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Ever since its first discovery in 1911, superconductivity, which is an ordered phase of electronic state, has
been regarded as one of the most fascinating topics in modern physics. Recently, remarkable advances in
sample fabrication have greatly promoted the research of superconductivity, especially in the field of
two-dimensional (2D) materials, where 2D Ising superconductors have sparked immense interests for
their unique properties, holding promise in engineering topological superconductivity. In this review, we

summarize recent works on both experimental and theoretical studies of 2D Ising superconductivity,
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with particular attention to the origin of Ising superconductivity as well as their novel properties. We
conclude with a discussion of how these unconventional 2D Ising superconductors can play a role in the
investigation of topological superconductivity, which is of potential in quantum computing.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Superconductivity, as one of the macroscopic quantum phe-
nomena, is of great significance in the field of condensed matter
physics. Since the discovery of superconductivity in 1911, whether
it can exist in the 2D limit has been a long debate [1]. In 1938,
Alexander Shal'nikov first reported superconductivity in Pb and Sn
thin films of hundreds of nanometers in a pioneering article that
started the field of thin-film superconductors [2]. In 1980s, amor-
phous or granular superconducting films made by quenched
condensation reached a sub-nanometer scale, which boosted the
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studies of superconductor-to-insulator quantum phase transition
and Kosterlitz-Thouless-Berezinski transition. Benefited from the
rapid development of molecular beam epitaxy [3—5] and Scotch-
tap exfoliation [6], crystalline superconducting thin films have
been the subject of intense investigations during the last two de-
cades and many of their basic superconducting properties have
been unveiled [7—16]. For example, an overview of superconduc-
tivity in 2D systems is given by Yu Saito and colleagues [17].

Two dimensional crystalline superconductors provide unprec-
edented opportunities to explore novel quantum phenomenon that
are otherwise prohibited by either higher dimensionality or short
coherence length set by disorders. Relevant topics include quantum
metallic state between superconductivity and insulators [18—20],
quantum Griffith singularity in the superconducting phase transi-
tion [21], superconducting field effect transistors [22,23], and so on.
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An example is how the investigation of upper critical field in 2D
crystals renews the interplay between superconductivity and spin
orbital coupling (SOC). It is well known that, as for conventional
superconductors, when applying a sufficiently high external mag-
netic field exceeding the upper critical field B, the super-
conducting state transits to normal state due to the breaking of
Cooper pairs via the coexisting orbital and Pauli paramagnetic
mechanisms. Generally, when lowering the dimensionality of the
system to the 2D limit, the orbital effect will be weakened or
eliminated and B is dominated by Pauli paramagnetic effect
which is confined to the Chandrasekhar-Clogston (or Pauli) para-
magnetic limit (in units of tesla), Hy= (1.86 T KNTpatT=0K,
where T is the superconducting transition temperature [24]. In
amorphous 2D films and intercalated transition metal dichalcoge-
nides (TMD), the significant enhancement of B, even beyond the
Pauli limit was generally attributed to the spin randomization
brought by extrinsic mechanisms, i.e. spin orbital scattering (SOS)
with impurities, despite that intrinsic Rashba-type SOC had been
well known to account for ultrahigh B, in non-centrosymmetric
heavy fermion superconductors.

Recently, it is found that some 2D TMDs with the lattice struc-
ture of 2H-MX; (M = transition metals; X = chalcogenides) can
maintain superconducting state up to magnetic field of tens of
teslas, which is far beyond the Pauli limit [24—27]. While in absence
of strong spin orbital scattering, an Ising pairing mechanism is
proposed, which, again, is due to the non-centrosymmetric struc-
ture that leads to an Ising-type SOC. The Ising SOC pins electron
spins to the out-of-plane directions, making the in-plane upper
critical magnetic field far beyond the Pauli limit. In this framework,
many superconductors with huge critical magnetic fields have been
found in those materials with broken inversion symmetry (Fig. 1).

In this work, we briefly review recent works on the properties
and applications of 2D Ising superconductors (ISC). In general, ISC
can be categorized into two classes according to the origins of the
Ising Zeeman field. We start by introducing the crystal structure
and electronic band structure of these 2D ISC, surveying in partic-
ular spin texture around the K (K’) point of the first Brillouin zone to
comprehensively understand the origin of Ising superconductivity.
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Afterwards, we present some novel properties of 2D ISC and show
how these materials can be employed in quantum engineering such
as the construction of topological superconductivity.

2. Type-I 2D Ising superconductivity
2.1. Non-centrosymmetric 2H-MX,

Recently, 2D transition metal dichalcogenides such as MoS; and
NbSe; have triggered immense interests for their novel properties
and are believed to hold tremendous applications potential in
nanoelectronics and nanophotonics [28—31]. Generally, TMDs exist
in the form of MX,, these materials exist in several structural
phases. Here, we mainly discuss the 2H phase of them. The unit cell
of 2H-MX; is composed of two units where one M atom is sand-
wiched between two X atoms (in a X-M-X form), forming a trigonal
prismatic structure stacking along the c-axis with D3, symmetry
[32], Fig. 2 (a). Due to the weak bonds through van der Waals in-
teractions between interlayers, monolayer MXj; can be isolated via
mechanical exfoliation. As we know, the SOC experienced by a
moving electron with momentum k is proportional to k x E-o,
where E is the electric field experienced by the electron and o
denoted the Pauli matrices. In 2D limit regime, the motion of
electrons is restricted in the plane. Meanwhile, in monolayer 2H-
MX;, when viewed from the top, it has a honeycomb lattice
structure with a broken in-plane inversion symmetry (Fig. 2 (a))
which makes the electrons experience effective in-plane electric
field. Consequently, the electron spin is strongly locked to the out-
of-plane orientation by an effective Zeeman field and in opposite
directions for electrons with opposite momentum. Therefore, for
monolayer MXj, electrons at the K and K’ valleys experience
opposite effective Zeeman fields, Fig. 2 (b). This type of Zeeman
field can be viewed as an Ising Zeeman field. For some super-
conducting 2H-MXj;, the Ising Zeeman field can protect spins of
electrons in the Cooper pairs from being realigned to the in-plane
direction, leading to quite large in-plane upper critical fields B,
exceeding the Pauli limit by several times.

