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Two-dimensional (2D) superconductors provide a powerful building block for engineering emergent quantum states
shaped by reduced dimensionality, enhanced quantum fluctuations, and interfacial symmetry breaking. In van der Waals
(vdW) heterostructures, atomically sharp and lattice-mismatch-free interfaces enable superconductivity to be deliberately
coupled with magnetism, spin–orbit interaction, and band topology, allowing collective electronic orders to be combined
and reconfigured in ways unattainable in bulk materials. This review summarizes recent advances in vdW heterostruc-
tures of 2D superconductors, focusing on superconductor/magnet (S/M), superconductor/topological material (S/T), and
superconductor/superconductor (S/S) junctions. We discuss the microscopic mechanisms underlying proximity effects and
highlight how interfacial exchange fields, spin–orbit coupling, and twist-controlled tunneling give rise to unconventional
pairing, long-range spin-triplet supercurrents, nonreciprocal Josephson transport, and topological superconductivity poten-
tially hosting Majorana bound states. Beyond their fundamental significance, the ability to controllably generate topolog-
ical and nonreciprocal superconducting states positions 2D superconductor heterostructures as promising building blocks
for emerging quantum technologies, including ultra-sensitive quantum sensing, programmable superconducting logic, and
energy-efficient quantum and neuromorphic computing architectures. Looking forward, advances in materials synthesis, in-
terface engineering, and device integration are expected to further expand the scope and functionality of 2D superconductor
heterostructures, reinforcing their role as a central platform for exploring and controlling emergent quantum phases.
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1. Introduction

Two-dimensional (2D) superconductors provide an ex-
ceptionally versatile platform for exploring unconventional
quantum states in which reduced dimensionality,[1–4] en-
hanced quantum fluctuations,[5] and interfacial effects[6–9]

fundamentally reshape the nature of electronic order. In such
systems, superconductivity becomes intrinsically intertwined
with spin polarization,[10] spin–orbit coupling (SOC),[11,12]

and topological band geometry[13,14] at the atomic scale.
These features make 2D materials an ideal building block for
engineering superconductor heterostructures in which distinct
orders — superconductivity, magnetism, and topology — can
be deliberately combined to generate emergent quantum phe-
nomena unattainable in conventional three-dimensional com-
pounds.

Superconductivity, ferromagnetism, and topological or-
der represent three distinct forms of collective electronic be-

havior, each characterized by its own order parameter and un-
derlying symmetry. Their coexistence and mutual coupling
provide a powerful route toward emergent quantum states.
Enabled by broken symmetries,[15] interfacial SOC,[16–18]

and quantum coherence, the interplay among these orders
can be either competitive or cooperative, giving rise to un-
conventional pairing symmetries,[19–23] and exotic boundary
excitations,[24–29] such as Majorana zero modes (MZMs). A
paradigmatic example is the antagonism between conventional
spin-singlet superconductivity and ferromagnetism:[30,31] the
exchange field of a ferromagnet tends to destroy singlet
Cooper pairs, preventing their homogeneous coexistence.
However, when superconductivity and magnetism meet at
an interface with strong SOC and broken inversion sym-
metry, singlet pairs can be converted into equal-spin triplet
correlations.[32–38] These triplet pairs penetrate ferromagnets
over long distances and support long-range dissipationless
supercurrents,[39–41] providing a viable pathway toward su-
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perconducting spintronics. Beyond transport, such triplet-
enriched proximity effects can drive hybrid structures into
topological regimes that host Majorana modes[42–44] — non-
Abelian boundary excitations with intrinsic resilience against
local perturbations and direct relevance to topological quan-
tum computation. Closely related physics emerges at inter-
faces between superconductors and topological materials. The
Fu–Kane mechanism[45] established that coupling a conven-
tional s-wave superconductor to a topological insulator can
induce a topological superconducting gap supporting Majo-
rana bound states. More broadly, S/T heterostructures formed
with topological insulators or topological semimetals enable
a rich spectrum of unconventional superconducting states, in-
cluding topological hinge[46] and edge superconductivity, and
topologically protected boundary modes. These systems of-
fer a controllable route to engineering topological supercon-
ductivity without relying on intrinsically complex correlated
materials.

The interplay among superconductivity, magnetism, and
topology provides a powerful route toward emergent quan-
tum phenomena arising from the coupling of distinct col-
lective orders. Van der Waals (vdW) superconductor het-
erostructures offer a particularly versatile and controllable

platform for exploring such coupled states. Rather than re-
lying on the intrinsic coexistence of multiple orders within a
single compound, vdW heterostructures enable superconduc-
tivity, magnetism, and topological band structures to be de-
liberately assembled and interfaced through proximity effects
across atomically sharp junctions. A key advantage of vdW
heterostructures lies in their atomically flat, dangling-bond-
free interfaces, which naturally ensure high interfacial qual-
ity without the need for lattice matching or complex epitaxial
growth.[47–51] This structural simplicity enhances electronic
transparency and coherence across interfaces, both of which
are essential for efficient proximity coupling. At the same
time, the 2D geometry of vdW materials allows additional
external control through electrostatic gating,[52–61] interlayer
twist-angle engineering,[62–67] and strain,[68–71] providing an
exceptional level of tunability over superconducting order pa-
rameters, spin textures, and topological band structures. To-
gether, these features make vdW superconductor heterostruc-
tures a uniquely powerful platform for realizing unconven-
tional pairing states, long-range Josephson coupling, nonre-
ciprocal superconducting transport, and topological boundary
modes.

Fig. 1. Schematic illustration of three prototypical 2D superconductor heterostructures discussed in this review: superconductor/magnet (S/M), su-
perconductor/topological material (S/T), and superconductor/superconductor (S/S) junctions. Interfacial proximity effects in these systems give rise to
unconventional superconducting states, including spin-triplet pairing, topological superconductivity, nonreciprocal and chiral superconducting trans-
port. These heterostructures provide a versatile platform for exploring emergent quantum phases and developing superconducting quantum devices and
quantum intelligent computing and sensing.

In this review, we summarize recent progress on emer-
gent phenomena in 2D superconductor heterostructures, fo-

cusing on three representative classes: superconductor/magnet
(S/M), superconductor/topological material (S/T), and super-

conductor/superconductor (S/S) junctions (Fig. 1). We high-
light the underlying interfacial coupling mechanisms that gov-

ern their collective behavior, summarize recent experimental
breakthroughs, and discuss their implications for spin-triplet
pairing, chiral superconductivity, unconventional Josephson
effects, and Majorana-based quantum devices. Beyond their
fundamental significance, these advances also point toward
a broad range of future applications,[72–75] including pro-
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grammable superconducting logic elements, quantum com-
puting circuits, in-memory and neuromorphic quantum com-
puting architectures, and quantum intelligent sensing. This
review aims to provide a conceptual and methodological
framework for future studies of 2D superconductivity and its
heterostructure-enabled quantum phases, bridging fundamen-
tal condensed-matter physics and emerging quantum device
technologies.

2. Two-dimensional superconducting materials
as intrinsic and engineered building blocks
for heterostructures
Two-dimensional superconducting materials form the es-

sential building blocks for constructing superconductor het-
erostructures. As the system dimensionality is reduced from
three to two dimensions, quantum fluctuations are strongly
enhanced, dielectric screening is suppressed, and electronic
states become highly sensitive to interfaces and external per-
turbations. These effects profoundly reshape Cooper pairing,
collective modes, and competing electronic orders. In the two-
dimensional limit, superconductivity is exceptionally tunable
via electrostatic gating, strain engineering, twist-angle control,
and proximity coupling, enabling precise manipulation of the
superconducting phase, spin texture, and band topology. To-
gether, these features provide a versatile and programmable
materials basis for designing heterostructures with tailored
quantum functionalities.

2.1. Transition metal dichalcogenides

Layered transition-metal dichalcogenides (TMDCs), such
as NbSe2 and TaS2, represent one of the most extensively
studied classes of intrinsic 2D superconductors. Their crystal
structures consist of strongly bonded in-plane atomic layers
and weakly coupled vdW interlayers,[76] enabling mechanical
exfoliation down to the monolayer limit while preserving high
crystalline quality. As a result, TMDCs provide an ideal mate-
rial platform for investigating how superconductivity evolves
under reduced dimensionality and enhanced interfacial sensi-
tivity.

Among them, NbSe2 stands out as a paradigmatic sys-
tem. Remarkably, its superconductivity remains robust down
to a single atomic layer (Tc(N = 1) ≈ 3 K), while simultane-
ously giving rise to a variety of emergent phenomena that are
absent in the bulk. For example, the combination of strong
intrinsic SOC and broken inversion symmetry in monolayer
NbSe2 generates an Ising-type spin–orbit interaction that locks
electron spins perpendicular to the atomic plane[77] (Fig. 2(a)).
This spin locking strongly suppresses in-plane spin polariza-
tion of Cooper pairs, thereby stabilizing superconductivity
against large in-plane magnetic fields. As a consequence, the
in-plane upper critical field dramatically exceeds the conven-

tional Pauli paramagnetic limit (Fig. 2(b)). Dimensional re-
duction in TMDCs also profoundly affects competing elec-
tronic orders. In NbSe2, charge-density-wave (CDW) order
is significantly enhanced as the thickness is reduced, with
spectroscopic measurements revealing a substantial increase
in the CDW transition temperature accompanied by the open-
ing of a sizable energy gap[78] (Fig. 2(c)). The coexistence
and competition between superconductivity and CDW order
highlight the delicate balance of collective electronic instabil-
ities in the two-dimensional limit and underscore the sensi-
tivity of superconductivity to lattice, electronic, and symme-
try constraints. Beyond conventional s-wave pairing, mono-
layer and few-layer TMDCs have been theoretically predicted
and experimentally suggested to host unconventional super-
conducting states enabled by strong SOC and broken inver-
sion symmetry. These include mixed singlet–triplet pair-
ing channels,[79] finite-momentum Cooper pairing reminis-
cent of Fulde–Ferrell–Larkin–Ovchinnikov (FFLO) states[80]

(Fig. 2(d)), nematic superconductivity,[81] and possible topo-
logical superconducting signatures.[82–84] Together, these ob-
servations position TMDCs as a benchmark platform for ex-
ploring symmetry-broken and unconventional superconductiv-
ity in two dimensions.

