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Abstract

In this article, we review the recent progress in surface atomic-layer superconductors on semiconductor substrates
with Rashba/Zeeman-type spin-orbit coupling (SOC). After introduction of some of the basics of Rashba/Zeeman-
type SOC and its effects on superconductivity, representative surface structures with relevant features are described
in terms of their crystalline and electronic properties. This is followed by recent experimental studies that have
revealed anomalous superconducting phenomena, which can be attributed to the effects of Rashba/Zeeman-type
SOC. Future prospects, likely to be driven by instrumentational developments, are given as a concluding remark.
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1 Introduction
Since the discovery of two-dimensional (2D) supercon-
ductors with atomic-scale thickness and well-defined
crystallinity, the research has seen a tremendous growth
in number and in diversity, involving many kinds of
superconducting materials and state-of-the-art technolo-
gies [1, 2]. For example, various kinds of atomically thin
layered materials such as transition-metal dichalcogen-
ides and high transition-temperature (Tc) cuprates have
been fabricated by molecular beam epitaxy, liquid-ion
gating, mechanical exfoliation, and van der Waals het-
erostructure assembling [3–8]. These studies have dem-
onstrated that superconductivity can indeed exist in the
atomic-scale 2D limit against a naive expectation. Sur-
prisingly, superconductivity is sometimes induced or
strongly enhanced in this regime as revealed in FeSe
monolayers on SrTiO3 and twisted bilayer graphene with
moiré patterns [4, 7].
Among all, surface atomic-layer superconductors on

semiconductor substrates [9–15], one of the earliest dis-
coveries in this family, are considered prototypical 2D
superconductors due to their simple chemical and

crystal structures. They typically consist of one or two
layers of metal atoms chemically adsorbed on a clean
semiconductor surface, featuring crystal symmetries, and
electronic structures distinct from those of the bulk
counterparts. Due to the ultrahigh vacuum environment
usually required, their fundamental microscopic proper-
ties can be readily accessed through surface-sensitive
techniques such as scanning tunneling microscopy
(STM) [14, 16–19]. This makes a sharp contrast to other
kinds of 2D superconductors, which are mostly confined
to a buried interface and thus cannot be probed with
such techniques. One of the important aspects of surface
atomic layers is the fact that they are coupled to the sub-
strate with chemical bonds. This inevitably breaks the
inversion symmetry of the crystal and induces asymmet-
ric charge distribution in the out-of-plane direction,
which leads to Rashba-type spin-orbit coupling (SOC)
[20–27]. Important consequences of Rashba-type SOC
are the lifting of the spin degeneracy of electronic bands
and resulting spin polarizations in the momentum space,
which is referred to as the Rashba effects. For surface
atomic layers on semiconductors, the Rashba effects
have directly been observed through angle-resolved
photoemission spectroscopy (ARPES) and spin-resolved
ARPES (SARPES) [28–32].
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Notably, superconductivity can strongly be influenced
by the presence of Rashba-type SOC, because Cooper
pair formation is sensitive to the spin splitting of the
Fermi surface. Very exotic phenomena caused by
Rashba-type SOC have already been predicted, e.g.,
singlet-triplet mixing in Cooper pairs [33, 34],
supercurrent-induced spin polarization and its inverse
effect [35–38], enhanced critical magnetic field due to
the suppression of the Pauli paramagnetism [34, 36, 38,
39], and superconducting states with a spatially modu-
lated order parameter [40–44]. Experimental investiga-
tions on these novel phenomena have already started
with non-centrosymmetric heavy-fermion superconduc-
tors in bulk forms [45–49], but evidence for them has
often been elusive. This is partly due to the complexity
of the electronic/magnetic states of the target materials
and difficulties in preparing high-quality single crystals
or films. By contrast, surface atomic layers are simple in
terms of their crystalline structures and chemical com-
positions, and their electronic states are understandable
without considering complex correlation effects. Their
ideal 2D character originating from the ultimate atomic-
scale thickness is also advantageous because one can
safely neglect the electron orbital effects in the out-of-
plane direction. Therefore, the surface atomic layers are
potentially regarded as model superconductors with
Rashba-type SOC.
In this review article, we introduce the recent progress

in surface atomic-layer superconductors with Rashba-
type SOC. The topics also include closely related
Zeeman-type SOC, which is often found for surface
atomic layers. Although the development of the field
treated here is still in the nascent stage, our trial should
stimulate researchers in both surface science and super-
conductivity communities and will hopefully bridge the
gap between them. The present paper is organized as
follows. In Section 2, we explain some of the very basics
of Rashba/Zeeman-type SOC and its effects on super-
conductivity. Section 3 introduces representative surface
atomic-layers superconductors with Rashba/Zeeman-
type SOC. In Section 4, we elaborate recent experimen-
tal studies related to the present topics. Finally, the fu-
ture prospect is described in Section 5.

2 Rashba/Zeeman-type SOC and its effects on
superconductivity
2.1 Basics of Rashba/Zeeman-type SOC
The quantum states of electrons in a crystal are gov-
erned by the symmetries of the system. Let us consider a
one-electron state with crystal momentum k (referred to
as momentum for simplicity) and spin α (α = ↑, ↓) , the
eigenenergy of which is E(k, α). If the crystal has the in-
version symmetry, a relation E(−k, α) = E(k, α) holds be-
cause the parity operation applies only to the orbital

degree of freedom. By contrast, if the system has the
time reversal symmetry (i.e., no magnetic field or ex-
change interaction), a relation E(−k, −α) = E(k, α) holds
since the time-reversal operation applies to both the or-
bital and spin degrees of freedom. These two equations
lead to a relation E(k, −α) = E(k, α), requiring that the
electronic states in a system with both inversion and
time-reversal symmetries are always spin-degenerate
[50].
If the inversion symmetry of the crystal is absent, the

above relation does not hold anymore, i.e. E(k, −α) ≠
E(k, α), due to the presence of spin-orbit coupling (SOC)
in general. Nevertheless, for the states with k = 0, E(0,
−α) = E(0, α) is guaranteed from the time-reversal rela-
tion and thus these states are spin degenerate. This spe-
cial relation is not only applied to the states with k = 0
but also to those with a time reversal invariant momen-
tum (TRIM), which is defined as a momentum q that
satisfies a relation −q +G = q (G is a reciprocal lattice
vector). Because of this relation, E(q, −α) = E(−q, α) =
E(−q +G, α) = E(q, α) holds. As k is moved away from a
TRIM point, the degeneracy of the two states with the
same k but the opposite spins is lifted and the energy
separation increases.
Let us consider a 2D surface system with a square or

triangular lattice, whose 2D Brillouin zone is depicted in
Fig. 1a. Since the inversion symmetry is broken on the
surface in the normal direction, the band degeneracy
should be generally lifted around the TRIM points. For a
small electron momentum k near the Γ point, the band
splitting is described by the following Hamiltonian [51]

H ¼ ℏ2k2

2m� þ HR ð1Þ

HR ≡ αRðẑ� kÞ � σ ð2Þ

where k = ∣ k ∣ , m∗is electron effective mass, αR is the
Rashba parameter, ẑ is the unit vector in the normal dir-
ection, and σ is the Pauli matrix for spin. The interaction
described by Eq. (2) is called the Rashba-type SOC,
which was first applied to Wurtzite crystals and the 2D
electron gas formed at AlGaAs/GaAs heterostructures
by Rashba and coworkers [20, 21]. The eigenenergy of
this Hamiltonian can be obtained as