1T-PdTe,
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Fig. 1. The crystal structures of Type-I Ising superconductors (a) and Type-II Ising superconductors (b).
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Fig. 2. (a) The top view (upper panel) and side view (lower view) of the crystalline structure of 2H-MX. (b) Conduction band electron pockets near the K and K’ points in the
hexagonal Brillouin zone of monolayer 2H-MX;; Adapted with permission form REF [24]. Copyright 2015, AAAS. (c) Temperature dependence of the resistance for an MoS,-EDLT
device under in-plane magnetic fields. (d) In-plane and out-of-plane upper critical fields as a function of temperature. Adapted with permission form REF [32]. Copyright 2015,

Springer Nature.

Generally, non-zero electronic density of states (DOS) at the Fermi
level is a precondition for superconductivity. Therefore, charge
doping or gating is a widely used strategy to induce or enhance
superconductivity in 2D materials [33]. In 2015, two independent
groups studied the superconductivity of few-layered 2H—MoS; in
the electric-double-layer transistor (EDLT) configuration which can
create a high-density 2D electron system in the outermost layer
[24,32]. It was found that the measured in-plane upper critical
fields were several times higher than the Pauli limit, as shown in
Fig. 2 (c, d). Spin-orbital scattering can play a role in enhancing B¢,
in amorphous superconducting films. However, in these two works,
such enhancement of B., cannot be explained by SOS as it would
imply unphysically short scattering times, and they pointed out
that the enhanced B, was caused by the Ising SOC, which pins the
electron spins to the out-of-plane directions such that in-plane
magnetic fields cannot effectively polarize electron spins to in-
plane directions. These two works have attracted the attention of
many scholars, and thus stimulated enormous research interests in
Ising superconductivity.

Compared to the transport measurements which provide
limited information about the superconducting state, the use of
tunnelling spectroscopy to probe the DOS can give more informa-
tion about the microscopic nature of the superconducting state.
Davide Costanzo et al. [34] performed the tunnelling spectroscopy
studies of gate-induced superconductivity in MoS,. It is found that
the vertical differential conductance exhibits a pronounced low-
energy suppression, and the low-energy DOS decreases linearly

with bias voltage, indicating the absence of a full gap in the
superconducting state of MoS,.

Another 2D Ising superconductor has been intensely studied is
2H—NbSe; which is believed to be a type-II s-wave superconductor
with a zero-field transition temperature To = 7 K [35—39].
2H—NbSe; and 2H—MoS; have the same layered hexagonal crystal
structure, in which the niobium atom is located in the center of the
triangular selenium prisms. Synchronous with the discovery of
Ising superconductivity in gated MoS,, Xiaoxiang Xi et al. [25]
studied the superconductivity in 2H—NbSe; down to monolayer
limit. NbSe, is unstable in air, to provide permanent protection
against degradation, they encapsulated monolayer and few-layer
2H—NbSe, by h-BN flakes in a glove box. By means of magneto-
transport measurements, it was found that, superconductivity can
exist in monolayer 2H—NbSe, with an ultrahigh B, exceeding
31.5 T, more than 6 times the Pauli paramagnetic limit, as can be
seen in Fig. 3 (a). Besides, as the number of layer increases, the
critical temperature of 2H—NbSe, increases, but the B, decreases
as interlayer coupling may destroy such Ising pairing and orbital
effects become stronger.

In conventional superconductors, a Cooper pair is a singlet state
with the total S = 0. The two electron spins point in opposite di-
rections. Whereas, the two electron spins can be aligned in the
same directions, which is called spin-triplet Cooper pairs with the
total S = 1. The spin-triplet superconductivity is not restricted by
Pauli limit and the in-plane critical field strength could be
extremely large. However, not all large violations of the Pauli limit
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Fig. 3. (a) The in-plane and out-of-plane critical fields Hc,/Hp as a function of transition temperature T¢/Tco for NbSe; samples with different thickness. Adapted with permission
form REF [25]. Copyright 2015, Springer Nature. (b) Field dependent of the magnetoresistance for one typical NbSe, sample. (c) Effective critical field (green, right axis) and
magnetoresistance characterization (blue and red, left axis) for a Pt/CrBr3/NbSe, magnetic tunnel junction. Adapted with permission form REF [43]. Copyright 2021, Springer Nature.
(d) Contour plot of the differential conductance of trilayer NbSe, as a function of bias voltage and in-plane field at 0.3 K. (e) Differential tunnelling conductance spectra at different
fields (dashed lines in (d)). (f) The extracted superconducting gap as a function of H; at various temperatures. Adapted with permission form REF [44]. Copyright 2018, Springer
Nature.
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are observed in spin-triplet superconductors. For example, in some
atomically thin TMDs, the spin configuration of Cooper pairs con-
sists of spin singlets. But the Ising SOC, pins the electrons spins to
the out-of-plane direction and reduced the pair-breaking effect of
the in-plane field. Therefore, the superconductivity in some
monolayer TMDs breaks the Pauli limit. It is noteworthy that, Y Cao
et al. has recently reported unconventional superconductivity in
magic-angle twisted trilayer graphene (MATTG). They surprisingly
found that the superconductivity could also survive up to a high
critical field of nearly 10 T, which is about two to three times the
Pauli limit. Since the spin-orbit coupling is very low and the
inversion symmetry (at zero D) is not broken in graphene and
twisted trilayer graphene, the origin of this unconventional su-
perconductivity in MATTG is not the same as the atomically thin
TMDs mentioned above. Some other results have also given evi-
dence that the unconventional superconductivity in MATTG is
probably spin-triplet superconductivity [40].