Two-dimensional superconductivity can be accessed
and tuned using a variety of external and engineering
approaches.[85–87] Among these, electrostatic gating — par-
ticularly electric-double-layer and ionic-liquid gating — has
emerged as an exceptionally powerful approach, as it enables
the accumulation of extremely high carrier densities at sur-
faces or interfaces, thereby inducing superconductivity in oth-
erwise semiconducting or insulating materials. A prototyp-
ical example is ionic-liquid-gated layered ZrNCl, in which
superconductivity with a transition temperature of approxi-
mately 15.2 K can be electrostatically induced and a con-
trolled crossover from BCS-like to BEC-like pairing regimes
is achieved by tuning the carrier density.[52,88] Similar interfa-
cial superconductivity has also been realized in ionic-liquid-
gated 1T-SnSe2, where interfacial superconductivity has been
realized with transition temperatures of several Kelvin[60]

(Fig. 2(e)). The induced superconducting phase exhibits in-
plane critical fields that exceed the Pauli limit, suggesting
a gate-tunable interplay between carrier density, SOC, and
superconducting pairing. MoS2 constitutes another model
system,[56,57,89] in which robust two-dimensional supercon-
ductivity emerges under electric-double-layer gating. Specif-
ically, this superconducting state can be experimentally ob-
served at relatively moderate carrier densities (Fig. 2(f)). First-
principles calculations indicate that the softening of acoustic
phonon modes near the Brillouin-zone M point plays a cru-
cial role in enhancing electron–phonon coupling and stabiliz-
ing the superconducting state.
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Fig. 2. Ising superconductivity and gate-induced superconductivity in representative 2D materials. (a) Illustration of spin–momentum locking in
monolayer NbSe2 and spin–layer locking in bilayer/bulk NbSe2. (b) Normalized upper critical field Hc2/Hp as a function of transition temperature
TC/TC0 for NbSe2 samples of differing thicknesses under both out-of-plane H⊥ (open symbols) and in-plane H‖ (filled symbols) magnetic fields. The
dashed line corresponds to the Pauli paramagnetic limit. (c) Thickness–temperature phase diagram of NbSe2. (d) Comparison of zero-momentum
BCS pairing, finite-momentum FFLO pairing, and orbital FFLO states in Rashba and multilayer Ising superconductors. (e) Temperature-dependent
resistance of a SnSe2-EDLT device, showing a gate-induced superconducting transition. (f) Temperature-dependent sheet resistance of bilayer MoS2
devices under perpendicular magnetic fields, demonstrating gate-induced superconductivity. (g) Phase diagram of thickness versus magnetic field in
2H-Ta2S3Se. Panels (a) and (b) are reproduced with permission from Ref. [77]. Panel (c) is reproduced with permission from Ref. [78]. Panel (d)
is reproduced with permission from Ref. [80]. Panel (e) is reproduced with permission from Ref. [60]. Panel (f) is reproduced with permission from
Ref. [57]. Panel (g) is reproduced with permission from Ref. [90].

Beyond electrostatic control, dimensionality itself pro-
vides a powerful and conceptually distinct tuning parameter
for accessing unconventional superconducting phases. Recent
work has reported dimensionality-tunable zero-field anoma-
lous metallic states (AMS) observed under carefully imple-
mented radio-frequency filtering near superconducting quan-
tum phase transitions in the layered TMDC superconductor
2H-Ta2S3Se.[90] The AMS is characterized by a resistance that
saturates to a finite, temperature-independent plateau at low
temperatures.[54,91–95] Early transport studies[96] on crystalline
2H-NbSe2 suggested that such apparent resistance saturation
could be eliminated by rigorous filtering, implying that two-
dimensional superconductivity may be extremely sensitive to
extrinsic perturbations. However, subsequent experiments
demonstrated that even after suppressing high-frequency ex-
ternal noise, AMS can persist at low temperatures under
strong magnetic fields. Besides, measurements on 4Ha-TaSe2

nanodevices,[97] combining rigorous radiation filtering with
ultralow-temperature measurements, provided compelling ev-
idence for an intrinsic AMS, indicating that a genuine metallic
ground state may exist in crystalline two-dimensional super-
conductors under appropriate conditions. Within this context,
the AMS observed in 2H-Ta2S3Se is particularly notable, as
it is measured under stringent radio-frequency filtering condi-
tions and thus cannot be attributed to uncontrolled external ra-
diation. As the thickness is reduced below 10 nm, a magnetic-
field-driven AMS emerges, characterized by a vanishing Hall
resistance coexisting with a finite longitudinal resistance. Re-
markably, upon further reducing the thickness to the few-
layer limit (∼ 3 nm), an unexpected zero-field AMS appears

(Fig. 2(g)). This state is consistent with a quantum vortex
creep picture and exhibits pronounced nonreciprocal transport
behavior, suggesting the onset of spontaneous time-reversal
symmetry breaking accompanied by vortex dynamics as the
system approaches the two-dimensional limit. More broadly,
a growing set of control knobs — including interfacial charge
transfer, strain engineering, and moiré superlattice design in
twisted multilayer systems — has enabled superconductivity
and emergent transport phenomena in an expanding family of
artificial two-dimensional platforms. Collectively, these devel-
opments demonstrate that superconductivity in TMDC-based
systems can be treated as a programmable quantum state, of-
fering an unprecedented materials playground for heterostruc-
ture engineering and for exploring emergent superconducting
phenomena in reduced dimensions.

2.2. High-temperature cuprate superconductors

High-temperature cuprate superconductors constitute
a central class of quasi-two-dimensional superconductors,
whose essential electronic structure is governed by CuO2

planes. Superconductivity emerges upon carrier doping of
a Mott-insulating parent compound, producing a character-
istic phase diagram in which a superconducting phase inter-
twines with antiferromagnetism, CDW order, and the pseudo-
gap regime.[98–106] These materials are paradigms of strong
electron correlations, in which the pairing mechanism de-
parts fundamentally from the conventional phonon-mediated
Bardeen–Cooper–Schrieffer (BCS) framework. The supercon-
ducting order parameter in cuprates exhibits a well-established
d-wave symmetry, giving rise to nodes in the superconducting

067402-4



Chin. Phys. B 35, 067402 (2026)

gap and highly anisotropic quasiparticle dynamics. Together
with their exceptionally high transition temperatures and ex-
treme electronic anisotropy, cuprates provide a uniquely pow-
erful platform for investigating unconventional pairing, com-
peting orders, and quantum criticality in reduced dimensions.

From a materials perspective, the cuprate family encom-
passes several canonical systems, including La-based com-
pounds such as La2−xMxCuO4

[107] (M = Sr, Ba), Y-based
cuprates such as YBa2Cu3O7−x

[108] (YBCO), and Bi-based
cuprates of the form Bi2Sr2Can−1CunO2n+4+x.[109] Among
them, Bi2Sr2CaCu2O8+x

[110] (BSCCO) (Fig. 3(a)) occupies
a particularly prominent position in the context of two-
dimensional superconductivity. Owing to its extremely weak
interlayer coupling and natural cleavage planes, BSCCO
can be mechanically exfoliated down to the atomic limit,
enabling direct access to intrinsic two-dimensional high-Tc

superconductivity[110–115]. Recent experimental advances
have successfully realized atomically thin BSCCO flakes
(Tc ≈ 85 K) as genuine two-dimensional superconductors[110]

(Fig. 3(b)). These systems exhibit a range of emergent
phenomena that are inaccessible in bulk cuprates, includ-
ing superconducting diode effects[116] (Fig. 3(c)) and doping-
tunable quantum transitions[117,118] (Fig. 3(d)). The reduced
dimensionality, combined with strong correlations and bro-

ken symmetries at surfaces and interfaces, provides new
routes to control superconducting phenomena in cuprate-
based systems, for example through electric-field tuning of
cuprates themselves[115] and through proximity-induced su-
perconductivity in adjacent materials interfaced with cuprate
superconductors.[119,120] It should be noted, however, that the
nature of the reported proximity-induced superconductivity
in such heterostructures remains under debate. In particu-
lar, the limited momentum and spin resolution of transport
and scanning tunneling microscopy measurements makes it
challenging to unambiguously establish superconductivity in
topological surface states, as the observed signatures may also
originate from bulk states, trivial surface bands, or impurity-
induced states.[121] Taken together, two-dimensional cuprate
superconductors — exemplified by exfoliated BSCCO —
establish a crucial bridge between strongly correlated elec-
tron systems and two-dimensional superconducting electron-
ics. They not only provide a fertile testing ground for long-
standing questions regarding unconventional pairing and com-
peting orders, but also offer unique opportunities for inte-
grating high-Tc superconductivity into engineered heterostruc-
tures, Josephson devices, and nonreciprocal superconducting
circuits discussed in subsequent sections.
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2.3. Iron-based superconductors

Magnetism and superconductivity were long regarded as
fundamentally incompatible order parameters, as magnetic
moments disrupt the spin-antiparallel configuration of Cooper
pairs, rendering materials containing magnetic transition-

metal ions generally unfavorable for superconductivity. This

conventional view was overturned by the discovery of iron-

based superconductors, in which superconductivity is well

preserved despite the presence of magnetic iron ions, with

transition temperatures exceeding 50 K and even reach-
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ing 60–70 K in certain interface-engineered systems. This
breakthrough reshaped the understanding of the interplay
between magnetism and superconductivity and opened new
avenues for exploring unconventional pairing mechanisms.
Since the initial discovery of superconductivity at 26 K in
LaFeAsO1−xFx

[122] (Fig. 4(a)) in 2008, a diverse family of
FeSCs has rapidly emerged. Rare-earth substituted 1111 com-
pounds, such as SmFeAsO1−xFx

[123] and NdFeAsO1−xFx,[124]

soon achieved transition temperatures in the 40–55 K range.
This was followed by the discovery of the 122 family[125]

(AFe2As2, A = Ba, Sr, Ca, K), the 111 family (LiFeAs[126,127]

(Fig. 4(b)) and NaFeAs[128]), and the structurally simplest 11
family (Fig. 4(c)), consisting of FeSe and Fe(Se,Te).[129] To-
gether, these systems established iron-based superconductivity
as one of the most versatile and tunable platforms for explor-
ing correlated quantum matter.
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with permission from Ref. [130]. Panel (e) is reproduced with permission from Ref. [133]. Panel (g) is reproduced with permission from Ref. [140].
Panel (h) is reproduced with permission from Ref. [141].