E�ðkÞ ¼ ℏ2k2

2m� � αRk ð3Þ

(Fig. 1b). The energy splitting on the Fermi surface
(FS) ΔEF is equal to 2αR kF, where kF is the Fermi wave-
number. The corresponding eigenstates are spin-
polarized states with the spin quantization axes fixed
perpendicular to both k and ẑ within the 2D plane. The
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sign ± in Eq. (3), denoted as band helicity λ, corresponds
to the spin direction. Accordingly, the FS splits into two
concentric circles with chiral spin polarization structures
(Fig. 1f). This type of band degeneracy lifting is called
the Rashba-type spin-splitting. Depending on the sym-
metry of the system, it can be found not only around Γ
point but also around other TRIM1. The size and sign
of αR are dependent on actual material parameters of
the relevant system, and ΔEF can be as large as
100 meV–1 eV when the surface consists of heavy el-
ements [23, 25]. This huge value cannot be explained
by a simple 2D free-electron model, and is attributed
to a large SOC at the composing atoms and to the
asymmetry of charge distribution around the nuclei of
the topmost layer [24, 26]. Furthermore, orbital angu-
lar momentum localized on atomic sites plays a cru-
cial role in real materials [27, 52].
For large k values, the spin-split FSs are not circular

anymore because of higher-order k terms added in the
energy dispersion in Eq. (3) [53]. Furthermore, for many
kinds of surface 2D crystals, the inversion symmetry is
broken not only in the out-of-plane direction but also in
the in-plane directions. This allows the presence of the
out-of-plane component in spin polarization vectors in

general, in contrast to the ideal Rashba-type spin split-
ting. The details of band splitting and spin structure are
dependent on crystal symmetry, relevant electronic
band, TRIM point, etc. [29, 49, 51, 53, 54], but the spin
splitting is often called “Rashba-type” if its structure is
analogous to the one described above.
The atomic layers on Si(111) or Ge (111) surfaces with

(1 × 1) periodicity, for which the in-plane inversion center
is lacking, have interesting properties arising from the
symmetry of plane group p3m1 (e.g., see Fig. 1d) for the
atomic structure of Si(111)-(1 × 1)-Tl) [51, 55, 56]. Among
the high-symmetry points in its Brillouin zone (Fig. 1a),

the K and K0 points are not TRIM points since the relation
−q +G = q does not hold, and a Rashba-type splitting is
absent there. Instead, a new “Zeeman-type” spin splitting
(and SOC) exists due to the C3 symmetry of these points2.
Namely, the electronic band is split in energy without

crossing at the K/K0 point, and spin polarizations at the
split bands are opposite and align precisely in the out-of-
plane direction (Fig. 1,c g). The Zeeman-type SOC can be
described by a Hamiltonian of the form

Hzðk þ ϵK Þ ≡ ϵβẑ � σ ð4Þ

Fig. 1 Schematic drawings of 2D crystal structures and Rashba/Zeeman-type SOC. a 2D Brillouin zones of square (left) and triangular (right)

lattices. The red lines represent the 2D Brillouin zone boundaries. The solid circles (Γ, X, M) and open circles (K; K0) represent TRIM points and non-
TRIM points, respectively. b, c Spin-split energy bands and spin structures due to b Rashba-type SOC and c Zeeman-type SOC. d, e Atomic
structure models of d Si(111)-(1 × 1)-Tl [56] and e MoS2 monolayer [60, 61]. The red parallelograms show the unit cells. f, g Spin-split Fermi
surfaces and spin structures at E = EF due to f Rashba-type SOC and g Zeeman-type SOC

1The Rashba-type spin splitting exists around the K point for a tri-
angular lattice with the symmetry of plane group p31m, although the
K point is not a TRIM point [29, 51].

2Zeeman-type SOC is also called Ising(-type) SOC in the field of
superconductivity.
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where ϵ = ± 1 is the valley index corresponding to the

K and K
0
points, K is the momentum of the K point, and

β is the strength of Zeeman-type SOC [57–59]. Notably,
Zeeman-type spin splittings also exist for MoS2 and
NbSe2 monolayers fabricated by liquid-ion gating or
mechanical exfoliation [6, 59–61]. In contrast to their
bulk counterparts, monolayers with the half-unit cell
thickness lack the inversion symmetry in the in-plane
direction and belongs to plane group p3m1 (e.g., see
Fig. 1e) for the atomic structure of MoS2 monolayer). At

the K/K0 point of the Brillouin zone, only a Zeeman-type
spin splitting is allowed due to its symmetry.
The effect that the spin polarization direction is fixed

by the momentum of the electron is called spin-
momentum locking3. The difference in spin polarization
directions for Rashba- and Zeeman-type SOCs plays an
important role when considering the response of a 2D
superconductor to strong magnetic fields, as will be dis-
cussed in Section 2.2.2 and Section 4.2.

2.2 The effects of Rashba/Zeeman-type SOC on
superconductivity
The studies on the influences of Rashba-type SOC on
superconductivity can be traced back to the work by
Edelstein. For a superconductor with a Rashba-type spin
splitting, Edelstein predicted spin-singlet/triplet mixing
in Cooper pairs [33] and current-induced magnetization
(spin polarization) [35] exactly like in a normal metal
[62]. Since then, a variety of phenomena caused by
Rashba/Zeeman-type SOC have been investigated theor-
etically. In the following, some of the main results are
presented while focusing on their basic concepts. For
more comprehensive reviews, the readers are referred to
Ref. [38, 48, 49, 63].

2.2.1 Singlet-triplet mixing in Cooper pairs
For a superconductor with the inversion symmetry, it is
well known that Cooper pairs can be classified into two
kinds: a spin-singlet state with an even-parity orbital
wavefunction and a spin-triplet state with an odd-parity
orbital wavefunction. Namely, if the orbital part is even
(odd) in terms of exchange of two particles, it requires
the spin part to be odd (even) due to the fermionic na-
ture of electrons. This means that the Cooper pair is a
spin-singlet (spin-triplet) state. The conventional
Bardeen-Cooper-Schrieffer (BCS)-type superconductors
have spin-singlet Cooper pairs with an s-wave orbital.
However, if the inversion symmetry of the system is

broken, the spin singlet and triplet states can be mixed
because of SOC [33, 34, 39–41]. We show below how
such a paring can be allowed by following the treatment
of Ref. [63].
Let us consider the free-electron-like FS with a

Rashba-type spin splitting, for which the inner and outer
bands are denoted by helicities λ = ± (Fig. 2a). Since the
spin is locked perpendicular to the momentum, the
states with momentum k for the λ = ± bands are
expressed as

Fig. 2 Schematic illustrations of the effects of Rashba-type SOC on
superconductivity. a Cooper pair formation on the spin-split FSs.
Only the pairing within the λ = + band (between |k, + and
|−k, + ) or the λ = − band (between |k′, − and |−k′, − ) is
allowed. b Shift of the spin-split FSs due to an in-plane magnetic
field. Each FS shifts by ±q in the directions perpendicular to the
filed. The dashed arrows indicated the Cooper pair formations on
individual helicity bands. The green arrows illustrate the summation
of the effective inner field γ and the external field H∥