In addition to the mechanical exfoliation method, both chemical
vapour deposition (CVD) [41] and molecular beam epitaxy (MBE)
[27] can employed to prepare thin 2H—NbSe;, flakes down to
monolayer with high quality. Jian Wang group [27] reported that
large area (over millimeters in size) of high-quality single-layer
2H—NbSe; films (0.6 nm thick) were successfully prepared on
6H—SiC(0001) substrate terminated by graphene through MBE. On
this basis, to protect the 2H—NbSe, films from degradation, an
amorphous Se protective layer was covered forming Se/NbSe,/
bilayer graphene/SiC heterostructure, and then the ex situ electrical
transport properties of 2H—NbSe, were systematically studied. The
single-layer NbSe, films show a critical transition temperature
T2"¢t of more than 6 K and a zero-resistance temperature T2™ of up
to 2.40 K, which is higher than that of the single-layer NbSe, ob-
tained by mechanical exfoliation [25] and previous molecular beam
epitaxy [42]. Moreover, low temperature and high magnetic field
electrical transport measurements showed that the upper critical
field Bz (~32.4 T) is 5 times more than the paramagnetic limit field,
which is in accordance with the ISC mechanism protected by Ising
Zeeman field. In addition, measurements under vertical magnetic
field at low temperature show that the monolayer 2H—NbSe; films
manifest magnetic field induced superconductor-Metal transition
(SMT) and the critical exponent of SMT diverge as T approaching
zero, indicating quantum Griffith singularity. This is the first time
that both ISC and quantum Griffith singularity have been observed
in the same system. Besides, we call attention to the fact that NbSe;
is an ideal platform for studying collected electronic phases
because of both charge density wave (CDW) and superconductivity
[42].

Very recently, the symmetry of the pairing state of few-layer
NbSe, was studied under an in-plane magnetic fields [43]. Sur-
prisingly, unlike the three-fold symmetry of the lattice, a sine-
wave-like two-fold modulation of the magnetoresistance in
dependence of in-plane magnetic field angle was observed in the
superconducting regime as shown in Fig. 3 (b), and the field angle
of minimum resistance showed dominant correction with the long,
straight edge of NbSe; flakes. What's more, measurements of the
effective critical filed and tunnelling across magnetic tunnel junc-
tions also exhibit two-fold periodicity, Fig. 3 (c). Until now, the
mechanism is still unclear, and a mixing scenario was proposed to
understand such phenomena, that are field- or strain-induced
mixing between quasi-degenerate pairing states with s-wave and
d- or p-wave symmetries in few-layer NbSe; samples.

As for conventional BCS superconductors with nearly zero spin
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susceptibility at low temperature, the paramagnetic-limited su-
perconductor-normal metal transition is an abrupt first-order
transition at the upper critical field [42—44]. While for supercon-
ductors lacking central inversion symmetry, due to the existence of
antisymmetric SOC, the spin susceptibility of the superconducting
phase can become remarkable compared to the normal-state value
[45,46] and lead to a continuous paramagnetic-limited transition in
the zero-temperature limit. 2D ISC with atomic thickness, where
the orbital effect is significantly suppressed, thus provide an ideal
platform for the investigations of such paramagnetic-limited phase
transition. Egon Sohn et al. [44] systematic investigated the
superconducting gap of few-layer NbSe, by tunneling spectroscopy,
and an unusual continuous paramagnetic-limited superconductor-
metal transition at low temperature was observed (see Fig. 3(d—f)),
providing strong evidence for significant spin susceptibility of 2D
NbSe; in the zero-temperature limit.

2H-WS; and 2H—TaS; are two other recently reported 2D Ising
superconductors [45,46]. 2H—TaS, is an intrinsic superconductor
with the same crystal symmetry and similar electronic structure as
NbSe,, but with stronger SOC owing to the heavy Ta element
[47,48]. Benjamin M. Hunt et al. [46] investigated the super-
conducting properties of 2H—TaS; and 2H—NbSe; in the atomic
layer limit. They showed that the upper critical field was largely
enhanced in monolayer 2H—TaS; compared to NbSe;, compelling
evidence of the Ising SOC origin of pairing protection in these
intrinsic metallic TMDs.

Jianming Lu et al. [45] induced superconductivity in CVD-grown
monolayer WS, by employing filed effect gating. Benefited from
much heavier transition metal in WS, the Ising SOC (~30 meV) is
larger than that in MoS; (~6 meV), leading to a more sizable
enhancement of B, (about 12 times of the Pauli limit). It should be
noticed that, even with larger Ising SOC, the level of Ising protection
in NbSe; and TaS, is weaker than that in WS, due to the contri-
bution of competing charge density wave phase and a spin
degenerate G point [49]. What's more interesting, by increasing
gate bias, they observed a transition from band insulator, super-
conductor, to a reentrant insulator which is attributed to localiza-
tion induced by the characteristically weak screening of the
monolayer.

2.2. 1Tg-MoTe,

As a topological Weyl semimetal, Tq-MoTe, has attracted
intensive interests recently for its intimate link between concepts
of different fields of physics and material science, as well as the
broad application potential [50,51]. The crystal structure of Tg-
MoTe;, is illustrated in Fig. 4 (a), clearly showing an alternating
stacking of Te—Mo—Te triple layer structure with non-
centrosymmetric space group Pmp21 [52]. Unlike its 2H structure
counterparts, both the in-plane and out-of-plane mirror symmetry
of Tq-MoTe, are broken, which may provide more fascinating
phenomena related to anisotropy.