A defining characteristic of FeSCs is their multi-orbital,
multi-band electronic structure[130] (Fig. 4(d)). Their Fermi
surfaces typically comprise both hole and electron pockets, ac-
companied by strong orbital-dependent correlations. The par-
ent compounds host a rich hierarchy of intertwined electronic
orders,[131,132] including nematicity, spin-density-wave order,
double-stripe magnetism, C4-symmetric magnetic phases, and
superconductivity[133] (see the phase diagram of a typical
FeSC BaFe2As2 in Fig. 4(e)). The close proximity and com-
petition among these collective instabilities generate strong
quantum fluctuations, which are widely believed to play a cen-
tral role in mediating unconventional superconducting pair-
ing. The role of dimensionality in modulating supercon-
ducting properties is also an intriguing theme in understand-
ing the behavior of iron-based superconductors.[134] From the
perspective of reduced dimensionality and interface physics,
FeSCs have demonstrated particularly striking behavior. A
landmark example is monolayer FeSe grown by molecular
beam epitaxy on SrTiO3 substrates. In this system, scanning
tunneling spectroscopy (STS) reveals a superconducting gap
as large as ∼ 22 meV,[7] indicating a dramatically enhanced

pairing scale compared with bulk FeSe. Angle-resolved pho-
toemission spectroscopy (ARPES) measurements further sug-
gest superconducting or superconductivity-related gap fea-
tures persisting up to 65–70 K.[135,136] These observations
highlight the FeSe/SrTiO3 interface as a paradigmatic exam-
ple of interface-enhanced superconductivity, where electron–
phonon coupling, charge transfer, and interfacial screening
collectively reshape the superconducting state.

Among the FeSC family, iron chalcogenides are espe-
cially notable for their quasi-two-dimensional Ch–Fe–Ch (Ch
= chalcogen) layered structure and their propensity to host
coexisting superconductivity, magnetism, and nontrivial band
topology. In particular, substituting Te into FeSe reduces the
intralayer hopping while enhancing the interlayer hopping in
Fe(Se,Te), leading to a band inversion and a corresponding
change in the system’s topological character.[137] With a fur-
ther increase in the Te concentration, enhanced antiferromag-
netic spin fluctuations emerge due to the proximity to the FeTe
magnetic phase,[138] establishing Fe(Se,Te)[130] (Fig. 4(c)) as
an archetypal platform for intrinsic topological superconduc-
tivity. The observation of Dirac-cone-like surface states in
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ARPES measurements (Fig. 4(f)) provides possible evidence
for the presence of topological surface states. Complementary
probes, including nitrogen-vacancy center magnetometry,[139]

polar Kerr effect measurements,[140] and muon spin rotation
(µSR) experiments,[138] further reveal the coexistence of lo-
cal magnetism and superconductivity (Fig. 4(g)). Moreover,
scanning tunneling microscopy studies report robust zero-bias
conductance peaks at vortex cores that are consistent with
Majorana bound states[141] (Fig. 4(h)). In addition to these
vortex-core states, zero-energy bound states have also been ob-
served at both ends of one-dimensional atomic line defects in
FeTe0.5Se0.5 films grown on SrTiO3(001) substrates,[142] pro-
viding an alternative platform for realizing Majorana bound
states. Collectively, iron-based superconductors — spanning
intrinsic bulk materials, atomically thin films, and interface-
engineered heterostructures — occupy a unique position at
the intersection of magnetism, topology, and superconductiv-
ity. Their multi-orbital nature, strong correlations, and sen-
sitivity to dimensionality render them an essential materials
foundation for superconductor heterostructures, in which su-
perconducting order can be interfaced, hybridized, and topo-
logically reconfigured through proximity to magnetic, topo-
logical, and spin–orbit-coupled materials, enabling emergent
quantum states unattainable in isolated components.

3. Superconductor/magnet (S/M) heterostruc-
tures
Two-dimensional superconductor/magnet (S/M) het-

erostructures provide an exceptionally rich platform for inves-
tigating the mutual antagonism and cooperation between su-
perconductivity and magnetism at the ultimate thickness limit.
In conventional three-dimensional systems, these two elec-
tronic orders are largely incompatible because the exchange
field of a ferromagnet breaks time-reversal symmetry and sup-
presses spin-singlet Cooper pairing. In contrast, reduced di-
mensionality and atomically sharp interfaces in 2D materials
dramatically enhance proximity effects and interfacial SOC,
enabling new regimes of coexistence and emergent supercon-
ducting states that are inaccessible in bulk materials. In this
section, we review the material systems, microscopic mech-
anisms, experimental realizations, and emergent phenomena
of S/M heterostructures, emphasizing their role in generat-
ing spin-triplet superconductivity, nonreciprocal transport, and
topological boundary excitations.

3.1. Two-dimensional magnets as proximity building
blocks

The discovery of intrinsic magnetism in atomically thin
vdW crystals has fundamentally reshaped the landscape of
S/M heterostructures. Unlike conventional bulk magnets,
which often suffer from lattice mismatch, surface roughness,

and interfacial disorder, two-dimensional magnets provide
atomically flat, chemically inert, and dangling-bond-free in-
terfaces. These characteristics enable the fabrication of excep-
tionally clean S/M junctions, in which proximity effects can
be studied with unprecedented precision and minimal extrin-
sic complications.

A growing family of layered magnetic materials[143–150]

— including Cr2Ge2Te6 (CGT), CrI3, CrBr3, and Fe3GeTe2

(FGT) — exhibits robust long-range magnetic order down to
the few-layer or even monolayer limit. CGT is the first ex-
perimentally confirmed intrinsic vdW ferromagnet in the two-
dimensional limit[143] (Figs. 5(a) and 5(b)), marking a mile-
stone that effectively launched the field of two-dimensional
magnetism. Subsequently, chromium trihalides CrX3 (X = I,
Br) attract considerable attention owing to their pronounced
layer-number-dependent magnetic behavior[144] (Fig. 5(c)).
For example, the magnetic ground state of CrI3 evolves from
ferromagnetism in the monolayer (Fig. 5(d)), to antiferromag-
netic interlayer coupling in the bilayer, and back to ferromag-
netism in the trilayer and bulk, giving rise to highly tunable
magnetic ground states in the two-dimensional limit. In paral-
lel, bulk and few-layer FGT exhibit itinerant ferromagnetism
with a gate-tunable Curie temperature[145] (Figs. 5(e) and 5(f))
that significantly exceeds that of most other two-dimensional
magnetic materials. These vdW magnets host a wide vari-
ety of magnetic ground states, ranging from Ising-type out-
of-plane ferromagnetism to in-plane and canted spin configu-
rations. Importantly, their magnetic anisotropy and ordering
temperatures can be systematically tuned through thickness
control,[144] electrostatic gating,[58,59] strain engineering,[68]

and chemical intercalation.[146,147,149] This high degree of tun-
ability provides exceptional control over the magnitude and
orientation of the interfacial exchange field experienced by an
adjacent superconductor.

Such controllability is particularly advantageous for
proximity-coupled superconducting systems. For instance, in
thin flakes of FGT, the application of a uniaxial tensile strain
as small as ∼ 0.3% can enhance the coercive field by more
than 150%[68] (Figs. 5(g) and 5(h)), reflecting the extreme
sensitivity of the magnetic anisotropy energy to lattice defor-
mation (Fig. 5(i)). Such strain-controlled magnetism directly
translates into a tunable exchange interaction at the S/M in-
terface, allowing the amplitude, symmetry, and spatial profile
of the induced superconducting correlations to be actively ma-
nipulated. In this sense, two-dimensional magnets function
not merely as passive sources of exchange fields, but as re-
configurable control elements for engineering superconduct-
ing quantum states.

Beyond static magnetic properties, the atomically thin ge-
ometry of vdW magnets strongly enhances interfacial SOC,
particularly when combined with superconductors possessing

067402-7



Chin. Phys. B 35, 067402 (2026)

intrinsically strong SOC or with heavy-element substrates.
The coexistence of exchange fields and SOC at inversion-
asymmetric interfaces provides a natural setting for singlet–
triplet conversion, enabling the emergence of odd-frequency
and equal-spin triplet Cooper pairs that can penetrate deep into
the ferromagnetic layer.[151,152] Moreover, interfacial SOC in-
duces spin–momentum locking and non-centrosymmetric su-
perconductivity, which are essential ingredients for realizing
nonreciprocal superconducting transport and magnetoelectric

effects.[15,153–156] Therefore, two-dimensional magnetic mate-
rials establish an unprecedented proximity element for S/M
heterostructures, in which magnetic order, exchange fields,
and spin–orbit interactions can be continuously and indepen-
dently tuned. This unique combination lays the microscopic
foundation for many of the emergent phenomena discussed
in subsequent sections, including long-range triplet super-
conductivity, superconducting diode effects, and topological
boundary excitations.[15,28,29,152,154,157–160]

100

200

1 2 3 456 10 20 30 50

T
 (

K
)

Layer Number

(a) (b) (c) (d) (h)

(e) (f) (g) (i)

0.0 0.2 0.4 0.6

100

150

200

250

300

350

ε (%)

H
C
 (

m
T

)
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

-0.4

-0.2

0.0

0.2

0.4

R
x
y
 (
Ω

)

B  (T)

0.0 0.1 0.2 0.3 0.4 0.5 0.6
80

100

120

140

160

180

200

220

ε (%)

T
 (

K
)

Cr

Ge

Te 40K

θ
K

 (
m

ra
d

)
μ0H (T)

10

0

-10

0.50.0-0.5

PM

FM2

FM1

Fig. 5. Two-dimensional vdW magnets and tunable magnetic phases. (a) Crystal structure of Cr2Ge2Te6 shown in side and top views. (b) Optical image
of exfoliated Cr2Ge2Te6 atomic layers on SiO2/Si (left) and corresponding Kerr rotation signal from a bilayer flake under an out-of-plane magnetic field
at 40 K (right). (c) In-plane (top) and out-of-plane (bottom) atomic lattice of a monolayer CrI3. (d) Polar MOKE signal of a CrI3 monolayer. The inset
shows an optical image of an isolated monolayer (the scale bar is 2 µm). (e) Atomic structure of monolayer FGT viewed along the [001] (top) and
[010] (bottom) directions. (f) Layer-number–temperature phase diagram of FGT. (g), (h) Strain-dependent anomalous Hall response and coercive field of
FGT at 1.5 K. (i) Temperature–strain phase diagram of FGT, distinguishing paramagnetic (PM) and ferromagnetic phases with single-domain (FM1) and
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from Ref. [144]. Panels (e) and (f) are reproduced with permission from Ref. [145]. Panels (g)–(i) are reproduced with permission from Ref. [68].