3For the system with Zeeman-type SOC, it is also called spin-valley
locking because the spin direction is determined by the valley index of
the K=K0 point. In the present paper, for simplicity, we refer to all the
spin locking mechanism due to the Rashba/Zeeman-type SOC as spin-
momentum locking.
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k;þj ⟩ ¼ k; ↑i þ ieiϕk k; ↓ij��� �
=

ffiffiffi
2

p
ð5Þ

k;−j ⟩ ¼ ie−iϕk k; ↑iþ k; ↓ijj� �
=

ffiffiffi
2

p
ð6Þ

where ↑↓ indicates up and down spins along the z axis
and ϕk is the azimuthal angle of k. Eqs. (5) and (6) are
also expressed as

a†kþ ¼ ða†k↑ þ ieiϕk a†k↓Þ=
ffiffiffi
2

p
ð7Þ

a†k− ¼ ðie−iϕk a†k↑ þ a†k↓Þ=
ffiffiffi
2

p
ð8Þ

where a†k� , a
†
k↑ , a

†
k↓ are the creation operators for the

states |k, ±⟩, ∣ k, ↑ ⟩ ∣k, ↓ ⟩, respectively. While Cooper
pairs are formed by paring ∣k, ↑ ⟩ and ∣ − k, ↓ ⟩ (also
∣k, ↓ ⟩ and ∣ − k, ↑ ⟩) in the conventional supercon-
ductor, they involve pairings between the states on the
same helicity band for a Rashba-split system: |k, +⟩
and |−k, +⟩ for the λ=+ band, and |k′,−⟩ and |−k′,−⟩
for the λ=− band (see the dashed arrows in Fig.
2(a)). This leads to an effective paring Hamiltonian of
the form

Hpair ¼
X

k

fΔþðkÞie−iϕk a†kþa
†
−kþ þ Δ−ðkÞ

� ð−ie−iϕk Þa†k−a†−k−g þ h:c: ð9Þ

where Δ±(k) denote the pair potentials for λ = ± pair-
ings and h.c. stands for Hermitian conjugate. Here, the
phase factors �ie∓iϕk are inserted for convenience. By
substituting Eqs. (7) and (8), we arrive at a Hamiltonian
of the form

Hpair ¼
X

k

ða†k↑; a†k↓Þð
ΔþðkÞ−Δ−ðkÞ

2
e−iϕk

ΔþðkÞ þ Δ−ðkÞ
2

−
ΔþðkÞ þ Δ−ðkÞ

2
ΔþðkÞ−Δ−ðkÞ

2
eiϕk

Þð
a†−k↑

a†−k↓

Þ þ h:c

¼
X

k

ða†k↑; a†k↓ÞfφðiσyÞ þ d � ðiσσyÞgð
a†−k↑

a†−k↓
Þ þ h:c

where

φ ≡
ΔþðkÞ þ Δ−ðkÞ

2

d ≡
ΔþðkÞ−Δ−ðkÞ

2
ð−sinϕk ; cosϕk ; 0Þ

ð10Þ

are the pair potentials for the spin singlet and triplet
components, respectively. If Δ+(k) =Δ−(k), the Cooper
pair is a pure singlet state, but singlet and triplet states
can be mixed in general. Note that d is parallel to the
spin quantization direction (− sin ϕk, cos ϕk, 0). The
result fulfills the condition required for the triplet com-
ponent to persist in a superconductor without inversion
symmetry [39].

2.2.2 Suppression of the Pauli paramagnetism and
enhancement of critical magnetic field
When a strong magnetic field is applied to a conven-
tional type II superconductor, vortex supercurrents are
generated. The increase in kinetic energy due to the cur-
rents suppresses superconductivity and completely de-
stroys it at the upper critical field Hc2. This mechanism
is called the orbital pair-breaking effect. However, when
an in-plane field is applied to an atomically thin 2D
superconductor, this orbital effect is nearly absent be-
cause supercurrents cannot run in the out-of-plane dir-
ection. In this case, spin-singlet Cooper pairs are
destroyed by so-called paramagnetic pair breaking effect,
i.e., by field-induced parallel alignment of electron spins.
At T = 0, this occurs when the paramagnetic energy gain
acquired by a transition to the normal state becomes
equal to the superconducting condensation energy [64,
65]. Denoting the critical field as HP for this mechanism,
the condition is expressed as

1
2
χ0nH

2
P−

1
2
χ0sH

2
P ¼ 1

2
N 0ð ÞΔ 0ð Þ2 ð11Þ

Here, χ0n and χ0s are the paramagnetic susceptibility in
the normal and superconducting states, respectively,
N(0) is the density of states per spin at the Fermi level,
and Δ(0) is the superconducting energy gap at T = 0. For
a metal, χ0n is given by Pauli paramagnetic susceptibility
χP ¼ 2μ2BNð0Þ, and χ0s = 0 at T = 0 for spin-singlet states.
From these relations, one obtains the critical field HP as

μBHP ¼ 1ffiffiffi
2

p Δ 0ð Þ ð12Þ

The HP determined from Eq. (12) is called the Pauli
(or Clogston-Chandrasekhar) limit. For a BCS supercon-
ductor, HP amounts to 1.86 T for Tc = 1 K (Δ(0) =
1.76 kBTc). This result can be strongly modified by the
presence of the Rashba/Zeeman-type SOC and the spin-
momentum locking (see Section 2.1) as shown below.
In the case of the Zeeman-type SOC, which locks spin

polarization in the out-of-plane direction (Fig. 1c, g), the
in-plane critical field Hc2∥ can be drastically enhanced
beyond the Pauli limit HP [34, 36, 39]. This is because
the Zeeman energy μBσ ⋅H is zero when the spin mag-
netic moment −μBσ is locked perpendicular to the ap-
plied field H. Namely, the Pauli paramagnetism is absent
even in the normal state. Nevertheless, the spin can be
slightly tilted toward the field direction by the second-
order Perturbation due to the μBσ ⋅H term. When inte-
grated over the whole occupied k states, the shift in spin
direction leads to a susceptibility equal to χP. This mech-
anism is referred to as Van Vleck paramagnetism4. The
susceptibility χV in this case is essentially constant for
both normal and superconducting states, i.e., χ0n = χ0s =
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χP, if the splitting energy is much larger than the super-
conducting energy gap. Therefore, Hc2∥→ ∞ at T = 0 is
deduced from the Eq. (11).
In the case of Rashba-type SOC, the above mechanism

is applicable to an out-of-plane magnetic field because
the spin polarizations are confined in the in-plane direc-
tions in this case (Fig. 1b, f). If the orbital pair-breaking
is absent by some reason (e.g., by extremely large effect-
ive electron mass [38]), one obtains the critical magnetic
field Hc2⊥→ ∞ at T = 0. However, for an in-plane mag-
netic field, the Hc2∥ enhancement effect is much weaker.
Since the spin rotates as a function of the azimuthal
angle ϕk of the momentum k, Van Vleck paramagnetism
dominates over the Pauli counterpart only in the region
where k is nearly perpendicular to H. In this region,
χ0n ≈ χ0s≈ χP. By contrast, for the region where k is nearly
parallel to H, Pauli paramagnetism dominates over the
Van Vleck counterpart, i.e. χ0n ≈ χP and χ0s ≈ 0. The inte-
gration over the k states results in an equal contribu-
tions from the Pauli and Van Vleck paramagnetisms, i.e.,
χ0n= χP and χ0s= χP/2. Therefore, one obtains Hc2∥ ¼ ffiffiffi

2
p

HP at T = 0 from the Eq. (11) [34, 36].

