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TOPICAL REVIEW — Two-dimensional superconductivity
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Two-dimensional superconductivity has become a major frontier in condensed matter physics. It holds the key to un-
derstanding the mechanism of high-temperature superconductors and offers an exceptional arena for stabilizing emergent
quantum states enabled by enhanced electron correlations in reduced dimensionality. These states are frequently character-
ized by spatial modulations and intertwined with competing orders, calling for studies that combine real-space imaging with
local spectroscopy. Scanning tunneling microscopy and spectroscopy meet this need by directly accessing the local density
of states with lattice-scale resolution. In this review, we summarize recent advances in the study of several representative
unconventional superconductors using this technique, focusing on the direct characterization of high-temperature super-
conducting planes, pair-density waves, and topological superconductivity in both artificial heterostructures and intrinsic
materials. We conclude by outlining current challenges and future directions motivated by these microscopic insights.

Keywords: two-dimensional superconductivity, scanning tunneling microscopy, unconventional supercon-
ducting planes, pair-density waves, topological superconductivity

PACS: 68.65.-k, 68.37.Ef, 71.27.4+a
DOI: 10.1088/1674-1056/ae4c6d

1. Introduction

Superconductivity, characterized by zero electrical resis-
tance and perfect diamagnetism, has captivated condensed
matter physics for more than a century.!!=3! For conventional
superconductors, the Bardeen—Cooper—Schrieffer (BCS) the-
ory provides a well-established framework in which phonon-
mediated, isotropic s-wave pairing with a spatially homo-
geneous order parameter dominates (Fig. 1(a)).[*] High-
temperature (7;) superconductors, however, revealed a pro-

>-191 In cuprates, iron-based su-

foundly different paradigm.!
perconductors (IBSCs), and the recently discovered nicke-
lates, superconductivity is primarily confined within quasi-
two-dimensional (2D) structural units — the CuO,/NiO;

).[20-221 This inherent

planes or FeAs/FeSe layers (Fig. 1(b)
low-dimensionality is not merely structural: it strongly con-
strains the electronic structure, enhances anisotropy, ampli-
fies correlation effects, and places the pairing mechanism in
an environment where competing and intertwined orders are
ubiquitous.!>>~?"1 Consequently, understanding superconduc-
tivity in the 2D limit, especially on the key superconducting
planes, is central to elucidating high-T; physics. This is un-
derscored by engineered 2D superconducting platforms such
as monolayer FeSe/SrTiO3?8-3%] and cuprate heterostructures
including La,CuOy4/(La,Sr),CuQy.[3334]
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In 2D superconductors, reduced screening effects en-
hance effective electron—electron interactions, while sponta-
neous symmetry breaking at interfaces or in crystals pro-
vides fertile ground for unusual superconducting phases
that are difficult to realize in three-dimensional (3D) bulk
materials.[>>3%1 These conditions prompt emergent states
rooted in strong correlations, including pair density waves
(PDW), a superconducting state with a spatially modulated
pair amplitude that is often entangled with charge order.[40-4?]
In parallel, the combination of superconductivity with nontriv-
ial band topology, frequently enabled by spin—orbit coupling
and proximity effects, can yield topological superconductivity
(TSC) supporting Majorana zero modes (MZMs) within mag-
netic vortices.[*3** A recurring difficulty is that these phe-
nomena are spatially localized and strongly intertwined, such
that macroscopic probes generally average out the key micro-
scopic information.

This necessitates a tool capable of atomic-scale visualiza-
tion of superconductivity. Scanning tunneling microscopy and
spectroscopy (STM and STS) precisely provide this unique ca-
pability by mapping both atomic structure and the local elec-
tronic density of states (Fig. 1(c)). Its ability to correlate
real-space textures with spectroscopic features has been in-
strumental for disentangling intertwined orders in correlated
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2D superconductors. 44! In this review, we begin with the
recent experimental advance in characterizing the supercon-
ducting planes of unconventional high-7; superconductors and
tracking their doping evolution and gap structure. We then re-
view STM/STS studies of the hot topic, PDW, and its relation-
ship with charge order. Finally, we survey recent progress on
TSC, from engineered heterostructures to intrinsic platforms,
particularly on iron-based systems, highlighting both concep-

tual advances and material bottlenecks. We close with per-
spectives on major STM/STS challenges for exploring 2D su-
perconductivity, including improving high-7; superconducting
plane accessibility, understanding the microscopic mechanism

of PDW and its intertwining with other orders, and progress-

ing from spectroscopic detection to controlled manipulation of

(K

MZMs.

dildv
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Fig. 1. From three- to two-dimensional superconductors. (a) Crystal of Nb superconductors where the electron pairing is long-range and isotropic.
(b) Superconducting CuO; (top panel) and FeAs/Se (bottom panel) planes where the pairing is short-range and two-dimensional. (c) A sketch of

microscopic spectroscopic measurement on superconductors.