3.2. Proximity effect in S/M heterostructures

At the heart of S/M heterostructures lies the proximity-
induced coupling between superconducting condensates and
magnetic exchange fields. When a conventional spin-singlet
superconductor is interfaced with a ferromagnet, Cooper pairs
penetrating into the magnetic region experience an effective
exchange field that lifts spin degeneracy. As a result, the
superconducting pair amplitude acquires a finite center-of-
mass momentum and oscillates spatially, giving rise to char-
acteristic phenomena such as the suppression and revival of
supercurrents[21] and the emergence of 0–π transitions in
Josephson junctions.[161–163] Crucially, when strong interfa-
cial SOC and broken inversion and time-reversal symme-
tries are present — as is generically the case in 2D vdW
heterostructures — spin-singlet Cooper pairs can be con-
verted into equal-spin triplet correlations. Unlike singlet
pairs, these triplet pairs are immune to pair breaking by
exchange fields and can propagate over long distances in-
side ferromagnets, giving rise to long-range, spin-polarized
supercurrents.[164,165] This singlet–triplet conversion mecha-

nism constitutes the microscopic foundation of superconduct-
ing spintronics, enabling dissipationless spin transport with-
out accompanying Joule heating. Theoretical studies further
predict that magnetic proximity and Rashba-type SOC at S/M
interfaces can stabilize exotic pairing symmetries and magne-
toelectric effects.[15,17,18,21,156,166–168] The experimental real-
ization of proximity-induced superconductivity in atomically
thin ferromagnets has provided compelling evidence of the un-
conventional nature of S/M coupling.

Direct experimental evidence for unconventional proxim-
ity coupling has been obtained in several two-dimensional S/M
heterostructures. A representative example is the NbSe2/FGT
vdW heterostructure, where Hu et al.[169] demonstrated
the coexistence of intrinsic ferromagnetism and proximity-
induced superconductivity within the FGT layer. Resistance–
temperature measurements reveal a clear superconducting
transition in ultrathin FGT flakes (∼ 4 nm), while thicker FGT
layers exhibit a pronounced resistance upturn near the super-
conducting transition, reflecting the finite penetration depth of
induced superconductivity (Fig. 6(a)). These results provide
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transport evidence that superconductivity can coexist with fer-
romagnetism in atomically thin magnetic layers. STS further
corroborates the coexistence of superconductivity and mag-
netism at the local level. In CrBr3/NbSe2 heterostructures,
Kezilebieke et al.[170] observed a superconducting gap in the
differential conductance spectrum measured at the center of
CrBr3 islands (Fig. 6(b)), demonstrating that superconduct-
ing correlations are induced directly inside the magnetic layer.
Under an applied out-of-plane magnetic field, spatially re-
solved dI/dV maps reveal a highly ordered hexagonal vortex
lattice extending seamlessly across regions covered by CrBr3

and bare NbSe2 (Fig. 6(c)), indicating that the induced super-
conducting state remains phase coherent and compatible with

the underlying magnetic order. Beyond inducing supercon-
ductivity in magnetic layers, proximity coupling can even en-
hance superconducting pairing in the presence of magnetism.
In a MnTe/Bi2Te3/Fe(Te,Se) trilayer heterostructure, Ding et
al.[29] reported a significantly enhanced superconducting gap
of approximately 2.9 meV on the surface of monolayer MnTe
— substantially larger than the gap of the underlying Fe(Te,Se)
superconductor (Fig. 6(d)). Notably, this enhancement disap-
pears for bilayer MnTe samples, where only a conventional su-
perconducting gap is observed. This striking layer-dependent
behavior highlights the crucial role of interfacial magnetism
and SOC in reshaping superconducting pairing at the atomic
limit.
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Fig. 6. Proximity effects and emergent phenomena in superconductor/magnet heterostructures. (a) Temperature-dependent resistance of
NbSe2/spacer/FGT with varying FGT thickness and fixed NbSe2 thickness of ∼ 20 nm. (b) Differential conductance spectra measured on bare NbSe2
and on a magnetic CrBr3 island, fitted by a double-gap s-wave BCS model, indicating proximity-modified superconductivity. (c) Vortex imaging on
CrBr3/NbSe2 heterostructure, revealing magnetic modulation of superconducting vortices. The grid spectra were recorded at T = 350 mK under an
applied out-of-plane magnetic field of 0.65 T. (d) Layer-resolved superconducting gap spectra in a MnTe/Bi2Te3/Fe(Se,Te) heterostructure. (e) Anoma-
lous Hall resistivity of the V5Se8/NbSe2 heterostructure as a function of the magnetic fields taken at T = 2 K with two different magnetic field angles
(θ = 0◦ and 80◦). (f) The anomalous Hall conductivity at µ0H = 9 T plotted against θ . The yellow-colored area highlights a deviation from cos(θ).
Panel (a) is reproduced with permission from Ref. [169]. Panels (b) and (c) are reproduced with permission from Ref. [170]. Panel (d) is reproduced
with permission from Ref. [29]. Panel (e) is reproduced with permission from Ref. [17]. Panel (f) is reproduced with permission from Ref. [18].

The cooperative interplay between proximity effects and
strong SOC can further reconstruct magnetic anisotropy and
even induce magnetic order inside superconductors. In
NbSe2/V5Se8 heterostructures, anomalous Hall effect (AHE)
measurements reveal a dramatic evolution of magnetic be-
havior compared to V5Se8/TiSe2. While V5Se8/TiSe2 ex-
hibits weak anisotropy consistent with a quasi-Heisenberg
magnetic state, NbSe2/V5Se8 displays a square-shaped hys-
teresis loop under out-of-plane magnetic fields, indicating
that V5Se8 is switched from the Heisenberg ferromagnet
with weak anisotropy to the Ising ferromagnet with strong

anisotropy in NbSe2/V5Se8
[17] (Fig. 6(e)). Besides, angle-

dependent AHE measurements further show anomalous devi-
ations from the expected cos(θ ) scaling[18] (Fig. 6(f)), sug-
gesting the emergence of a proximity-induced ferromagnetic
ground state within the superconducting NbSe2 layer, driven
by interfacial exchange coupling and SOC. Taken together,
these experimental advances establish that proximity effects
in two-dimensional S/M heterostructures generate genuinely
new quantum states, rather than trivial replicas of bulk su-
perconductivity or magnetism. The cooperative and compet-
itive interplay among exchange fields, superconducting pair-

067402-9



Chin. Phys. B 35, 067402 (2026)

ing, and spin–orbit interactions give rise to emergent inter-
facial phases characterized by long-range triplet correlations,
enhanced or modified superconducting gaps, reconstructed
magnetic anisotropy, and magnetized superconducting ground
states. These phenomena provide the microscopic basis for the
nonreciprocal transport, superconducting diode effects, and
topological excitations discussed in the following sections.

3.3. Symmetry breaking and nonreciprocal transport

A defining consequence of interfacial symmetry break-
ing in S/M heterostructures is the emergence of asymmetric
superconducting transport, in which the response of the sys-
tem depends on the direction of charge flow. When inversion
symmetry is broken at the interface and time-reversal symme-
try is lifted by the magnetic proximity effect, the supercon-
ducting free energy acquires momentum-asymmetric terms.
As a result, Cooper-pair depairing becomes direction depen-
dent, giving rise to nonreciprocal critical currents and recti-
fication of supercurrents — phenomena collectively referred

to as the SDE. From this perspective, nonreciprocal super-
conducting transport and extreme magnetoresistance can be
viewed as closely related manifestations of the same under-
lying physics: an asymmetric coupling between supercon-
ductivity, magnetism, and spin–orbit interaction at vdW in-
terfaces. In NbSe2/CrSBr heterostructures,[153] for example,
a magnetic-field-driven antiferromagnetic–ferromagnetic tran-
sition in CrSBr generates highly localized out-of-plane stray
fields near the magnetic edges (Fig. 7(a)). These stray fields
penetrate into the neighboring NbSe2 and selectively suppress
superconductivity over nanometer length scales, switching the
system between a zero-resistance and a finite-resistance state.
This abrupt superconducting on–off transition produces an ef-
fectively infinite magnetoresistance, illustrating how magnetic
textures can act as local phase-control elements for supercon-
ducting transport. Notably, the combination of such a gi-
ant magnetoresistance with a small resistance–area product
enables ultrahigh-density superconducting magnetic memory
circuits (Fig. 7(b)).
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Fig. 7. Giant magnetoresistance and electrically switchable nonreciprocal superconducting transport in the superconductor/magnet heterostructure.
(a) Device schematic of a NbSe2/CrSBr heterostructure, with the CrSBr edge positioned between electrodes, and simulated out-of-plane stray-field
distribution. (b) Comparison of magnetoresistance and resistance–area product with representative conventional and superconducting spintronic de-
vices reported in the literature. (c) Schematics and experimental demonstration of electrically switchable nonreciprocal superconducting transport.
(d) Conceptual analogy between biological cortical neurons and neural transistors, and spike responses to current pulses for opposite polarity states, il-
lustrating the potential of nonreciprocal superconducting devices for neuromorphic computing. Panel (a) is reproduced with permission from Ref. [153].
Panels (b)–(e) are reproduced with permission from Ref. [15].