2.2.3 Spatially modulated superconducting states
When an in-plane magnetic field H∥ is applied to a sys-
tem with Rashba-type spin-splitting, it couples with the
electron spins through the Zeeman energy. Since the
spin direction is locked perpendicular to the momen-
tum k in a Rashba system, it leads to a shift of the spin-
split Fermi surface (FS) in the momentum space in two
opposite directions (Fig. 2b) [43, 66]. In the supercon-
ducting state, this coupling induces unique spatial mod-
ulations of the order parameter as shown below.
Let us consider Rashba-type spin-split FSs of a 2D

free-electron system described by the Hamiltonians of
Eqs. (1) and (2).The Rashba Hamiltonian can be
expressed as HR = μBσ ⋅ γ if one defines an effective in-
ternal field by γ ≡ αRðẑ � kÞ=μB . With the addition of
the external field H∥, the total effective field becomes
γ +H∥. If the Rashba splitting energy μB|γ| is much lar-
ger than the Zeeman energy μB ∣H∥∣, the energy dis-
persion for band helicity ± is given by [40, 48]

ϵ�ðk;H∥Þ ≈ ℏ2k2

2m� � μBjγj � μBγ̂ �H∥

¼ ℏ2k2

2m� � μBjγj∓μBðẑ �H∥Þ � k̂ ð13Þ

where γ̂ and k̂ are the unit vectors along γ and k, re-
spectively. By requiring the condition ϵ±(k + q,H∥) =
ϵ±(k,H∥ = 0), the shift of the FS q is determined to be

q ≈ � μB
ℏvF

ẑ �H∥; jqj ≈ μBH∥

ℏvF
: ð14Þ

where vF ≡ ℏkF/m
∗ is the Fermi velocity. The FSs with

the helicities ± shift in opposite directions perpendicular
to H∥. Since ϵ±(k + q,H∥) = ϵ±(k,H∥ = 0) = ϵ±(−k,H∥ =
0) = ϵ±(−k + q,H∥), Cooper pairs may be formed within
each FS between the states k + q and −k + q at strong
fields above ~HP (see the dashed arrows in Fig. 2(b)).
This leads to the formation of Cooper pairs with finite
momentum ±2q, with a spatial modulation of the order
parameter in the form of Ψ(r) ∝ {exp(i2q ⋅ r) + exp(−i2q ⋅
r)}/2 = cos(2q ⋅ r) [40, 43, 66]. This state is analogous to
the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state real-
ized without Rashba-type SOC [67, 68], and is often
called by the same name.
When the FFLO state is absent at low magnetic fields

or destroyed by impurity scatterings, the competition be-
tween the two spin-split FSs becomes important. The
relative difference in the density of states on the FSs in
the order of αR/ℏvF leads to a spatial modulation of the
order parameter in the form of Ψ(r) ∝ exp(i2q ′ ⋅ r) [41–
44, 66]. The wavevector q′ is given by

jq′j ¼ jqj αR
ℏvF

≈
μBH∥αR
ℏ2v2F

; q′∥ẑ �H∥ ð15Þ

This spatially modulated superconducting state is
called the helical state. The helical state is closely related
to the supercurrent induced by magnetoelectric effect of
Rahsba-type SOC, which is also proportional to αR/ℏvF
[36]. This supercurrent is driven by the in-plane mag-
netic field H∥ in the direction of ẑ �H∥ , but there also
exists a counter supercurrent running in the opposite
direction due to the phase gradient of the helical phase.
These two currents cancel with each other in an isolated
system [43].

3 Surface atomic-layer superconductors with
Rashba/Zeeman-type SOC
In this section, representative surface atomic layers with
Rashba/Zeeman-type SOC are described in terms of
their basic crystalline and electronic structures. The
emergence of superconductivity at low temperatures,
through either an intrinsic phase transition or the prox-
imity effect, has been confirmed for these materials.
Here, 1 ML of an adsorbed layer is defined as a nominal
coverage corresponding to one atom per (1 × 1) unit cell
of the underlying substrate. Periodicity is also taken
against the (1×1) unit cell of the substrate.

3.1 Ge(111)-β(√3×√3)-Pb
This surface structure consists of a single atomic layer of
Pb grown on the Ge(111) surface, with the resulting
periodicity of (√3 × √3) (nominal coverage of Pb = 4/

4Conventionally, Van Vleck paramagnetism refers to the magnetism of
atoms, ions, etc. without magnetic moments, which is derived by the
second order perturbation due to the Zeeman interaction.
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3 ML) (Fig. 3a, b) [28, 69, 70]. The Pb layer resembles a
close-packed triangular lattice but deviates from it due
to the influence of the substrate. One of the four Pb
atoms per unit cell is located at the hollow site (H3 site)
of the Ge(111) surface, forming a tetramer together with

the other three Pb atoms. The total crystal structure be-
longs to plane group p31m (point group C3v). The pres-
ence of heavy element of Pb on the top surface indicates
a large Rashba-type spin splitting for this surface, which
was experimentally demonstrated through ARPES and

Fig. 3 Crystalline and electronic structures of Ge(111)-β(√3 × √3)-Pb. a Atomic structure model. b Low energy electron diffraction (LEED) pattern.
c, d Spin-unpolarized ARPES spectra. e Spin-resolved ARPES spectra measured at several selected angles. Reprinted by permission from Macmillan
Publishers Ltd.: K. Yaji, et al. Nat. Commun. 1, 17 (2010) [28], copyright 2010. http://dx.doi.org/10.1038/ncomms1016
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SARPES measurements [28]. Large hexagonally-shaped
FSs around the Γ point have clearly been observed with
an energy splitting of ~ 200 meV, and the detected chiral
spin structure is typical of a Rashba system (Fig. 3c–e).
Nevertheless, large out-of-plane spin components was
also predicted based on ab initio calculations [71],
reflecting the absence of a mirror plane along the Γ−M
direction [26].
Ge(111)-β(√3 × √3)-Pb is the first example of metal

atomic layers on a semiconductor surface with Rashba-
type spin-split FS. The combination of the metallic sur-
face and the semiconducting (i.e., insulating at low tem-
peratures) substrate allows one to search for
superconductivity in this system. It retains a metallic be-
havior at very low temperatures, but does not exhibit a
superconducting transition down to 0.5 K [72, 73].
Nevertheless, it is possible to induce superconductivity
in Ge(111)-β(√3 × √3)-Pb through the proximity effect
when isolated Pb islands are grown on top of it, as re-
vealed by electron transport and STS measurements [73,
74]. (Note that Ge(111)-SIC-Pb observed in Ref. [74]
consists of spatially modulated Ge(111)-β(√3 × √3)-Pb
domains.) Considering the well-characterized FS with a
huge Rashba-type spin splitting, the present system can
be an excellent candidate for studying a 2D supercon-
ductor with a strong Rashba effect.

3.2 Si(111)-(√3 × √3)-TlPb
Si(111)-(√3×√3)-TlPb is made of a single atomic layer of
Tl-Pb alloy grown on the Si(111) surface (Fig. 4a, b)
[75]. The surface atomic layer consists of a kagome lat-
tice of 1 ML Tl atoms overlayed with a triangular lattice
of 1/3 ML of Pb. The Pb atoms, located at the T4 sites
of the underlying Si surface, fill the empty cores of the
Tl kagome lattice, forming a nearly flat layer with the
periodicity of (√3 × √3). The total crystal structure be-
longs to plane group p31m (point group C3v). Since both
Pb and Tl are heavy elements, a strong Rashba-type spin
splitting can be naturally expected. The electronic band
structure revealed by ARPES indeed shows such features
(Fig. 4c )[75]. The two sets of spin-split FSs have been
found around the Γ point and near the Brillouin zone
boundary, and the energy splittings of the inner and
outer FSs amount to 250 and 140 meV at maximum, re-
spectively. The inner FSs are close to a circle in shape
while the outer FSs are nearly hexagonal. Furthermore,
the spin polarizations obtained by ab initio calculations
point to the tangent directions on the former, while sig-
nificantly deviating from them on the latter. Both sets of
FSs exhibit sizable out-of-plane spin component in the Γ
−M direction where a mirror plane is absent.
Superconducting transition at 2.25 K has been found

for Si(111)-(√3×√3)-TlPb through electron transport

measurements [31], which has made this system the first
surface atomic-layer superconductors with Rashba-type
SOC. The Ginzburg-Landau (GL) coherence length at
T = 0, ξGL(0), was estimated to be ~ 22 nm from the
temperature dependence of out-of-plane upper critical
magnetic field, Hc2⊥(T). The well-characterized crystal-
line and electronic structures, a large Rashba-type spin
splitting, and relatively high Tc make this system one of
ideal candidates for investigating the effects of Rashba-
type SOC on superconductivity.