By molten-salt assisted CVD method, Jian Cui et al. [53] syn-
thesized high crystalline few-layer Tq-MoTe; flakes with large size
and they performed low-temperature transport measurements to
survey the superconducting properties of Tq-MoTe,. It was found
that a new type of Ising superconductivity caused by anisotropic
Ising SOC exists in the material. As shown in Fig. 4 (b, c), they
claimed that the in-plane upper critical field in Tg-MoTe;, exceeds
the Pauli limit in all planar directions but with an emergent two-
fold symmetry which is different from in-plane isotropic 2D Ising
superconductors. This is the first time that the in-plane anisotropic
Ising superconductivity has been observed experimentally. Theo-
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Fig. 4. Anisotropic Ising superconductivity in few layer 1T¢4-MoTe;. (a) Structural characterization of Tq-MoTe,. (b) Magnetic field dependence of the sheet resistance of a 3-nm-thick
MoTe; device at T = 0.3 K with different in-plane tilted angles. (c) Angular dependence of the in-plane upper critical field normalized by Pauli limit B.,/B,,. The dashed lines are the
asymptotic curves to show the two-fold symmetry. (d) The first-principle calculations for the band structure of the bilayer Tg-MoTe,. (e) The in-plane spin texture at the Fermi level.
(f,g) The temperature phase diagram for the superconducting state with anisotropic SOC under y- (f) and x- (g) oriented in-plane magnetic field, respectively. Adapted with

permission form REF [53]. Copyright 2019, Springer Nature.

retical calculations showed that this phenomenon was due to the
special lattice symmetry of Tq phase, which leads to a unique
anisotropic spin orbit coupling effect. On the one hand, the
breaking of the in-plane mirror symmetry in the x direction results
in out-of-plane Ising SOC, which can effectively enhance the upper
critical field Be. On the other hand, the breaking of the out-of-plane
mirror symmetry gives rise to the anisotropic in-plane SOC leading
to an asymmetric Be.To further confirm the asymmetric SOC
enhanced Bg, they calculated the band structure of bilayer Tyg-
MoTe; as well as the in-plane spin texture at the Fermi level. In
Fig. 4 (e), the in-plane SOC is highly anisotropic at the I" point.
What's more, as can be seen in Fig. 4 (f, g), the B along two

perpendicular directions has strong anisotropy from zero temper-
ature to near T, as demonstrated by the mean-filed calculations.
These findings give a clue that anisotropic SOC may play a role in
determining the properties of 2D Ising superconductors.

2.2. 2.3 WoN3

W3N3 has been intensely studied by theoretical calculations
lately, as it is believed to be an intrinsic Ising-type 2D supercon-
ductor with nontrivial topological band structure and large
electron-phonon coupling (EPC) [33,54,55]. Bulk W5N3 has a van
der Waals layered crystal structure with the space group P63/mmc
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Society.

[56], and it possesses the inversion symmetry. Each unit cell of bulk
W5>N3 consists of two layers of W,N3 with W(N) atoms in one layer
located precisely on top of N(W) atoms in the other layer. As for
Monolayer W,Nj3, it belongs to the P6m2 space group, and the W
and N layers stack alternately, as illustrated in Fig. 5 (a). The out-of-
plane mirror symmetry is preserved in Monolayer W>,N3, yet the
inversion symmetry is broken. Benefit from its low exfoliation
energy of ~46.6 meV/atom [57], monolayer W>N3 can be easily
exfoliated from its bulk material [58], which offers convenience for
future experimental studies.

As can be seen from Fig. 5 (b), due to the relatively large SOC
induced by heavy W atoms, the band structure of monolayer W;Nj3
is significantly changed and some degenerate points are varnished.
Such relatively large SOC splits the degeneracy of the two states
lying 0.5—0.6 eV above the Fermi level and, noticeably, it opens a
nontrivial gap of 0.1 eV in the nodal line around the I'-point,
approximately 0.6 eV above the Fermi energy. It thus makes W)N3 a

topological metal. By using density functional perturbation theory
calculations through isotropical momentum-independent Eliash-
berg function, a large EPC constant A of 1.815, which is mostly
contributed by acoustic phonons (Fig. 5 (c)), was obtained by Jia-
nyong Chen et al. Furthermore, based on the McMillian-Allen-
Dynes formula, T¢ is estimated to be 24.58—20.06 K with the
effective screened Coulomb repulsion constant p* from 0.10 to 0.17.
Similar findings are approved by another group [54], where the EPC
constant A is calculated to be 1.47 and Tc = 21 K with p* = 0.1.
Analysis shows that such anomalous large EPC strength is origi-
nated from phonon-induced breaking of electronic degeneracies.
Consequently, W>Nj3 offers an ideal platform to study the interplay
between superconductivity and topological states for the coexis-
tence of superconductivity and nontrivial band topology.

Distinct with bulk systems, 2D materials provide a greater
possibility of manipulation by doping or by applying an external
strain. Davide Campi et al. [55] studied the influence of stain and
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electrical doping on the superconductivity of W>Ns. It is found that
the contraction of the lattice parameter brings a relatively slow
decrease of the superconducting transition temperature, see Fig. 5
(d). As for electron doping, the T¢ reduced in a moderate way, Fig. 5
(e), but it does not change the topological band structure of W,Ns.

2.3. 2.4 Interface induced Ising superconductivity

The discovery of ISC inspires further investigations on various
2D materials. However, as most 2D superconducting systems have
central inversion symmetry and cannot spontaneously generate
Zeeman-protected superconductivity, the development of 2D ISC
has been severely limited.