Early realizations of superconducting diodes in vdW S/M
heterostructures relied on external magnetic fields to explicitly
break time-reversal symmetry. In NbSe2/CrPS4 bilayers and
CrPS4/NbSe2/CrPS4 trilayer spin-valve structures,[154] mag-
netic proximity induces a sizable critical-current asymmetry
under modest applied fields. The enhanced nonreciprocity ob-
served in the trilayer geometry reflects the increased magnetic
asymmetry imposed by the two magnetic layers, demonstrat-
ing that vdW stacking offers a flexible route to engineer the
strength and polarity of superconducting rectification. Con-
versely, the nonreciprocal transport can also be suppressed de-
pending on the interfacial magnetic environment. For exam-

ple, Che et al. reported that in Fe2O3/NbSe2 heterostructures,
the asymmetric superconducting response observed in pristine
NbSe2 is significantly reduced due to competing magnetic ef-
fects at the interface.[171] This highlights that interfacial mag-
netic textures can either enhance or diminish superconducting
rectification, emphasizing the tunability of the SDE through
careful interface engineering.

A major conceptual advance was achieved with the real-
ization of field-free nonreciprocal superconductivity enabled
by intrinsic interfacial symmetry breaking. In FGT/NbSe2

heterostructures,[15] the strong SOC of Ising superconduct-
ing NbSe2, combined with the interfacial exchange field from
the vdW ferromagnet, breaks time-reversal symmetry without
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any external magnetic field. As a consequence, robust non-
reciprocal supercurrents persist at zero field, with diode effi-
ciencies comparable to or exceeding those of field-driven sys-
tems. This establishes that magnetic proximity alone, when
coupled to strong SOC, is sufficient to generate intrinsic su-
perconducting rectification. Beyond passive nonreciprocity,
these systems further enable active and programmable con-
trol of superconducting asymmetry (Fig. 7(c)). In FGT/NbSe2

devices, the polarity of the superconducting diode can be de-
terministically reversed by electrical current pulses, allowing
all-electrical switching between opposite diode states. This
reconfigurability enables the implementation of logic func-
tionalities, such as XOR operations (Fig. 7(d)), and the faith-
ful emulation of neuron-like response characteristics inspired
by cortical information processing (Fig. 7(e)). Such behavior
points to a magnetoelectric-like coupling between the super-
conducting condensate and the interfacial magnetic configu-
ration, elevating the superconducting diode from a symmetry-
derived effect to a functional, reconfigurable quantum device
element. These developments establish S/M vdW heterostruc-
tures as a versatile platform for engineering asymmetric su-
perconducting responses, ranging from infinite magnetoresis-
tance to field-free, electrically programmable superconducting
diodes. By introducing symmetry breaking directly at the in-
terface, these systems open new pathways toward dissipation-
less superconducting electronics with functionalities unattain-
able in conventional superconductors.

3.4. Topological superconductivity and Majorana bound-
ary modes

S/M heterostructures constitute one of the most promis-
ing platforms for engineering topological superconductivity
in two dimensions. When a conventional spin-singlet super-
conductor is coupled to a magnetic layer in the presence of
strong SOC, the combined system can effectively emulate a
spinless p-wave superconductor. In such a regime, the super-
conducting state may acquire a nontrivial topological invari-
ant, supporting MZMs localized at sample edges, magnetic
domain walls, and vortex cores. Over the past decade, ex-
perimental signatures consistent with Majorana physics have
been reported in a variety of hybrid architectures, including
ferromagnetic insulator/superconductor interfaces, magnetic
topological insulator/superconductor heterostructures, and en-
gineered vdW magnetic–superconducting systems. Observa-
tions such as zero-bias conductance peaks, anomalous Joseph-
son responses, and spatially localized zero-energy states de-
tected by scanning tunneling microscopy and spectroscopy
have provided compelling, though not yet definitive, evidence
for topological boundary excitations. Establishing unambigu-
ous Majorana signatures and disentangling them from trivial
bound states remain central challenges in the field.

A typical realization of a designer two-dimensional
topological superconductor was reported in CrBr3/NbSe2

heterostructures.[28] In this system, structural inversion sym-
metry breaking at the CrBr3/NbSe2 interface generates strong
Rashba SOC, while intrinsic magnetism in CrBr3 and super-
conductivity in NbSe2 jointly provide all essential ingredi-
ents — magnetism, superconducting pairing, and SOC — for
topological superconductivity. Differential conductance spec-
tra acquired along the edges of CrBr3 magnetic islands exhibit
pronounced zero-bias features consistent with chiral Majorana
modes. Spatially resolved dI/dV line cuts across the island
boundary (Fig. 8(a)) further reveal localized zero-energy states
confined to the magnetic edge. The experimentally observed
spectroscopic features are well reproduced by theoretical cal-
culations of the local density of states, lending strong sup-
port to the interpretation in terms of a two-dimensional topo-
logical superconducting phase hosted by a monolayer ferro-
magnet/superconductor interface. Subsequent high-resolution
STM/STS measurements by Feng et al. provided a critical
reinvestigation of the CrBr3/NbSe2 heterostructure.[172] They
showed that the emergence of edge states is closely correlated
with lattice reconstruction at the edges of CrBr3 islands. Three
representative types of tunneling spectra were observed at the
edges: a fully developed superconducting gap, a zero-energy
conductance peak (ZECP), and in-gap bound states. More-
over, the zero-energy peak rapidly splits into symmetric side
peaks with increasing tunneling transparency. These behaviors
are inconsistent with robust topological Majorana edge modes
and instead point to conventional Yu–Shiba–Rusinov states as-
sociated with localized magnetic moments, underscoring the
critical role of interfacial coupling and edge reconstruction.

Complementary evidence for topological superconduc-
tivity and MZMs has been reported in more complex
vdW heterostructures that deliberately combine supercon-
ductivity, magnetism, and strong SOC. In a high-quality
MnTe/Bi2Te3/Fe(Te,Se) trilayer system,[29] Ding et al. real-
ized a platform in which conventional s-wave superconduc-
tivity is supplied by Fe(Te,Se), strong SOC arises from the
topological insulator Bi2Te3, and thickness-dependent mag-
netism is provided by MnTe. STS measurements performed
on monolayer (1-UC) MnTe reveal several striking features,
including a robust zero-energy conductance peak and multi-
ple discrete in-gap states (Fig. 8(b)). The coexistence of these
spectroscopic signatures is consistent with the emergence of
a nontrivial topological superconducting state and localized
MZMs at the surface. Beyond isolated Majorana bound states,
recent theoretical proposals suggest that engineered magnetic
textures[173–175] — such as domain walls and skyrmions —
in two-dimensional ferromagnets can host extended networks
of topological superconducting channels. Such networks of-
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fer a potential route toward the controlled braiding and ma-
nipulation of non-Abelian quasiparticles in fully planar ge-
ometries. These advances position two-dimensional S/M het-

erostructures as central building blocks for realizing topolog-
ical superconductivity and for developing scalable platforms
for topological quantum information processing.
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Fig. 8. (a) Differential conductance spectra (dI/dV ) measured across the edge of a CrBr3 island, with the corresponding STM topography shown above.
(b) Spatially resolved dI/dV spectra taken along a vortex core (line A). (c) SQUID oscillations of a Cr2Ge2Te6 -based Josephson junction, where red
circles and blue squares denote the critical currents I−c and I0

c measured at T = 0.9 K. (d) Schematic illustration of magnetization-dependent Josephson
coupling: perpendicular magnetization favors spin-conserving tunneling of Ising Cooper pairs and a π-phase junction, while in-plane magnetization
requires spin-flip tunneling and yields a 0-phase junction, resulting in mixed 0–π segments in the presence of magnetic domains. (e) Schematic of the
S/F/S junction with the magnetic field along the y-axis direction. (f) Distribution of supercurrent density along the y-axis, revealing two conductive
edge channels. Panel (a) is reproduced with permission from Ref. [28]. Panel (b) is reproduced with permission from Ref. [29]. Panels (c) and (d) are
reproduced with permission from Ref. [162]. Panels (e) and (f) are reproduced with permission from Ref. [165].

3.5. Magnetic Josephson junctions and phase engineering

Magnetic Josephson junctions based on 2D S/M het-
erostructures provide a versatile and conceptually power-
ful platform for engineering superconducting phases, pair-
ing symmetry, and current flow in a programmable manner.
When a ferromagnetic layer is inserted between two super-
conducting electrodes, the exchange field modifies the super-
conducting current–phase relation, enabling phase shifts that
go beyond the conventional 0-junction behavior. Depend-
ing on the magnetic configuration, interfacial SOC, and junc-
tion geometry, such systems can host π-junctions and ϕ0-
junctions with spontaneous phase offsets in the absence of ex-
ternal phase bias. A hallmark of magnetic Josephson junc-
tions is the emergence of nontrivial phase ground states orig-
inating from the spatially inhomogeneous magnetic texture
and proximity-induced superconducting correlations. In atom-
ically thin magnetic-insulator Josephson junctions based on
NbSe2/Cr2Ge2Te6/NbSe2 heterostructures, Idzuchi et al.[162]

demonstrated the realization of junctions whose ground-state
phases deviate from both 0 and π . By comparing switching
currents obtained under different bias sweep histories, the au-
thors extracted two degenerate phase offsets, neither of which
corresponds to an integer multiple of π (Fig. 8(c)). This be-
havior is understood as arising from the coexistence and in-
terference of 0- and π-junction segments induced by hetero-
geneous magnetic domains and tilted spins in the Cr2Ge2Te6

barrier (Fig. 8(d)). Such domain-mediated interference effec-

tively realizes a ϕ0-junction with a doubly degenerate phase
ground state, highlighting how magnetic microstructure can
be directly encoded into the superconducting phase.