3.3 Si(111)-(√7×√3)-In
This surface structure has been known for a long time
[76] and attracted attentions because of their metallic
free-electron-like character revealed by ARPES measure-
ments [77]. The same study also found a large electron-
phonon coupling, which suggests the possibility of a
superconducting transition. Following the finding of
superconducting energy gap formation at T = 3.18 K
using STM [11], its superconducting transition was dir-
ectly observed through electron transport measurement
[12]. This has made this system one of the first 2D su-
perconductors with atomic-scale thickness and well-
defined crystal structures. The surface structure can be
viewed as double atomic layer of In (corresponding to
one unit cell of In(001) planes) deformed to have cova-
lent bondings with the Si(111) surface, resulting in the
periodicity of (√7 × √3) (see Fig. 5a, b) [78–80]. The
nominal coverage of In is 2.4 ML. While the In layers
have a pseudo-four-fold symmetry, the total crystal
structure including the Si substrate has the C1h sym-
metry with a mirror plane along the ½112� direction.
Very recent ARPES/SARPES measurements and ab

initio calculations have revealed that the FS of Si(111)-
(√7 × √3)-In is spin-split due to the SOC (Fig. 5c, d) [32,
81]. The splitting energy at the FS centers around 15–
20 meV, but it amounts to ~ 100 meV in some of the re-
gions. The spins are polarized in the momentum space
to the tangential directions on the “arc” region of the FS,
being consistent with Rashba-type SOC. By sharp con-
trast, in the “butterfly” region of the FS, the spins point
nearly perpendicularly to the Fermi contours. They
abruptly change their directions when passing through
the Γ−X line, as required by the mirror symmetry re-
garding the Γ−Y line and the time-reversal symmetry.
This unique spin structure can be beautifully explained
by the orbital angular momentum (OAM)-based picture
[27, 52]; the OAM is stabilized by the coupling between
the OAM-induced electric dipole moment and the elec-
tric field in the out-of-plane direction, which in turn de-
termines the spin direction through atomistic SOC.
Nevertheless, the spin directions are confined in the in-
plane except the crossing points on the Γ−X line. In this
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sense, the spin splitting in this surface may be catego-
rized as a Rashba-type. This fact has important implica-
tions in terms of the nature of superconductivity under
strong in-plane magnetic fields (see Section 4.2).
The superconducting properties of this surface struc-

ture have been well studied by means of electron trans-
port and STM measurements [11–13, 16, 19, 81, 82].
The GL coherence length ξGL(0) is estimated to be 25–
50 nm [13, 16, 81]. Interestingly, Josephson vortices
trapped at atomic steps were observed with STM [16].
This offers clear evidence that an atomic step works as a
Josephson junction, reflecting the fact that supercurrents
run only through the surface In layers.

3.4 Si(111)-SIC-Pb
Si(111)-SIC-Pb is made of a single Pb atomic layer on
Si(111) with a nominal coverage of ~ 4/3 ML, which is
routinely observed as a Pb-covered Si(111) surface (SIC
stands for “striped incommensurate”) [83, 84]. It is a
superstructure consisting of two kinds of Si(111)-
(√3 × √3)-Pb phases with different adsorption geom-
etries: one with the center Pb atom of a tetramer located
at the H3 site and the other at the T4 site, separated by
quasi-(√7 × √3) domain walls (Fig. 6a–c) [85, 86]. The
(√3 × √3) phase with the H3 site is identical to Ge(111)-
β(√3 × √3)-Pb when Si is replaced with Ge. Since the
two phases with H3 and T4 geometries are very close in

Fig. 4 Crystalline and electronic structures of Si(111)-(√3 × √3)-TlPb. a High-resolution (5 × 5 nm2) STM image. b Atomic structure model. c Fermi
surface obtained through ARPES measurement (upper panel) and ab initio calculations (lower panel). Reprinted figure with permission from A. V.
Matetskiy et al. Phys. Rev. Lett. 115, 147003 (2015) [31]. Copyright 2015 by the American Physical
Society. http://link.aps.org/doi/10.1103/PhysRevLett.115.147003

Uchihashi AAPPS Bulletin           (2021) 31:27 Page 9 of 20



energy, both appear in Si(111)-SIC-Pb as narrow do-
mains. The local symmetry within each domain is C3v

(plane group p31m), but the formation of the super-
structure lowers the whole symmetry to C1.
Ab initio calculations of electronic and spin structures

predict large Rashba-type spin splittings for both local
phases, which are very similar to those of Ge(111)-
β(√3 × √3)-Pb [71]. However, because of coexistence of
the two phases, the band structures acquired through
ARPES measurements have broad line widths and hence
show no clear splitting (Fig. 6d) [86]. Nevertheless,
quantitative model-based analysis on the assumption of
the C3v symmetry demonstrates a Rashba-type chiral
spin structure for the FS around the Γ point. The out-of-
plane spin components have also been confirmed, con-
stituting a significant portion of the total spin as seen for
Ge(111)-β(√3 × √3)-Pb. These observations are in good
agreement with a theoretical prediction [71].
Superconducting transition of Si(111)-SIC-Pb with

Tc = 1.83 K was discovered first with STM spectroscopy
and was confirmed later by electron transport measure-
ment [11, 13]. The GL coherence length ξGL(0) was esti-
mated to be 49 nm and 74 nm from vortex core size and
out-of-plane critical magnetic field, respectively. These
have made this system one of the first surface atomic-
layer superconductors on a semiconductor. Even above
Tc, superconductivity can be induced by the proximity
effect if Pb islands are formed on the surface. Enhance-
ment of superconducting energy gap due to geometric
confinement by islands or atomic steps have been re-
ported, revealing the effects of the multiple Andreev re-
flections on a surface 2D system [18, 87].

3.5 Other systems
Si(111)-(√7 × √3)-Pb is another kind of Pb-covered
Si(111) surface structure with the nominal coverage of
Pb equal to 6/5 ML [85, 88, 89]. This makes Pb on this
surface slightly less packed compared to Si(111)-SIC-Pb.
It exhibits a superconducting transition at T = 1.52 K,
which was revealed through STM measurement [11]. A
following STM study revealed anomalous superconduct-
ing gap structure, as will be discussed in Section 4.1
[14]. No electron transport measurement or direct ob-
servation of Rashba-type spin splitting has been reported
so far.
Ge(111)-(√3 × √3)-TlPb, Ge(111)-(3×3)-TlPb, and

Si(111)-(4 × 4)-TlPb belong to the same family of sur-
face atomic-layer alloys as Si(111)-(√3 × √3)-TlPb. The
basis for these structures is Si(111)-(1 × 1)-Tl or
Ge(111)-(1 × 1)-Tl surface [55, 56], onto which sub-ML
Pb atoms are additionally deposited to form the target
structure. They all have strong Rashba-type spin split-
tings and exhibit superconductivity at low temperatures:
Tc = 2.03, 0.83, 0.79 K for Ge(111)-(√3 × √3)-TlPb,
Ge(111)-(3 × 3)-TlPb, and Si(111)-(4 × 4)-TlPb, respect-
ively [90]. It is worth noting that Si(111)-(√3 × √3) R30°-
Sn was recently found to exhibit superconductivity with
Tc = 4.7 K [91]. This system consists of a triangular lat-
tice of Sn atoms on a Si(111) surface with a nominal
coverage of only 1/3 ML [92]. While it is intrinsically an
antiferromagnetic Mott insulator, it becomes supercon-
ducting by hole doping using a heavily doped p-type
substrate. Considering the relatively strong SOC of Sn, it
may also exhibit Rashba-type spin splitting in its Mott-
Hubbard bands.

