de geleidingsband van meerlagige TMD's. 

Hoofdstuk 5. Sinds de eerste ontdekking van Ising-supergeleiding zijn er 
op dit gebied veel inspanningen gedaan om te profiteren van het door spin 
beschermde Cooper-paar, maar het gebrek aan controle over dit fenomeen maakt 
deze taak nog uitdagender. Hier hebben we dit probleem aangepakt en ons 
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fundamentele begrip over Ising-supergeleiding in verschillende gelaagde 
overgangsmetaaldichalcogeniden uitgebreid. 

Voor zover we weten, is dit de eerste gekoppelde supergeleidende toestand 
met sterke SOC die zich in de aangrenzende lagen in de dunst mogelijke limiet 
bevindt - vrijstaande dubbellagige MoS2. Dit gaat niet alleen over een nieuw 
fasediagram waarbij de record-hoge ladingsdragerconcentratie elektrostatisch kan 
worden geïnduceerd, waarbij één plus één laag verschillend is van twee lagen 
vanwege de verandering van de bandstructuur. Wat nog belangrijker is, is dat de 
symmetrie een echt instelbare parameter wordt. Niet alleen kan deze worden 
verbroken, maar ook weer hersteld worden door een extern veldeffect toe te 
passen. 

Ten tweede is het huidige werk een breuk met de algemene overtuiging dat 
Josephson interactie een intrinsiek materiaaleigenschap is. In plaats daarvan tonen 
we aan dat het een dynamische parameter is die kan worden gemanipuleerd met 
behulp van externe elektrische velden door de doteringssterkte en het 
ladingsdragerdistributieprofiel te wijzigen. Het bovenste kritische veld is de eerste 
fundamentele supergeleidende parameter die aanzienlijk wordt beïnvloed door 
een dergelijke verandering. 

Voor zover wij weten, is de dubbelzijdig-gated dubbellagige MoS2 de 
eerste supergeleider die zowel onder en boven de Pauli-limiet kan worden 
afgestemd. Met andere woorden, de spin-bescherming van het Cooper-paar kan 
op continue wijze worden gemanipuleerd van "AAN" naar "UIT" - wat kan 
fungeren als het basisingrediënt voor exotische supergeleiding.
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