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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. 
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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 
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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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