Fig. 5 Crystalline and electronic structures of Si(111)-(√7 × √3)-In. a, b Atomic structure model. c Fermi surface obtained through ARPES/SARPES
measurement. The arrows show the estimated spin directions. d Theoretically obtained Fermi surface and spin polarization (indicated by arrows).
Reprinted figure from T. Kobayashi et al. Phys. Rev. Lett. 125, 176401 (2020) [32]. Copyright 2020 by the American Physical
Society. http://link.aps.org/doi/10.1103/PhysRevLett.125.176401
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Finally, we briefly mention quench-condensed atomic-
layer films, which are formed by evaporating metal on a
liquid-He cooled insulating substrate [1, 93–95]. The
fabricated metal films are believed to be strongly disor-
dered (or amorphous) microscopically but homogeneous
over mesoscopic/macroscopic scales. Since the prepared

sample must be kept at low temperatures to avoid ther-
mal diffusion and clustering of metal atoms, the morph-
ology and crystallinity of these films are not well
characterized. This sample fabrication technique, cap-
able of fine tuning of the film coverage, has widely been
used for studies on the superconductor-insulator

Fig. 6 Crystalline and electronic structures of Si(111)-SIC-Pb. a Large-scale STM image (20 nm × 20 nm). b High-resolution LEED pattern with E =
80 eV. c Schematic structure model for a superstructure with (√3 × √3) reconstructions in H3 and T4 geometries. d Constant-energy contours
taken through ARPES 178 meV below EF and those deduced from a modeling (red and blue lines). Reprinted figure with permission from C.
Brand et al. Phys. Rev. B 96, 035432 (2017) [86]. Copyright 2017 by the American Physical
Society. https://link.aps.org/doi/10.1103/PhysRevB.96.035432
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transition in 2D systems [93–95]. Recently, quench-
condensed Pb and In layers on in situ cleaved GaAs(110)
substrates were found to exhibit superconductivity around
2–3 K at a nominal coverage of 1 ML [96, 97]. The per-
sistent superconductivity in this coverage regime, when
compared to preceding experiments, may be attributable
to the usage of in situ cleaved GaAs(110) as a substrate
and to an improved film crystallinity. As in the case of
crystalline atomic layers described above, this system may
also have Rashba-type SOC due to the inversion symmetry
breaking on the surface, but its presence has not been
confirmed directly. Multilayer films consisting of Pb and
Sb monolayers on Ga(110) have also been reported re-
cently [98], which will be discussed in Section 4.3.

4 Experimental studies on surface atomic-layer
superconductors with Rashba/Zeeman-type SOC
4.1 Anomalous gap structures and possible singlet-triplet
mixing
Recently, Si(111)-(√3 × √3)-TlPb was studied with STM
at low temperatures by Nakamura et al. [99]. The result
revealed many surprising anomalous features, which
cannot be explained within the framework of the stand-
ard BCS theory. The evolution of the characteristic dip
structure in dI/dV spectra gives a transition temperature
Tc = 3.1 K, which is higher than the transport measure-
ment result of Tc = 2.25 K. The superconducting energy
gap 2Δ is estimated to be 2.3 meV from the separation
of the coherence peaks. The gap-Tc ratio 2Δ/kBTc= 8.6 is
much larger than the BCS value 3.52 and 2Δ/kBTc = 4.12
− 4.4 for Si(111)-(√7 × √3)-In, Si(111)-SIC-Pb, and
Si(111)-(√7 × √3)-Pb [11]. This indicates that the
electron-phonon coupling, likely to be responsible for
the emergence of superconductivity, is extremely strong.
Furthermore, the observed gap structure is anomalous
(Fig. 7a). The overall spectral shape acquired at T = 0.4
K is close to a V-shape rather than a U-shape, suggesting
the symmetry of Cooper pairs is not of the simple s-
wave. This makes a clear contrast to the s-wave-like dI/
dV spectra of Si(111)-(√7 × √3)-In [16]. The spectra of
Si(111)-(√3 × √3)-TlPb cannot be fit with a single gap
function such as Δ(k) =Δ0 (s-wave) or Δ(k) =Δ1 cos ϕk

(p-wave), where ϕk is the azimuthal angle of the mo-
mentum k. The best fitting was obtained with an aniso-

tropic nodeless gap function ΔðkÞ2 ¼ Δ2
0 þ Δ2

1 cos2ϕk .
The Δ0 and Δ1 values obtained from the fitting analysis
show different temperature dependences; Δ0 disappears
at T = 2.6 K while Δ1 persists at the same temperature.
These anomalous behaviors are consistent with the pres-
ence of two Fermi surfaces (Fig. 4c) and a scenario of
weakly interacting two-band superconductivity. They all
suggest the possibility of emergence of unconventional
superconductivity in this system.

Fig. 7 STM measurements taken for Si(111)-(√3 × √3)-TlPb. a dI/dV
spectra taken at T < 0.5 K and fitting results with three kinds of gap
functions (isotropic, nodal, and nodeless gap functions). b The zero
bias dI/dV mappings (color code) superimposed on the topographic
images (height) obtained at B = 0.1 T (scan area 1 μm × 1 μm). c
The dI/dV spectra acquired outside vortices (left) and at the vortex
center (right) under different magnetic fields. Reprinted figure with
permission from T. Nakamura et al. Phys. Rev. B 98, 134505 (2018)
[99]. Copyright 2018 by the American Physical
Society. https://link.aps.org/doi/10.1103/PhysRevB.98.134505
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Vortices observed under application of magnetic fields
were not uniform in shape and size (Fig. 7b). More sur-
prisingly, the V-shape-like gap structure around the zero
bias was found to persist at the center of the vortex core
(Fig. 7c). For a conventional vortex, the superconducting
order parameter is completely suppressed at its center as
was observed for Si(111)-(√7 × √3)-In [16]. This dip
structure continues to exist even when magnetic field is
increased above 0.8 T where vortices fully cover the
whole surface. At this field, superconductivity must dis-
appear according to the electron transport measure-
ments [31]. In this sense, the dip structure may be called
a “pseudo gap”. Two possible mechanisms for this
anomaly were discussed. First, application of a strong
magnetic field may make Cooper pairs incoherent with-
out destroying them on the mean-field level. This should
lead to the disappearance of zero-resistance, but may
allow for the gap structure to persist [100]. Second, if
the spin-triplet mixing is realized due to Rashba-type SOC
as discussed in Section 2.2.1, the order parameters do not
necessarily become zero at the vortex center due to the
spin degree of freedom [101]. This allows for the existence
of so-called “coreless vortex”. More detailed STM studies
will be highly desirable to clarify these issues.
Different types of anomaly in the gap structure were

also reported for Si(111)-SIC-Pb and Si(111)-(√7 × √3)-
Pb by Brun et al. [14]. Figure 8a–d shows local dI/dV
spectra and its spatial mapping acquired for Si(111)-SIC-

Pb at T = 0.32 K. While dI/dV spectra at some points
can be well reproduced by the standard BCS theory,
there exist areas where the coherence peaks at the gap
edges are clearly suppressed but the subgap region re-
mains unchanged. The deviation from the conventional
behavior was explained by taking into account a non-
BCS electron-electron interaction and the resulting ad-
mixture of quasi-particle states via virtual processes. For
Si(111)-(√7 × √3)-Pb, the deviation from the standard
feature is even more significant (Fig. 8e–h); the coher-
ence peaks are further suppressed and the subgap region
becomes partially filled. Phenomenologically, this anom-
aly can be explained by considering the pair-breaking
due to electron-electron collisions [102], but its micro-
scopic origin is not clear. The authors interpreted it in
terms of Rashba-type SOC arising from the inversion
symmetry breaking in this system. Namely, Rashba-type
SOC induces singlet-triplet mixing in Cooper pairs, and
the significant momentum dependence of the triplet gap
leads to a depairing caused by non-magnetic impurities.
The difference between Si(111)-SIC-Pb and Si(111)-
(√7 × √3)-Pb may be attributed to different strengths of
Rashba-type SOC in these surfaces.