2. Spectroscopic study of unconventional super-
conducting planes

In cuprates and IBSCs, the essential superconducting
planes (CuO;, or FeAs/FeSe) are typically sandwiched be-
tween charge-reservoir or spacer layers.[>!7] This “buried-
plane” architecture complicates direct measurements of intrin-
sic electronic properties of these planes.”-*’ Here we sum-
marize recent experimental strategies — epitaxial growth, in-
terface and termination control — that have overcome this
limitation. We emphasize how STM/STS, with its combined
atomic-scale imaging and local spectroscopy, has enabled sys-
tematic tracking of doping evolution, imposed stringent con-
straints on pairing symmetry, and provided direct insight into
dimensional crossover toward the 2D limit in the supercon-
ducting planes.

2.1. CuO; plane

Cuprate high-T; superconductors share a common struc-
tural motif, the CuO, plane. In the parent compounds, the
Cu** ion with a 3d° electronic configuration corresponds to
a half-filled band in a single-orbital picture. Nevertheless,
strong on-site Coulomb repulsion then drives the system into
a Mott insulating state, rather than a conventional metal.[?’!
However, previous surface-sensitive measurements typically
probe exposed charge-reservoir layers rather than the CuO;
plane itself. Spectra obtained from these terminations of-
ten display rich but convoluted phenomena, including pseudo-
gaps, competing charge orders, and a debated V-shaped gap —
that do not necessarily represent the intrinsic superconducting
state of the buried CuO, layer.!?!! This motivates a fundamen-

tal, direct, and plane-resolved probe of the intrinsic supercon-

ducting CuO; plane. Recent advances in combining epitaxial
growth and STM/STS have finally enabled such access, offer-
ing new microscopic insights into high-7; superconductivity.
An initial breakthrough was achieved using a bottom-
up strategy in which a single CuO, monolayer was epitaxi-
ally grown on a BiO-terminated Bi,Sr,CaCuyOg, 5 (Bi-2212)
surface.[*’l The constructed monolayer exhibited an 1 x 1
atomic lattice and a clean charge transfer gap (CTG) of ap-
proximately 2.21 eV. Unexpectedly, subsequent STS measure-
ments revealed a well-defined and nodeless superconducting
gap of about 18.6 meV on the CuO, monolayer. This gap is
robust against non-magnetic impurities (K, Cs, Ag), consistent
with expectations for nodeless pairing under potential scatter-
ing as suggested by Anderson’s theorem.[*8] The stark con-
trast between V-shaped spectra on charge-reservoir surfaces
(e.g., BiO) and U-shaped gaps on intrinsic CuO; terminations
underscores a key interpretive principle in STS. The former,
influenced by intertwined orders from the charge reservoir,
cannot be taken as direct proof of a nodal superconducting
order within the CuO; plane. The latter offers a more faith-
ful representation of the in-plane superconducting state, point-
ing towards a nodeless order parameter. Our observations
provided the direct spectroscopic indication that the intrinsic
CuO, planes may host a fully gapped superconducting state.
bulk-
attention has been turned to

To validate this observation on an intrinsic,
terminated CuO, surface,
electron-doped infinite-layer (IL) cuprates such as SrCuO;,
which is naturally CuO, terminated (Fig. 2(a)).[*”) On the
clean CuO; surface of Sr;_,Nd,CuO, (SNCO), STS mea-
surements also reveal a dominant U-shaped gap (Fig. 2(b)),
with the gap closing near the superconducting transition tem-
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perature of 30 K. Beyond the coherence peaks, the spec-
tra exhibit pronounced peak—dip—hump features, indicative
of quasiparticle coupling to bosonic excitations.!>°! Detailed
analysis resolves three characteristic boson energies at ap-
proximately 20 meV (£21), 45 meV (£2,), and 72 meV (£23)
(Fig. 2(c)), which coincide with external, bending, and stretch-
ing phonon modes, respectively (Fig. 2(c), inset).’!! Notably,
these bosonic energies remain spatially uniform despite sig-

nificant variations in the local superconducting gap A, and in
some regions exceed 2A (Figs. 2(d) and 2(e)). Such behav-
ior is difficult to reconcile with spin-fluctuation-mediated pair-
ing scenarios®% but aligns naturally with phonon-mediated
coupling. These observations point to a predominantly node-
less superconducting gap on CuO, planes in both hole- and
electron-doped cuprates, despite the pronounced electron—
hole asymmetry of their global phase diagrams.*!]
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Fig. 2. Nodeless superconductivity on CuO, plane.**! (a) Atomic-resolved image of CuO, terminated IL SNCO and (b) its temperature
evolution of U-shaped superconducting gap. (c) The distribution of bosonic modes £2 7 3 and their relationship with the gap size in (d). (e) The

relationship between the ratio of Qi 3/2A and gap size.
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Fig. 3. Intrinsic inhomogeneity in CuO, plane.**) (a) Mapping of CTG midpoint and gap size in the optimally doped SNCO. (b) Representative
small-range STS collected in different local doping levels. (c) Large-range STS corresponding to the gap in (b).