Beyond static phase shifts, vdW Josephson junctions en-
able dynamic and reconfigurable control of superconducting
phase and supercurrent. The atomically sharp interfaces and
high material cleanliness inherent to vdW assembly strongly
enhance proximity effects, allowing unconventional super-
conducting correlations to propagate over long distances. A
demonstration was reported by Hu et al.,[165] who fabricated
lateral S/F/S Josephson junctions using the vdW ferromag-
net FGT as the magnetic barrier and NbSe2 as superconduct-
ing electrodes. Remarkably, supercurrents were observed to
propagate across FGT over distances exceeding 300 nm —
far beyond the decay length expected for spin-singlet pairs.
This long-range Josephson coupling provides compelling ev-
idence for the generation of equal-spin triplet supercurrents,
which are robust against exchange fields and constitute a cen-
tral building block of superconducting spintronics. Quantum
interference measurements in these junctions further revealed
Fraunhofer patterns shifted away from zero magnetic field, re-
flecting the intrinsic magnetization of the ferromagnetic bar-
rier and its direct coupling to the Josephson phase. Even more
intriguingly, the supercurrent density was found to be strongly
localized near the surfaces or edges of the ferromagnet, form-
ing so-called skin Josephson currents (Fig. 8(f)). This highly
nonuniform current distribution represents a novel transport
regime enabled by reduced dimensionality, strong magnetism,
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and interfacial proximity effects, and has no direct analogue in
conventional bulk Josephson junctions.

Magnetic Josephson junctions in 2D S/M heterostructures
transform magnetism from an antagonistic perturbation into
an active control knob for superconducting phase and pair-
ing symmetry. By enabling long-range triplet supercurrents,
nontrivial phase offsets, and spatially engineered supercur-
rent flow, these systems establish a foundation for supercon-
ducting phase batteries, reconfigurable Josephson circuits, and
hybrid quantum devices. More broadly, the concepts devel-
oped here naturally extend to Josephson junctions incorporat-
ing topological and strongly correlated materials, providing
a key bridge between proximity-engineered superconductiv-
ity and the topological superconducting phenomena discussed
in the following sections.

4. Superconductor/topological material het-
erostructures
Superconductor/topological-material (S/T) heterostruc-

tures constitute a rapidly expanding arena in which super-
conductivity intertwines with topological electronic structures,
SOC, and crystalline symmetry. The central concept is that
superconducting correlations, when injected into topologi-
cal surface or interface states, do not remain conventional
but reorganize into new pairing configurations governed by
the underlying topological or symmetry-protected degrees of
freedom. The resulting hybrid superconducting states of-
ten display mixed-parity pairing, finite-momentum conden-
sates, nonreciprocal responses, phase-biased Josephson be-
havior, and highly tunable quasiparticle excitations. These
emergent effects provide not only a platform for exploring
unconventional superconductivity but also fertile ground for
realizing topological quasiparticles such as Majorana bound
states[42,176–178] and for engineering functional superconduct-
ing devices beyond the paradigm of conventional Josephson
physics. In this section, we review the microscopic mech-
anisms, representative material systems, experimental signa-
tures, and emerging device concepts associated with S/T het-
erostructures. Special emphasis is placed on how symmetry,
topology, and quantum geometric properties shape the interfa-
cial superconducting state and how these features give rise to
a spectrum of measurable phenomena and functional capabil-
ities.

4.1. Microscopic mechanisms at S/T interfaces

At the heart of S/T heterostructures lies the conversion
of conventional Cooper pairs into interfacial pairing ampli-
tudes that reflect the symmetry and spin texture of the topo-
logical material. Because topological surface states exhibit
spin–momentum locking or Rashba-type spin–orbit fields,
the induced pairing naturally acquires mixed singlet–triplet

character.[179–184] In the Fu–Kane framework,[45] for exam-
ple, s-wave proximity coupling to a Dirac surface state gen-
erates an effective p-wave component capable of hosting Ma-
jorana modes. More generally, interfacial superconductivity
arises from a combination of spin–orbit interactions, band in-
version, and orbital hybridization, each contributing distinct
channels for pairing conversion.[185–189] Symmetry considera-
tions further dictate the nature of the emergent order. Breaking
inversion symmetry at the interface favors parity mixing and
allows finite-momentum Cooper pairing, which can manifest
as helical superconductivity or lead to Josephson phase shifts
in ϕ0-junctions.[20,23,190,191] These effects could give rise to
unconventional phenomena such as nonreciprocal Josephson
responses and phase-bias generation.[23,192,193] Overall, these
mechanisms establish a unified physical landscape for under-
standing how superconducting correlations evolve at topolog-
ical interfaces. The induced pairing is therefore not simply
inherited from the parent superconductor; rather, it emerges
as a hybrid condensate shaped jointly by symmetry and topol-
ogy. This framework provides the foundation for analyzing
specific material platforms and interpreting a wide variety of
proximity-induced superconducting phenomena.

4.2. Topological insulator–superconductor interfaces

Topological insulators (TIs), such as Bi2Se3, Bi2Te3, and
Sb2Te3,[194] host gapless Dirac surface states with helical spin
textures protected by time-reversal symmetry. When such sur-
face states are interfaced with a conventional s-wave supercon-
ductor, superconducting correlations penetrate into the topo-
logical layer via the superconducting proximity effect. Ow-
ing to the spin-helical nature of the Dirac fermions, the in-
duced pairing is fundamentally reshaped: within the Fu–Kane
framework,[45] conventional s-wave pairing is effectively con-
verted into a spinless p-wave channel. This conversion en-
ables two-dimensional topological superconductivity that can
host MZMs at vortices, magnetic domain boundaries, or sam-
ple edges.[195–198]

Ultrathin TI films provide an additional and highly effec-
tive degree of tunability for proximity-induced superconduc-
tivity. In these systems, robust interfacial superconductivity
can be stabilized in few-quintuple-layer (QL) systems when
coupled to a superconductor. Molecular-beam-epitaxy-grown
Bi2Se3/NbSe2 and Bi2Te3/NbSe2 heterostructures have there-
fore emerged as prototypical platforms, combining atomically
sharp interfaces, high crystalline quality, and precise thickness
control. In these systems, scanning tunneling microscopy and
spectroscopy (STM/STS) directly visualize proximity-induced
superconducting gaps as well as vortex-core bound states, pro-
viding spatially resolved access to the interfacial supercon-
ducting order. A seminal experimental demonstration of the
coexistence between superconductivity and topological sur-
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face states is reported by Wang et al. in Bi2Se3/NbSe2 het-
erostructures. Low-temperature STM/STS measurements[185]

(Fig. 9(a)) reveal a well-defined superconducting gap on the
surface of Bi2Se3, whose magnitude gradually decreases with
increasing film thickness (Fig. 9(b)), consistent with expecta-
tions for a proximity-induced order parameter. Complemen-
tary ARPES measurements (Fig. 9(c)) further show that topo-
logical Dirac surface states emerge when the Bi2Se3 thickness

reaches approximately six quintuple layers, with a clearly re-
solved Dirac point located about 0.45 eV below the Fermi
level. The simultaneous observation of a superconducting gap
and intact Dirac surface states established that superconduc-
tivity and nontrivial band topology can coexist within a single,
well-controlled heterostructure, thereby laying a crucial exper-
imental foundation for realizing Majorana physics in the S/T
heterostructures.
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Fig. 9. Proximity-induced topological superconductivity and Majorana signatures in superconductor/topological material heterostructures. (a) The
STS spectra measured on pristine NbSe2 and a 3QL-Bi2Se3 film. (b) Thickness dependence of the induced superconducting gap extracted from spectral
fitting. (c) ARPES-measured band dispersions of Bi2Se3 thin films with varying thicknesses. (d) (Upper panels) ARPES-derived band structures near the
Fermi level around th Γ point for 17ML-Pb/TlBiSe2, 17ML-Pb/Si(111), and pristine TlBiSe2, respectively. (Lower panels) Corresponding experimental
dispersions obtained from MDC/EDC peak positions. (e) (Left) Zero bias dI/dV mapping of a vortex at 0.1 T with the spin nonpolarized tip on the
topological superconductor 5QL Bi2Te3/NbSe2; (Lower) dI/dV spectrum measured at the vortex center using a fully spin-polarized tip. (Right) dI/dV
spectrum taken ∼ 10 nm away from the vortex center with a fully spin-polarized tip. Panels (a)–(c) are reproduced with permission from Ref. [185].
Panel (d) is reproduced with permission from Ref. [199]. Panel (e) is reproduced with permission from Ref. [198].

Beyond conventional superconducting proximity, S/T
heterostructures also enable the topological proximity
effect,[199] whereby the nontrivial band topology of a TI
is partially transferred into an adjacent superconductor. In
Pb/TlBiSe2 heterostructures, for example, ARPES measure-
ments revealed Dirac-like electronic states at the Pb–vacuum
interface that originate from the buried TI substrate rather than
from Pb itself (Fig. 9(d)). Spin-selective hybridization be-
tween TI Dirac states and Pb quantum-well states stabilizes
a topologically nontrivial electronic structure within the su-
perconducting film, offering a complementary route toward
engineering topological superconductivity that does not rely
solely on inducing superconductivity in the TI layer. The

MZMs at the vortex core are a hallmark feature of topolog-
ical superconductivity and have been investigated in several
S/T systems using STM/STS. However, identifying MZMs re-
mains experimentally challenging, as conventional zero-bias
conductance peaks can be mimicked by low-energy Caroli–de
Gennes–Matricon states in vortex cores. An effective strat-
egy to enhance selectivity exploits the spin structure of Majo-
rana modes: the Majorana wave function at the vortex center
is predicted to be fully spin polarized, rendering zero-energy
Andreev reflection intrinsically spin selective. Spin-polarized
STM/STS therefore provides a more stringent probe of Ma-
jorana physics. This approach was experimentally demon-
strated by Sun et al.[198] in Bi2Te3/NbSe2 heterostructures
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(Fig. 9(e)), where spin-polarized STM/STS revealed a pro-
nounced spin-dependent enhancement of the zero-bias con-
ductance localized at vortex centers. These observations
significantly strengthen the identification of the zero-energy
bound states as MZMs and establish S/T heterostructures as
experimentally accessible platforms for probing topological
superconductivity.