4.2 Anomalous enhancement of in-plane critical magnetic
field
As explained in Section 2.2.2, the spin-momentum lock-
ing in the Rashba/Zeeman-type spin-split electronic

Fig. 8 STM measurements taken for Si(111)-SIC-Pb (a–d) and Si(111)-(√7×√3)-Pb (e–h). a, e Topographic images. b, f Zero-bias dI/dV maps
corresponding to the superconducting energy gap. c, g Representative local dI/dV spectra. d, h dI/dV maps at biases of 0.29 mV (d) and 0.26 mV
(h), corresponding to the energy of the quasiparticle peaks in the tunneling spectra. Reprinted by permission from Macmillan Publishers Ltd.: C.
Brun et al. Nat. Phys. 10, 444–450 (2014) [14], copyright 2014. http://dx.doi.org/10.1038/nphys2937
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bands can enhance the in-plane upper critical field
Hc2∥of a 2D superconductor. Representative results of
this effect can be found for MoS2 and NbSe2 monolayers
with Zeeman-type SOC [6, 60, 61]. When reduced in
thickness to a monolayer, these 2D materials exhibit

Zeeman-type spin splittings at the K and K
0
points (see

Section 2.1). Fermi pockets are formed around these
points either intrinsically or by electron doing, and
superconductivity emerges around 7–10 K [103]. Since

Cooper pairs consist of electrons located at K and K
0

points where the spins are locked in the out-of-plane
direction, Pauli paramagnetism is absent for in-plane
magnetic fields. The critical magnetic field along this
direction Hc2∥was found to reach 4–6 times the Pauli
limit, which was attributed to the spin-momentum
locking.
Recently, the effect of Zeeman-type SOC on the crit-

ical magnetic field was revealed by Liu et al. for 4–6-
ML-thick Pb ultrathin films grown on Si(111)-SIC-Pb
(Fig. 9a) [104]5. As described in Section 3.4, the in-plane
inversion-symmetry is broken for Si(111)-SIC-Pb. More
specifically, the locations of the three Pb atoms within a
unit cell are shifted by ~ 20% compared to those of an
ideal Pb(111) plane due to the formation of chemical
bondings with the Si substrate (Fig. 9b). When Pb is
grown on the surface up to several ML, the lattice dis-
tortion extends to the neighboring layers and breaks the
in-plane inversion symmetry of the whole Pb film. Ab
initio calculations demonstrated the presence of such
distortions and Zeeman-type spin splittings of 5–
50 meV at the Fermi surface. Superconducting transi-
tions of these ultrathin films were investigated through
transport measurements under strong magnetic field up
to 47 T (Fig. 9c). The in-plane critical field Hc2∥was
found to reach nearly 3 times the Pauli limit HP at T ~
0.3Tc (Tc = 5.78 K). It is widely known that the presence
of strong atomistic SOC of Pb and elastic scatterings
due to non-magnetic impurities can induce frequent
spin flippings and suppress the paramagnetic pair-
breaking effect [105–107]. However, a prediction by the
Klemm-Luther-Beasley theory including this effect sig-
nificantly deviates from the experimentally obtained
Hc2∥-T curve. By contrast, an analysis based on the spin-
momentum locking due to Rashba- and Zeeman-type
SOCs can reproduce the data better. The effective
strengths of the SOCs of a 6-ML-thick Pb film were

found to be fαRk F ¼ 0:22 meV for Rashba-type and ~β
¼ 3:16 meV for Zeeman-type respectively, which are
consistent with the ab initio calculations. The result

shows that the Zeeman-type splitting plays a major role
in the enhancement of Hc2∥.
Interestingly, Nam et al. also reported strongly en-

hanced Hc2∥surpassing the Pauli limit for 5–13-ML-
thick Pb films grown on Si(111)-(√7 × √3)-Pb surfaces
[108]. They attributed their finding not to the spin-
momentum locking described above, but to dynamic
processes originating from it by assuming the presence
of Rashba-type SOC. Since Rashba-type SOC leads to
in-plane spin polarizations that are locked to electron
momentums k, the spin should flip at every elastic scat-
tering by non-magnetic impurities that accompanies a
momentum change (Fig. 10a–c). The spin flipping can
also be induced by atomistic SOC, but in this case, the
effect is much weaker and the spin flipping time τsf is by
far longer than the elastic scattering time τel [109, 110]

6.
By contrast, τsf ≅ τel is expected for Rashba-type SOC
and thus the spin flipping should be every effective.
Nevertheless, since the observed Hc2∥was governed by
the orbital pair-breaking effect in their experiment, dir-
ect evidence for this scenario was not obtained.
Very recently, Yoshizawa et al. clarified the effect of

dynamic processes considered above using a different
atomic-layer system Si(111)-(√7 × √3)-In [81]. As de-
scribed in Section 3.3, this surface structure features
clear spin splittings that amounts to 15–100 meV on the
Fermi surface. While the spin polarization directions
strongly deviate from those of the standard Rashba-type
SOC, they are still confined within the in-plane direc-
tions. Since the out-of-plane component of spin is min-
imal, the contribution from Zeeman-type SOC is
negligible. In this case, the in-plane critical field
Hc2∥might be enhanced by the spin-momentum locking
due to Rashba-type SOC, but Hc2∥should be limited to
√2 times the Pauli limit HP (see Section 2.2.2). The ex-
perimentally obtained value of Hc2∥/HP, in contrast, sur-
passes √2 and reaches ~ 3 at T = 0 (Fig. 10d–f). This
anomalous enhancement of Hc2∥is fully consistent with
the fact that the paramagnetic pair-breaking effect is
strongly suppressed by extremely short spin flipping
time τsf. The experimentally obtained relation τsf ≅ τel
demonstrates that the dynamic spin-flipping process ori-
ginating from spin-momentum locking is the primary
mechanism for the enhancement of Hc2∥. This effect was
referred to as dynamic spin-momentum locking in Ref.
[81]. It should be contrasted to the static effect of spin-
momentum locking, which was described above for
MoS2 and NbSe2 monolayers [6, 60, 61] and Pb ultrathin
films on Si(111)-SIC-Pb [104].

5In this work and Ref. [81], the term Zeeman-type SOC is used to
mean that the spin polarization is in the out-of-plane direction, with-
out referring to the band structure at the K=K

0
point.