The interplay between charge, spin, orbital and lattice degrees
of freedom at interfaces can give rise to a wide range of remarkable
novel properties [23,59,60], which may provide a new strategy to
realize the 2D ISC. Yi Liu et al. [61] studied the superconductivity of
ultrathin Pb films grown on striped incommensurate (SIC) Pb layers
on Si (111) substrates by MBE. It is found that the in-plane upper
critical field of 6-ML Pb film exceeds 35.5 T at 2.8 K, which is far
beyond the Pauli limit B, (14.7 T). Since both free-standing Pb
atomic layers and Si substrate have central inversion symmetry, the
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Zeeman-protected superconductivity in this system should origi-
nate from the interface between them. Different from the hexag-
onal close-packed structure in a free-standing Pb atomic layer, the
Pb layer in the SIC phase is distorted which can extend to the
neighboring Pb layers as demonstrated by first-principle calcula-
tions. Such lattice distortion breaks the in-plane inversion sym-
metry and gives rise to Zeeman-type SOl in ultrathin Pb film on SIC.
Such results may provide a new perspective to expand the material
matrix available for 2D ISC.

3. Type-II ising superconductivity

For a long time since its first discovery, Ising superconductivity
has been considered to exist only in materials with broken space
inversion symmetry. However, unconventional superconducting
behavior has been uncovered recently in 1T-MoS, which retains
the inversion symmetry with the in-plane upper critical field far
exceeds the Pauli paramagnetic limit (Fig. 6 (b, c)) [62]. The spin-
valley locking and Rashba spin-orbit interaction are rule out to
interpret the He., enhancement because of the centrosymmetric
structure in 1T-MoS; nanosheets (Fig. 6 (a)). In particular, the He/
Hp in 1T-MoS; is smaller than MoTe; with similar thickness,
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Fig. 6. (a) Atomic model of 1T-MoS.. (b) Temperature dependence of resistance for trilayer sample under parallel magnetic fields. (c) The H.y/H, as a function of T/T, for 1T'-MoS,
samples with different thickness. The solid dots represent H., under parallel field and the hollow dots under perpendicular field. The dash line is the fit for 2D Ginzburg-Landau
model. Adapted with permission form REF [62]. Copyright 2019, Wiley-VCH. (d) Schematic picture of type-II Ising superconductivity. Near I, spin-up and spin-down are locked to
the two opposing orbitals (denoted by solid and dashed lines, respectively). They spit in energy for each orbital by a Zeeman-like field, whose sign is opposite for opposing orbitals.
The dashed and solid lines are degenerate in energy. (e) The relation between critical field B, normalized by Pauli limit By, with respect to temperature T, normalized by critical
temperature T.. (f) Candidate materials of type-II Ising superconductors. Blue markers indicate the relevant bands cross the intrinsic Fermi energy, and green (red) markers indicate
the relevant bands are below (above) the intrinsic Fermi energy. Solid (hollow) markers indicate inversion symmetric (asymmetric) materials. Triangular, rectangular, and rhombic
markers correspond to Cs, C4, S4 symmetric materials. Adapted with permission form REF [63]. Copyright 2019, American Physical Society.
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suggesting spin-orbit interaction plays significant role. Therefore,
further research is required to understand the mechanism of
anomalous enhancement of He; in 2D 1T-MoS,.

In 2019, Yong Xu et al. [63] proposed a new type of Ising su-
perconductivity mechanism, i.e. the second type of Ising super-
conductivity without destroying the space inversion symmetry,
based on 2D materials with multiple degenerate orbitals. In 2D
materials with lattice inversion symmetry, energy degeneracy
(such as in-plane Pxy orbit) will appear in the orbit of electrons,
which provides the possibility to explore new physics of spin orbit
coupling. Due to the spin orbit coupling effect, the clockwise and
counterclockwise in-plane electron orbit will produce effective
magnetic fields perpendicular to the plane in opposite directions.
Owing to such intrinsic magnetic field, the electron spin is polar-
ized, and the direction of polarization is out of the plane. In
centrosymmetric materials, despite the spin degeneracy, the elec-
trons with opposite spin are bound to the orbit with reverse mo-
tion, leading to a so-called spin-orbital locking, and the direction of
the intrinsic magnetic field felt by the electrons with different or-
bits is opposite (Fig. 6 (d)). Meanwhile, in materials with heavy
elements, SOC can produce ultrahigh intrinsic magnetic fields up to
thousands of teslas, which can effectively resist the external in-
plane magnetic field perpendicular to it. Therefore, superconduc-
tivity can survive in strong in-plane magnetic field in this kind of
material system, i.e. type-II Ising superconductors. The theoretical
calculation results showed that the upper critical field He of these
type-II Ising superconductors is much higher than that of general

Normal state

0

0 02 04 06 08
T(K)
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superconductors, which can significantly break through the Pauli
limit (Fig. 6 (e)). Besides, based on high-throughput first-principles
calculations, a large number of Ising superconductor candidates are
predicted, as can be seen in Fig. 6 (f), which can be used for sub-
sequent experimental verifications and practical applications.

3.1. Stanene

The superconductivity of tin has been studied for more than 100
years, but only exists in white tin ( - Sn). Another common phase
of tin is gray tin (a - Sn), which is a semi metal and has no super-
conductivity. In recent years, o - Sn has been recognized as a to-
pological insulator. Yong Xu and Shousheng Zhang [64,65]
predicted that the single layer & — Sn (111), namely stanene, which
has a hexagonal structure similar to graphene may hold significant
topological properties such as quantum spin Hall effect at room
temperature. Fig. 7 (a) illustrates the lattice structure of stanene,
the atomic arrangement of stanene follows the hexagonal honey-
comb structure of graphene but with a buckled form, which is due
to the sp?-sp> hybridization of Sn atoms [66,67].