4.3. Topological semimetal–superconductor interfaces

Topological semimetals offer a qualitatively distinct route
to realizing interfacial topological superconductivity, funda-
mentally different from that based on topological insulators.
In Dirac and Weyl semimetals,[183,200–202] the bulk band struc-
ture hosts symmetry-protected gapless nodes, accompanied by
open Fermi-arc surface states rather than closed Dirac cones.
These extended surface manifolds, together with strong SOC
and reduced symmetry, enable proximity-induced supercon-
ducting correlations that are inherently anisotropic and sensi-
tive to band topology.

Type–II Weyl semimetals, exemplified by WTe2- and
MoTe2-based compounds,[181,203–207] provide a rich play-
ground. Their strongly tilted Weyl cones and highly

anisotropic Fermi surfaces break Lorentz invariance and fun-
damentally reshape the superconducting proximity effect. In
WTe2 (Fig. 10(a)), strong SOC, band inversion, and lattice
distortion cooperate to generate a nontrivial bulk topology[181]

accompanied by helical boundary modes (Fig. 10(b)). In addi-
tion to its topological band structure, WTe2 exhibits a range of
hallmark transport phenomena, including pronounced charge–
spin conversion[205] driven by Berry curvature and spin tex-
ture (Fig. 10(c)), extremely large and non-saturating posi-
tive magnetoresistance[204] governed by carrier compensation
(Fig. 10(d)), and the chiral anomaly manifested as negative
longitudinal magnetoresistance[203] (Fig. 10(e)). These prop-
erties highlight WTe2 as a highly tunable quantum material
in which topology, geometry, and transport are intrinsically
intertwined. When proximitized by an s-wave superconduc-
tor, WTe2 gives rise to unconventional superconducting states
that directly reflect its topological electronic structure. In
WTe2/NbSe2 vdW heterostructures, proximity-induced super-
conductivity penetrates deep into the semimetal, indicating ef-
ficient Cooper-pair injection despite the absence of a bulk gap.
Transport and spectroscopic measurements reveal long coher-
ence lengths and unconventional subgap structures, signaling
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Fig. 11. Emergent topological and nonreciprocal superconducting phenomena in superconductor/topological semimetal heterostructure. (a) Representa-
tive dI/dV spectra of monolayer WTe2 away from the edge (bulk) and at the edge, showing enhanced local density of states (LDOS) due to the quantum
spin Hall edge state. (b)–(c) Fitting of representative tunneling spectra for monolayer WTe2/ NbSe2 in the bulk (b) and at the edge (c). (d) Differential
resistance spectra of WTe2 measured at various temperatures, revealing subgap features inside the main superconducting peaks. (e)–(f) Theoretical
calculations of density of states (DOS) in superconducting WTe2/NbSe2 heterostructure. (e) DOS spectra of type II Weyl semi-metal (WTe2) and
s-wave superconductor (NbSe2) in the superconducting state. (f) Enlarged DOS spectra of WTe2 in panel (a) (red line). Thin curves represent DOS of
different layers in WTe2. (g) I–V curve of a NiTe2/Nb JJ device (d = 350 nm) at 20 mK under in-plane field By = 20 mT, demonstrating nonreciprocal
critical currents. (h) Schematic of the junction under in-plane field along current, showing formation of a finite-momentum Cooper pair modulation
in the y direction. (i) Dependence of dV/dI on in-plane (Bx) and out-of-plane (Bz) magnetic fields for the same JJ device with d = 350 nm, showing
the evolution of the interference pattern due to the applied in-plane magnetic field. Panels (a)–(c) are reproduced with permission from Ref. [188].
Panels (d)–(f) are reproduced with permission from Ref. [208]. Panels (g)–(i) are reproduced with permission from Ref. [23].

a departure from conventional proximity superconductivity. A
particularly striking realization is the superconducting quan-
tum spin Hall effect in monolayer WTe2/NbSe2 heterostruc-
tures. Low-temperature scanning tunneling microscopy and
spectroscopy directly resolve enhanced local density of states
(Fig. 11(a)) at the WTe2 edges,[188] confirming the presence
of quantum spin Hall edge channels. More importantly, a
proximity-induced superconducting gap is observed within
these edge states (Figs. 11(b) and 11(c)), providing compelling
evidence for the coexistence of superconductivity and topo-
logically protected helical transport. This achievement estab-
lishes a solid-state platform in which one-dimensional topo-
logical edge modes are coherently proximitized, opening path-
ways toward Majorana-based boundary excitations.

Beyond edge superconductivity, proximity effects in
WTe2 can generate anomalous subgap spectral features rooted
in the intrinsic electronic structure of the Weyl semimetal.
In WTe2/NbSe2 heterostructures, differential resistance mea-

surements (Fig. 11(d)) reveal multiple subgap peaks in addi-
tion to the conventional coherence features.[208] Theoretical
modeling of the density of states (Figs. 11(e) and 11(f)) re-
produces these anomalies and indicates that superconducting
WTe2 develops secondary coherence peaks at energies sig-
nificantly smaller than the parent NbSe2 gap. This behav-
ior reflects a multi-step Cooper-pair depairing process associ-
ated with momentum-selective pairing on Weyl-derived states,
highlighting the nontrivial nature of proximity-induced super-
conductivity in topological semimetals.

Topological semimetal–superconductor interfaces also
exhibit pronounced nonreciprocal and diode-like supercon-
ducting responses. A representative example is the giant
Josephson diode effect (Fig. 11(g)) observed in NiTe2/Nb
junctions,[23] where the critical current becomes strongly
asymmetric with respect to the current direction under an
in-plane magnetic field. This nonreciprocity originates from
finite-momentum Cooper pairing (Figs. 11(h) and 11(i)) en-
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abled by spin–momentum-locked surface states and broken
inversion symmetry. Such effects underscore the potential
of topological semimetal–superconductor hybrids for realizing
superconducting devices with intrinsic rectification and direc-
tionality.

Overall, topological semimetal–superconductor inter-
faces highlight a unique interplay between superconductivity,
spin–momentum locking, and band topology. Compared with
topological insulator platforms, semimetal-based heterostruc-
tures offer enhanced tunability, anisotropic pairing, and access
to gapless bulk and boundary states, enabling a broad spectrum
of exotic superconducting phenomena and functional quantum
device concepts.

5. Superconductor/superconductor (S/S) het-
erostructures
Compared with S/M or S/T heterostructures, supercon-

ductor/superconductor (S/S) interfaces offer a uniquely clean
platform in which the Josephson effect itself can actively gen-
erate emergent quantum states, rather than merely probing
phase coherence. In particular, twistronics — the deliber-
ate introduction of a relative twist angle between two iden-
tical or similar superconducting layers — provides a continu-
ously tunable degree of freedom that controls interlayer cou-
pling, momentum-space matching, and moiré superlattice po-
tentials. When combined with the atomic precision of vdW
assembly, which enables high-quality interfaces and precise
control over crystallographic orientation, S/S heterostructures
allow interlayer hybridization, phase coherence, and symme-
try constraints to be deliberately engineered. These capabili-
ties transform superconducting interfaces into active quantum
materials, in which the superconducting order can be tailored
to realize unconventional Josephson responses, higher-order
tunneling processes, novel pairing symmetries, and nonrecip-
rocal transport.

5.1. Twist-engineered Josephson physics in S/S het-
erostructures

Twist engineering has recently emerged as a powerful
strategy for creating novel superconducting and topological
phenomena in S/S heterostructures. By rotating two super-
conducting layers relative to one another, long-wavelength
moiré superlattices are formed, introducing momentum mis-
match and spatial modulation of the interlayer coupling. Even
when the individual superconductors are well understood in
isolation, a finite twist angle can fundamentally reshape the
Josephson coupling, alter the effective pairing channels, and
give rise to emergent collective states.

From a microscopic perspective, the Josephson cur-
rent in twisted S/S junctions is no longer determined solely
by the macroscopic phase difference, but also by the

momentum-space overlap of the two condensates. Twist-
induced momentum mismatch suppresses first-order tun-
neling processes and enhances the role of higher-order
Josephson harmonics,[66,209,210] enabling finite-momentum
Cooper pairing, phase-biased Josephson states, and uncon-
ventional current–phase relations. In systems lacking in-
version or time-reversal symmetry, these effects naturally
give rise to nonreciprocal superconducting transport, includ-
ing superconducting diode behavior and directional Josephson
responses.[63,65,211–213]

Compared with conventional composition-based het-
erostructure engineering, twist provides a uniquely clean and
continuously tunable parameter space. It allows access to
symmetry-breaking superconducting states without introduc-
ing chemical disorder or additional scattering channels. More
broadly, twisted superconducting interfaces offer a versatile
route toward designer Josephson circuits, tunable SQUID
architectures, and programmable superconducting networks
whose properties are encoded in geometry rather than in ma-
terial composition. Looking ahead, theoretical studies sug-
gest that twist engineering can also induce emergent interfa-
cial magnetism in a wide range of two-dimensional bilayer
systems, including NbSe2, MoS2, and h-BN.[214] This mag-
netism arises from twist-driven spin splitting and enhanced
exchange interactions and can coexist or compete with super-
conductivity to produce unconventional topological and corre-
lated phases, yet it remains largely unexplored experimentally.
These insights point to an exciting opportunity: by combining
moiré engineering with sensitive magnetometry and transport
probes, one can realize tunable interfacial magnetic states in
S/S heterostructures, establishing a direct pathway toward re-
configurable superconducting quantum devices.

5.2. Twisted cuprate Josephson junctions

Among twist-engineered S/S heterostructures, twisted
cuprate superconductors — particularly BSCCO — occupy a
unique position. As a prototypical high-temperature supercon-
ductor with a predominantly d-wave order parameter, BSCCO
provides a stringent building block for testing how the twist
angle, pairing symmetry, and interlayer tunneling interplay in
the two-dimensional limit. The extreme anisotropy and weak
interlayer coupling of BSCCO further enable mechanical ex-
foliation and atomically clean vdW stacking, making it ideally
suited for twist-controlled Josephson junctions.