6Conventionally, the spin flipping due to atomistic SOC is called spin-
orbit scattering, and τsf is denoted as τso. It should be distinguished
from the spin flipping due to the Rashba-type SOC discussed here.
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4.3 Helical superconducting states
As described in Section 3.5, quench-condensed Pb

monolayer films on in situ cleaved GaAs(111) substrates
were found to be become superconducting around 2–
3 K [96, 97]. It was also revealed that the superconduct-
ivity is extremely robust against in-plane magnetic fields;
the reduction in Tc was found to be only 5–6% even for
strong in-plane fields H∥ exceeding several times the
Pauli limit. Considering the possibility of Rashba-type
SOC in the present system, this robustness was attrib-
uted to the helical superconducting states induced by
strong H∥(see Section 2.2.3). However, the Hc2∥enhance-
ment factor due to this effect is in the order of (ΔR/EF)

2,
where ΔR is the energy splitting on the FS due to Rashba

SOC and EF is the Fermi energy [44]. Since ΔR/EF≪ 1
for the metal atomic layers on semiconductor substrates
found so far, the presence of the helical states is unlikely
to explain the observed phenomenon. In the present au-
thor’s opinion, the result can be well understood in
terms of the dynamic spin-flipping process due to the
spin-momentum locking as found for Si(111)-(√7 × √3)-
In [81].
Nevertheless, a more convincing signature for the hel-

ical states was recently reported by the same group [98].
Masutomi et al. fabricated multilayer films consisting of
double or triple Pb monolayers separated by Sb buffer
layers on Ga(110) substrates. The sample can be mod-
eled as a 2D superconductor multilayer with a variable

Fig. 9 In-plane critical magnetic field of Pb ultrathin films grown on Si(111)-SIC-Pb. a Typical STM image of 4 ML Pb film. b Atomic structure
model of the substrate surface Si(111)-SIC-Pb. c Temperature dependence of in-plane critical field of 6-ML-thick Pb ultrathin films and fitting
results based on a theoretical model. Reprinted figure with permission from Y. Liu et al. Phys. Rev. X 8, 021002 (2018) [104]. Copyright 2018 by
the American Physical Society. https://link.aps.org/doi/10.1103/PhysRevX.8.021002
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interlayer Josephson coupling δ determined by the thick-
ness of the buffer layers (Fig. 11a, b). For δ = 0, since the
top and bottom superconducting Pb layers are subject to
out-of-plane inversion symmetry breaking in opposite
directions, they should have helically modulated order

parameters with Δ1(r) =Δ0e
i2q ′ ⋅ r and Δ2(r) =Δ0e

−i2q ′ ⋅ r.
Here q′ is given by Eq. (13). These modulations are
intermixed with the introduction of a finite interlayer
coupling(δ ≠ 0), leading to Δ1(r) =Δ0(e

i2q ′ ⋅ r + δe−i2q ′ ⋅ r)
and Δ2(r) = Δ0(e

−i2q ′ ⋅ r + δei2q ′ ⋅ r). Such unconventional

Fig. 10 In-plane critical magnetic field of Si(111)-(√7 × √3)-In. a Fermi surface with Rashba-type spin-splitting. b Fermi surface with Zeeman-type
spin-splitting. c Schematic illustration of dynamic process of spin-momentum locking. d, e Temperature dependences of sheet resistance for in-
plane (d) and out-of-plane (e) magnetic fields. f Temperature dependences of the in-plane and out-of-plane critical magnetic fields normalized
with the Paul limit. Reprinted from Macmillan Publishers Ltd: S. Yoshizawa et al., Nat. Commun. 12, 1462 (2021)
[81]. http://dx.doi.org/10.1038/s41467-021-21642-1
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superconducting states with phase and amplitude modu-
lations are called a complex stripe (CS) phase [111]. Ex-
perimentally, the temperature dependences of Hc2∥for
such multilayers were found to exhibit sharp upturn be-
haviors at lower temperatures, deviating from the (1 − T/
Tc)

1/2 dependence expected from the Ginzburg-Landau

theory (Fig. 11c, d). The overall temperature depen-
dences are well reproduced by a theoretical model that
predicts a BCS-CS-helical phase transition below ~ 0.8
Tc (Fig. 11e). More direct evidence for such spatially
modulated superconducting states, e.g., with STM im-
aging, are highly desirable.

Fig. 11 In-plane critical magnetic field of quench-condensed Pb/Sb multiple layers on in situ cleaved GaAs(111). a, b Theoretical models for Pb
bilayer (a) and Pb trilayer (b) systems in an in-plane magnetic field H∥. Each Pb layer is separated by a Sb layer. c, d Temperature dependences of
the in-plane critical magnetic fields for Pb bilayer (c) and Pb trilayer (d) systems. e Theoretical prediction of the phase diagram for a Pb trilayer.
Reprinted figure with permission from R. Masutomi et al. Phys. Rev. B 101, 184502 (2020) [98]. Copyright 2020 by the American Physical
Society. https://link.aps.org/doi/10.1103/PhysRevB.101.184502
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5 Summary and outlook
In the present article, we have reviewed representa-
tive surface atomic-layer superconductors that have
Rashba/Zeeman-type SOC due to the out-of-plane
and in-plane inversion symmetry breakings. The ex-
perimental signatures of Rashba/Zeeman-type SOC
revealed in superconducting phenomena have already
being accumulated. Obviously, however, such studies
are still in an early stage and many questions and
problems have remained unresolved. Particularly, the
anomalies found for Si(111)-(√3 × √3)-TlPb are very inter-
esting and worthy of further experimental and theoretical
investigations. So far, direct evidence for FFLO and helical
states is still missing, and experimental verifications of
electromagnetic effect such as supercurrent-induced spin
polarization and its inverse effect have not been reported.
If successful, they are expected to bring a breakthrough in
this field.
For this purpose, further instrumentational progress

is indispensable. For example, high-resolution STM
operating at dilution-refrigerator temperatures will be
very helpful to clarify the superconducting gap struc-
tures, which is now feasible thanks to the recent re-
markable progress in STM instrumentation [112].
Low-temperature STM that operates under a strong
in-plane magnetic field may allow one to directly ob-
serve spatial modulations of the order parameter.
Laser-based ultrahigh-resolution ARPES/SARPES will
also play an important role for detecting fine spin-
split structures that strongly affect superconducting
properties [32, 81, 113]. High-resolution ARPES oper-
ating at liquid helium temperatures may directly elu-
cidate the superconducting gap structures in the
momentum space [114]. Aside from such spectro-
scopic tools, electron transport measurement will con-
tinue to be central to the researches treated here.
Despite its simple concept, actual instrumentation for
surface atomic-layer systems is challenging; one needs
to integrate the standard surface science techniques
with an extreme environment with low-temperatures
and high magnetic-fields and to probe the sample
without destroying it. Such progress has already been
made [31, 81, 82, 115, 116], but apparently, this kind
of highly customized machine is very costly. An alter-
native method would be to put a passivation layer for
protecting the chemically active surface, which allows
one to take advantage of existing powerful commer-
cial instruments. This has already been realized for
ultrathin metal films with several ML thickness [9,
104, 108], but the extension of such a technique to
samples with single atomic layers is highly demanded
for further developments.
In the field of spintronics and valleytronics,

Rashba/Zeeman-type SOC has been used to generate

spin-polarized currents in the real space [30, 35, 62,
117]. This fascinating feature will be enriched further
with the introduction of superconductivity as consid-
ered here. The 2D system with Rashba-type spin
splitting under a Zeeman field is also a candidate for
realizing topological superconductivity and Majorana
zeromodes, which are being intensively investigated
to realize robust quantum computations [57, 118–
120]. The studies of surface atomic-layers supercon-
ductors described here may also contribute to the
development of these fields in the near future.
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