In 2018, Qikun Xue et al. [68] successfully obtained flat thin o -
Sn films with high quality by means of MBE on lead tellurium
(PbTe) terminated silicon (111) substrate. Following electric and
magnetic transport measurements at low temperature revealed
that 2D superconductivity existed in thin o - Sn films down to 2
atomic layers, which is the first time to find superconductivity in
gray tin. The results show that the density of state of stanene is

of
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Fig. 7. () Lattice structure of stanene, the Sn atoms in upper/lower level are represented by blue and black balls respectively. (b) Temperature dependence of the in-plane upper
critical fields in few-layer stanene samples. Adapted with permission form REF [70]. Copyright 2020, AAAS. (c) Theoretical fitting of B/B, vs T/T; using a fixed Zeeman-type SOC and
increasing effective Rashba-type SOC. The inset shows the atomic model of PdTe,. (d) Arrhenius plot of the sheet resistance at different perpendicular magnetic fields from 0 to
0.897 T. Adapted with permission form REF [74]. Copyright 2020, American Chemical Society.
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modulated by the substrate, which leads to the appearance of su-
perconductivity. By changing the substrate thickness, they also
realized the transition from single band superconductor to double
band superconductor.

Very recently, Joseph Falson et al. [70] systematically investi-
gated the superconductivity in few layer Stanene («-Sn) with high
lattice symmetry and demonstrated the experimental observation
of type-II Ising superconductivity. They carried out in-situ rotation
measurements under high magnetic field at low temperature and
the behavior of the critical magnetic field of the samples with
different thicknesses in the whole superconducting temperature
range was systematically measured. It was found that the in-plane
upper critical field exceeds the Pauli limit by a factor of 2, Fig. 7 (b).
What's more, the divergent behavior of the critical magnetic field
when the temperature approaches to absolute zero has been clearly
observed, which is a typical evidence of Ising superconductivity.

3.2. 1T-PdTe,

PdTe; is known to become a superconductor below T, = 1.7 K
and has attracted a lot attention for having both superconductivity
and type-II Dirac fermions, which makes it an ideal platform for
exploring novel physics [71,72]. It is a layered material of a Cdl;-
type structure (P3m1) with in-plane inversion symmetry [73], as
shown in the inset of Fig. 7 (c). Recently, systematic transport
studies on the ultrathin PdTe; films grown on SrTiO3 (001) sub-
strate by MBE were performed by Jian Wang group [74]. It is found
that the Hc; of these ultrathin crystalline PdTe; films are more than
7 times the Pauli limit as confirmed by magnetoresistance mea-
surements, see Fig. 7(c). Besides, the temperature dependence of B|!
normalized by By, fits well with the theoretical formula for Ising
superconductor, indicating the enhancement of B, may originate
from Zeeman-protected Ising superconductivity. First-principles
calculations reveals that the protecting of Zeeman-type SOC
mainly comes from the band close to the I" point. Due to the spin-
orbital locking, which is introduced by SOC, the effective Zeeman
field Bsot; (Bso represents the Zeeman-type SOC strength and
7, = =1 label py + ipy orbitals) shows opposite signs for the py + ipy
orbitals. What's more, as ensured by the C3 rotational symmetry,
the direction of effective Zeeman field is out-of-plane, and its
magnitude can be extraordinarily large due to the strong SOC. As a
consequence, the electron spins are thus strongly polarized along
the out-of-plane direction. What's more interesting, there is an
anomalous metallic state exists in PdTe, as characterized by the
resistance saturation at low temperatures in a perpendicular
magnetic field, shown in Fig. 7(d).

4. Interactions with magnetism

Generally, superconductivity and magnetism are two antipa-
thetic condensed matters because of the opposing requirement on
electron spin configuration. However, fascinating phenomena may
appear when they are bound together, including unconventional
superconductivity and topological superconductivity [75—77]. The
atomically sharp interfaces between 2D layered Ising supercon-
ductor and magnetic materials presents an ideal platform to
explore new phenomena from coexisting superconductivity and
magnetic ordering.

CrBr; is a ferromagnetic semiconductor with out-of-plane
anisotropy [78]. Kaifeng Kang et al. [79] carried out tunneling
spectroscopy studies of NbSe,/CrB3/NbSe; tunnel junctions. Thanks
to the extremely high upper critical fields of NbSe;, the magneti-
zation of CrBr3 can be tuned to in plane by a relatively small in-
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plane magnetic field without decoupling the Cooper pairs in
NbSe,. As investigated via field-dependent tunneling spectroscopy,
when the in-plane magnetic field is increased to 1 T, which is much
higher than the in-plane saturation field, giant magnetoresistance
(~100%) appears near the coherence peak (Fig. 8 (a, b)), which is
originated from Spin-dependent interactions. What's more strik-
ing, as shown in Fig. 8 (c), a hysteresis behavior is observed albeit
there is no hysteresis in the CrBr3 magnetization. Such phenome-
non is not understood up to now, further in-depth studies are
needed.

As a phase difference ¢ develops between two superconductors,
a DC Josephson supercurrent I = I. sin(¢) flows through the
junction, where the critical current I¢is the maximum supercurrent
that can exist through the Josephson junction (J]). As can be ob-
tained from the above formula, the vanishing supercurrent at the
minimum energy imposes the condition that only ¢ = 0 or 7. For
conventional superconductors with spin-singlet pairing, the
spatially symmetric Cooper pair wavefunction enforces ¢ = 0 as the
ground state. However, when two superconductors are connected
across a ferromagnet (F), the transferred Cooper pairs can acquire
an additional phase when tunneling through the magnetic barrier
due to magnetic exchange interaction, yielding a spatial oscillation
of the superconducting order parameter in the barrier [80—82]. As a
result, for certain thickness of the F-barrier, the sign of the super-
conducting order parameter across the barrier can be reversed
caused by an exchange-energy driven phase shift [80,83—85],
resulting in a v-phase JJ. What's more, a parallel arrangement of 0-
and w—]J can lead to a degenerate -JJ, which holds promise in the
application of superconducting quantum electronic devices
[86—91].