Early theoretical proposals established twisted cuprate
junctions as a phase-sensitive probe of superconducting or-
der. For an ideal d-wave superconductor, the Josephson cou-
pling is expected to vanish at a relative twist angle of 45◦,
reflecting the sign change of the order parameter under π/2
rotation, whereas a finite supercurrent would persist in the
presence of an s-wave component or incoherent tunneling
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contributions[211] (Fig. 12(a)). More recent theoretical stud-
ies have proposed a qualitatively different scenario in which
higher-order tunneling processes dominate near 45◦, poten-
tially stabilizing a chiral d+ id superconducting state. Such a
state would spontaneously break time-reversal symmetry and
manifest through anomalous temperature dependence of the
critical current, modified Fraunhofer interference patterns, and
fractional Shapiro steps, raising the intriguing possibility of
topological superconductivity at elevated temperatures.

Experimentally, realizing twisted BSCCO Josephson

junctions poses substantial challenges due to the intrinsic com-
plexity of cuprate superconductors. Disorder, oxygen nonstoi-
chiometry, and strong vortex pinning can obscure subtle inter-
facial effects, while ultrathin BSCCO flakes are highly sensi-
tive to fabrication and environmental conditions. Recent ad-
vances — including inert-atmosphere assembly, graphene en-
capsulation, and low-temperature stacking — have neverthe-
less enabled the preservation of superconductivity down to the
few-unit-cell and even half-unit-cell limit, opening a practical
route toward systematic twist-angle control.
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Fig. 12. Twist-controlled Josephson physics in cuprate superconductors. (a) Left: schematic of a twisted cuprate bicrystal illustrating Josephson tunneling
for s-, d-, or d+ id-wave pairing. Right: atomic structure of a 45◦-twisted Bi2Sr2CaCu2O8 (Bi-2212) interface. (b) Angular dependence of ICRN at 30 K
and 12 K, showing nearly incoherent tunneling. (c) Fraunhofer diffraction pattern for a 44.8◦ -twisted Bi-2201 Josephson junction. (d) Josephson coupling
strength as a function of twist angle in underdoped Bi-2212. (e) Experimental observation of Josephson diode effect in twisted cuprates. (f) Left: schematic
of a twisted BSCCO junction with vortex configuration. Right: bias-current-induced changes in vortex configuration (Magnus force) generate nonreciprocal
transport. (g) Schematic of a quantized superconducting diode (QSD) under microwave irradiation (left) and its I–V characteristic showing perfect diode
efficiency (right). Panel (a) is reproduced with permission from Ref. [211]. Panel (b) is reproduced with permission from Ref. [66]. Panel (c) is reproduced
with permission from Ref. [65]. Panel (d) is reproduced with permission from Ref. [63]. Panel (e) is reproduced with permission from Ref. [215]. Panel (f)
is reproduced with permission from Ref. [212]. Panel (g) is reproduced with permission from Ref. [213].

Despite these technical advances, experimental reports on
twist-angle–dependent Josephson coupling remain conflicting.
Several studies observe a strong suppression of the critical
current near 45◦ [66] (Fig. 12(b)), accompanied by anomalous
Fraunhofer interference patterns and fractional Shapiro steps,
which have been interpreted as signatures of higher-order tun-
neling and possible chiral d+ id pairing. In contrast, high-
precision measurements on highly uniform junctions report
conventional Fraunhofer interference and well-defined Fiske
resonances[65] (Fig. 12(c)), without the anomalies expected for
dominant second-order tunneling processes. These results cast
doubt on the robustness of a twist-stabilized d+ id supercon-
ducting state. Complementarily, other experiments observe
sizable Josephson currents even near 45◦, with ICRN values
comparable to those at small twist angles and a largely conven-

tional temperature dependence[63] (Fig. 12(d)). Such behav-
ior suggests the presence of an effective s-wave–like tunnel-
ing component or an incoherent admixture of pairing symme-
tries. At present, twisted BSCCO Josephson junctions there-
fore remain a paradigmatic yet controversial platform. Rather
than delivering a definitive verdict on cuprate pairing symme-
try, they highlight the extreme sensitivity of Josephson physics
in cuprates to disorder, interface transparency, and fabrication
protocols. Resolving whether twist engineering can genuinely
stabilize a new topological superconducting phase — or in-
stead reveals an unexpected resilience of s-wave–like Joseph-
son coupling — remains an open and central challenge.

Beyond their fundamental implications, twisted cuprate
junctions have also enabled direct control of nonreciprocal su-
perconducting transport. In particular, several studies have re-
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ported a pronounced Josephson diode effect at specific twist
angles. For example, Zhu et al.[215] observed sizable Joseph-
son tunneling near 45◦ accompanied by a robust JDE persist-
ing up to ∼ 50 K in the overdoped regime (Fig. 12(e)), while
Ghosh et al.[212] demonstrated a JDE surviving up to 77 K,
which was attributed to the interaction between Josephson
and Abrikosov vortices (Fig. 12(f)). More recently, Zhang et
al.[213] reported a quantized SDE operating entirely within the
Cooper-paired manifold, exploiting quantized Shapiro steps
to achieve digitized output with near-perfect diode efficiency
above liquid-nitrogen temperature (Fig. 12(g)). Together,
these results establish twist engineering as a powerful and
conceptually new control knob for superconducting order, not
only enabling stringent tests of unconventional pairing theo-
ries but also opening pathways toward high-temperature, non-
reciprocal superconducting devices based on strongly corre-
lated materials.

6. Conclusion and perspectives
In this review, we have provided an overview of emer-

gent superconducting phenomena in 2D vdW heterostructures
formed at interfaces between superconductors, magnetic ma-
terials, and topological systems. Enabled by atomically sharp
interfaces, weak interlayer bonding, and extensive tunability,
these hybrid structures provide an unprecedented platform for
engineering superconductivity beyond the constraints of bulk
materials. Through proximity effects, strong SOC, symmetry
breaking, and twist-angle control, vdW heterostructures host
a broad spectrum of unconventional superconducting states
that are otherwise difficult or impossible to realize. A uni-
fying principle across S/M, S/T, and S/S interfaces is the in-
terfacial hybridization of electronic orders. Superconduct-
ing, magnetic, and topological orders can partially penetrate
across atomically clean interfaces, generating emergent con-
densates with mixed symmetry, finite-momentum pairing, or
spin-polarized character. Such interlayer coupling enables
controlled coexistence and mutual reconstruction of super-
conductivity with magnetism, topology, and strong spin–orbit
interaction, greatly expanding the accessible quantum phase
space beyond that of the constituent layers.

In S/M heterostructures, proximity effects transform the
conventional antagonism between superconductivity and mag-
netism into a versatile resource: magnetic order can be re-
constructed or enhanced, while superconducting correlations
penetrate magnetic layers as long-range spin-triplet pairs.
These coupled orders give rise to magnetic Josephson junc-
tions, programmable quantum phases, infinite magnetoresis-
tance, and electrically controllable nonreciprocal transport,
laying the foundation for superconducting spintronics and
low-dissipation spin control. S/T heterostructures, by contrast,
leverage superconducting and topological proximity effects to

realize interfacial topological superconductivity. Such sys-
tems support MZMs, edge supercurrents, and spin-selective
Andreev reflection, establishing vdW S/T platforms as prime
candidates for topological quantum computation. Twist-angle
engineering and moiré superlattices further enrich S/S het-
erostructures, providing a highly tunable control knob over
Josephson coupling, phase coherence, and condensate sym-
metry. Even identical superconducting layers can host corre-
lated electronic states and angle-dependent Josephson effects,
demonstrating that twist can transform passive junctions into
designer quantum materials.

Looking forward, vdW superconductor heterostructures
provide a uniquely versatile platform for both exploring emer-
gent quantum phenomena and developing next-generation
quantum and neuromorphic devices. The combination of
atomically sharp interfaces, weak interlayer bonding, and mul-
tiple control knobs — including electric fields, strain, twist
angle, and thermal gradients — enables dynamic, reversible
manipulation of superconducting, magnetic, and topological
states. This tunability allows the realization of programmable
nonreciprocal devices, superconducting diodes, and tunable
Josephson networks, while also supporting neuromorphic su-
perconducting architectures in which multiple stable quantum
states and interfacial coupling can implement synaptic func-
tionalities, in-memory computation, and ultralow-power sig-
nal processing. Twist engineering and moiré superlattices fur-
ther enrich this landscape by reshaping interlayer hybridiza-
tion, controlling phase coherence, and inducing novel corre-
lated or topological superconducting states, offering a design-
driven approach to both fundamental physics and functional
device platforms. Beyond individual device concepts, vdW su-
perconductor heterostructures establish a bridge between neu-
romorphic and quantum computing paradigms. Superconduct-
ing neuromorphic processors can function as high-speed, low-
power classical co-processors for quantum systems, handling
control, error correction, and real-time pre-processing, while
quantum processors perform intrinsically quantum operations
such as entanglement generation, variational optimization, and
probabilistic sampling. By integrating tunable superconduc-
tivity, interfacial magnetism, and topological effects within a
single materials platform, these heterostructures provide a uni-
fied foundation for exploring emergent quantum phases and
for engineering hybrid computing architectures that combine
classical, neuromorphic, and quantum functionalities. Collec-
tively, this positions vdW superconductor heterostructures as a
transformative arena for both fundamental discoveries and the
realization of intelligent, energy-efficient, and reconfigurable
quantum technologies.
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[153] Jo J, Peisen Y, Yang H, Mañas-Valero S, Baldovı́ J J, Lu Y, Coron-

ado E, Casanova F, Bergeret F S, Gobbi M and Hueso L E 2023 Nat.
Commun. 14 7253

[154] Yun J, Son S, Shin J, Park G, Zhang K, Shin Y J, Park J G and Kim D
2023 Phys. Rev. Res. 5 L022064

[155] Zeng X, Ye G, Yang F, Ye Q, Zhang L, Ma B, Liu Y, Xie M, Han G,
Hao Y, Luo J, Lu X, Liu Y and Wang X 2023 ACS Appl. Mater. Inter-
faces 15 57397

[156] Nadeem M, Fuhrer M S and Wang X 2023 Nat. Rev. Phys. 5 558
[157] Robinson J W A, Witt J D S and Blamire M G 2010 Science 329 59
[158] Anwar M S, Czeschka F, Hesselberth M, Porcu M and Aarts J 2010

Phys. Rev. B 82 100501
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