Recently, the coupling between Ising superconductivity and
magnetism has attracted much attentions. P. Kim et al. [92]
demonstrated the engineering of doubly degenerate ¢-]Js in a vdW
system using an atomically thin NbSe; Ising superconductor and
the domain structure in the ferromagnetic semiconductor
CrGe;,Teg to form a coherent combination of 0 and 7 JJ segments.
CryGe,Teg is a vdW ferromagnetic semiconductor with out-of-
plane spin orientation, whose Curie temperature was found to be
about 64 K [93]. To probe the Josephson phase, they combined one
NbSe;/CroGe;Teg/NbSe; F-]JJ with one reference JJ (NbSe,/NbSe;) to
realize SQUID, and the edges of the top and bottom NbSe; flakes
were aligned to each to each other, which allows momentum-
conserving tunneling in such vdW heterostructures. The
measured maximal SQUID critical current I§QU,D((D) shows oscilla-

tions with the periodicity ®g = h/2e. While in the field range of
+1.2 mT, an irregular SQUID response was observed (Fig. 8 (d)),
with a telegraph-like signal oscillating between two metastable
critical current branches, which may indicate of a doubly degen-
erate ground state of such system. Besides, measurements of the
switching current reflect that none of the switching schemes pro-
vide 0 or v phase but ¢.. = 259° and ¢ = 59° as shown in Fig. 8 (e).
These findings imply that two switching current states exist in such
structure, which is also observed by Linfeng Ai et al. [94].

Due to the special spin configuration of NbSe, induced by
inversion symmetry breaking, the Josephson phase between Ising
Cooper pairs (ICPs) on the surfaces of NbSe;, across the ferromag-
netic barrier can be sensitively modified by the magnetization di-
rection. As illustrated by 8 (f), for out-of-plane magnetization, the
spin of the ICPs is aligned parallel or anti-parallel with the spin of
the MI, resulting in a negative sign of the wave function of ICPs
tunneling across the F-J], which sets the phase of the JJ ground state
to be ¢ = m [95]. On the contrary, for the magnetization deviate
from the out-of-plane direction, the spin of the ICPs can flip during
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Fig. 8. (a) Contour plot of tunneling spectrum as a function of in-plane field. (b) Differential conductance as a function of magnetic field at selected DC bias voltages. (c) Magnetic
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which implies the presence of two metastable state. (e) The Cr,Ge,Tes-SQUID oscillation. (f—h) Illustration of the Ising-Cooper-pair coupling through the magnetic tunneling
junction for perpendicular magnetization (f), for in-plane magnetization (g), and for magnetic multi-domain structure (h).

the tunneling process, leading to the ground state of the Josephson
junction to be ¢ = 0. As a result, due to the multi-domain state in
few layer CryGe,Tes, a degenerate ¢-]] is realized in NbSe,/
CryGe,Teg/NbSe, vdW heterostructures, as shown in Fig. 8 (g).

5. Attempts to create topological superconductivity

Topological superconductors and Majorana fermions (MFs) are
highly desirable from fundamental and technological views and
have triggered enormous interest in recent years [96—98]. MFs are
like to exist as quasiparticle excitations which are their own anti-
particles in certain condensed matter systems [99]. As MFs are non-
Abelian anyons, particle exchanges are non-trivial operations. That
is to say, different from other known particle types where an ex-
change operation merely has the effect of multiplying the wave-
function with +1 (for bosons) or —1 (for fermions), or a general
phase factor ¢ (for ‘ordinary’ (Abelian) anyons) [100—102]. Ex-
change the position of MFs thus does not depend on the method or
details of the execution, which is topologically protected and only
depends on the exchange statistics of quasiparticles, leading to the
potential applications in the fault-tolerant topological quantum
computation [103].

Systems simultaneously exhibiting superconductivity and
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spin—orbit coupling are predicted to provide a route toward to-
pological superconductivity and unconventional electron pairing,
driving significant contemporary interests in these materials [46].
Here, we will survey some recent works on engineering topological
superconductivity and realizing MFs in 2D Ising superconducting
systems.

Due to its distinctive spin orbital coupling effect, soon after the
discovery of 2D Ising superconductivity, researchers proposed that
it might be used to engineering topological superconductivity
[104—108].

In 2016, Benjamin T. Zhou et al. [104] theoretically reported that
Ising SOC in 2D Ising superconductors might introduce equal-spin-
triplet Cooper pairs with spin polarized to the in-plane directions. It
is showed that, by solving the Gor'kov equations, they obtained the
pairing correlations matrix of the 2D Ising superconductor defined
as:

Fo(k,E)= —i | eEHOIIC (1), C 1 5(0) }dt

o0
0
where o,  are the spin indices. For a new spin quantization axis
which forms an angle 6 with the z-axis, the paring correlations
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Fig. 9. (a) The schematic low-energy dispersion of a monolayer TMD. The green paraboloids represent the nearly spin-degenerate conduction band, and the orange and blue
paraboloids represent the spin-split valence bands for the spin-up and -down electrons, respectively. (b, ¢) Two different type of pairing: interpocket pairing (b) and intrapocket
pairing (c). cq,; (cq,;) denotes the annihilation operator for spin-up (-down) electrons on the pocket at valley K (K'), and q denotes the momentum relative to the pocket centres.

Adapted with permission form REF [107]. Copyright 2017, Springer Nature.

become:

Fy(k, E) — (fdz sin 6 W +d, cos H)

—Ys+d,cosf dysinf

where ¥ labels the spin-singlet pairing correlation amplitude, and
d, is the spin-triplet pairing correlation amplitude, which is
generated by Ising SOC. For spin quantization axis fixed along the x
direction with 6 = 7t/2, all the triplet Cooper pairs are formed by
equal-spin electron pairs with spins pointing to the in-plane di-
rections. Therefore, Cooper pairs can tunnel into the in-plane
polarized half metal (electrodes) without suffering severe sup-
pression. More importantly, they pointed out that, when placed a
half-metal wire on top of a 2D Ising superconductor, the spin-triplet
Cooper pairs could induce superconducting pairings in the wire,
resulting in a one-dimensional (1D) topological superconductor
with Majorana end states.

Stimulated by this work, research groups began to search for
topological superconductivity in 2D Ising superconducting systems.
It was found later that, beside the half-metal wires, a chain of
magnetic impurities may also create topological superconducting
states and thus Majorana fermion excitations in 2D Ising super-
conductors. Usually, in a superconducting system, magnetic im-
purities do harm to pairing and as a result sub-gap bound states
known as Yu-Shiba-Rusinov (YSR) states emerge [109—111]. By
introducing a single magnetic impurity, Girish Sharma and
Sumanta Tewari [105] discussed properties of YSR states on
superconducting MoS; surface. It was found that the magnetic field
response of STM zero bias peaks (ZBP) induced by YSR states is
strongly anisotropic in the presence of Ising SOC. Further, they
predicted the emergence of a topological superconducting phase
with zero energy MFs excitations for a chain of magnetic impurities
with moments parallel (or have a parallel component) to the plane
of 2D Ising superconductors. Almost at the same time, another
independent group also demonstrated similar predictions, that is,
Ising superconductors can support a topological superconducting
state in the YSR chain, as long as the magnetic moments have a
finite in-plane component [106]. Both works indicate that 2D Ising
superconductor is an ideal system for searching topological su-
perconductivity and MFs.

In addition to the above proximity-induced pairing, monolayer
TMDs itself can also lead to pairing possibilities for topological
superconductivity. Yi-Ting Hsu et al. [107] theoretically studied
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lightly hole-doped monolayer TMDs, and they proposed a new
strategy to realize topological superconductivity: to split the spin
degeneracy of fermions in momentum space. Due to the broken
inversion symmetry, the system goes through Ising SOC which acts
as opposite Zeeman fields on the two valleys. Besides, the Ising SOC
is orbital-selective and selectively affects the valence band with a
large spin-split. Fig. 9 (a) depicts the low-energy dispersion of a
monolayer TMD with the orange and blue paraboloids represent
the spin-split valence bands for the spin-up and -down electrons,
respectively. As a result, spin-valley-locked fermions can be ach-
ieved near the two valleys when the TMDs are slightly p-doped
(Fig. 9 (b, ¢)). It is shown that such spin-valley locking in hole-doped
TMDs together with repulsive interactions selectively favours two
topological superconducting states: interpocket paired state with
Chern number 2 and intrapocket paired state with finite pair
momentum.

Recently, Wen-Yu He et al. [ 108] reported that, by applying an in-
plane magnetic field which is higher than the Pauli limit but lower
than B, monolayer 2H—NbSe; and other superconducting TMDs
can be driven to nodal topological superconductors. Deferent from
Mo- and W- based materials, the chemical potential of NbSe; lies in
the valence band and the band splitting is still robust at the Fermi
energy even though the Fermi surface is far away from the K points,
which is critical to create the nodal topological phase. In the nodal
topological phase, bulk nodal points located on I'-M lines where
the Ising SOC vanishes are created by an in-plane magnetic field
and these nodal points are connected by Majorana flat bands.

6. Conclusion and perspectives

As a summarization, 2D Ising superconductivity has been a
growingly new topic in condensed matter physics. In this short
review, we have briefly gone through recent progresses in the in-
vestigations of 2D Ising superconductivity in various material sys-
tems, including metallic elemental superconductors, TMDs, and
Weyl semimetals. The spin-valley and/or spin-orbital locking
mechanism has led to emerging physical phenomena such as
largely enhanced in-plane critical field, which may find applica-
tions for superconductivity under high magnetic fields. In the
meantime, 2D Ising superconductors are predicted to be an ideal
platform for the investigations of quantum devices such as topo-
logical superconductors that take advantage of the parafermions
such as MFs. Currently, the possible schemes for realizing MFs are
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proposed in semiconductor nanowire/superconductor and quan-
tum anomalous Hall/superconductor heterostructures. Recently,
Wen-Yu He et al. [112] predicted that the in-plane magnetic field
can easily drive the phase transition toward a nodal topological
superconductivity in monolayer TMD, which is possibly an acces-
sible way to realize MFs. However, despite these intense theoretical
works, experimental realization of topological superconductivity is
still in its infancy. Novel materials as well as their nanostructures
are yet to be discovered experimentally for the advancement in the
research of Ising superconductivity. Besides, as mentioned in part
IV, heterostructures between Ising superconductors and ferro-
magnetic films have been proven to be the platforms performing
fruitful physics [113]. Therefore, more theory predictions and ex-
periments based on heterostructures are needed for the unraveling
of new physical phenomena. Last but not least, as theories have
proposed that type II Ising superconductivity can be realized in
diverse candidate materials, yet it is of great challenges to push one
step further toward the demonstration of applications based on the
quantum braiding of proximity induced topological superconduc-
tor from spin-triplet Cooper pairs.
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