Systematic spectroscopic study further reveals that spatial
variations in local doping — quantified by shifts of the CTG
midpoint (Er—E;) in SNCO — follow a continuous distribution
(Fig. 3(a)).1*) This local doping directly modulates the super-
conducting gap size (Fig. 3(b)), producing a complete dome-
shaped evolution within a single sample (Fig. 3(c)). Remark-
ably, the tunneling spectra evolve smoothly from particle-hole
asymmetric gaps in underdoped regions — often associated

with a Bose-Einstein condensation limit regime — to nearly

symmetric gaps near optimal doping, characteristic of more
BCS-like behavior.!>3! Moreover, across both regions, the su-
perconducting gaps retain a well-defined U-shaped bottom and
are accompanied by similar bosonic features.

To provide more insights in the emergence of high-T; su-
perconductivity, systematic studies have been performed on
La-doped SrCuO, (SLCO), which spans a wide doping range
from hole-doped (p-SLCO) to electron-doped (n-SLCO) com-
positions, accompanied by an apical oxygen-induced struc-
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tural transition (Fig. 4(a)).’* The c lattice constant expands
from n- to p-SLCO due to the incorporation of apical oxygens
at higher La concentrations (Fig. 4(b)). A key observation is
that the CTG retains an approximately constant magnitude but
shifts wholly relative to the Fermi level (Ef) (Fig. 4(c)), in
contrast to scenarios involving strong spectral-weight transfer
or Fermi-level pinning.[?*3>1 An even broader doping range is
achieved in Eu-doped SrCuO; (SECO), owing to the smaller
ionic radius of Eu.l*®! Here, the superconducting transition
temperature exhibits a dome-shaped dependence on Eu doping
that is anti-correlated with the c-lattice constant. Strikingly,
the CTG again remains essentially unchanged in size while

shifting systematically with the c-axis lattice constant, closely

(a) 26p—r——7— —T—
24 @Srilace \ \ SrT|0;SLCO
eCu p-
210 . | | nsico
2 A
18 ‘-—-‘M——“lg W "-“—“-l

Intensity (a.u.)

40

20 (deg.)
(b) L] L] L] L) L]
3.7k d
BE-- 0 -or- a4q
__3.6f n-SLCO o
< n-SLCO + p-SLCO
©3shem A p-SLCO |
00-.qp--0
3.4k -
L L A L L
0 0.05 0.10 0.15 0.20

La content x

(C) 0.4F T T T T T T .

tracking the superconducting dome. The invariance of the
CTG magnitude, together with its systematic shift under both
global and local doping, indicates that doping primarily mod-
ifies the electrostatic potential rather than reconstructing the
underlying electronic bands. This behavior is characteristic
of a modulation-doping scenario, analogous to semiconductor
heterojunctions,®’! in which the CuO, plane acts as a quan-
tum well whose carrier density is controlled by band bending
induced by adjacent charge reservoir layers.!*’! These findings
suggest that the high-7;. superconductivity in CuO; planes may
arise from a strong, correlation-enhanced electron—phonon
coupling mechanism embedded within a uniquely engineered

2D electronic environment, which merits further study.>8>]
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Fig. 4. Doping evolution of electronic structure in IL cuprates.>*! (a) Doping dependent XRD results of SLCO films. (b) Transition of c-axis
length from n-SLCO to p-SLCO. (c) Systematic shift of CTG with increasing La content.

2.2. FeAs plane

Iron-based superconductors (IBSCs) constitute a second
major family of high-7; superconductors where the essential
physics resides in two-dimensional FeAs or FeSe planes.!!7!8]
Similar to cuprates, superconductivity in IBSCs emerges upon
suppressing a correlated antiferromagnetic state — notably the
nematic phase,”’>?l making them a promising platform to
investigate the interplay among superconductivity, electronic
correlations, nematicity, and other symmetry-breaking states.
However, direct access to the intrinsic electronic structure of
the superconducting planes, particularly the polar FeAs layers,
has been hindered by surface reconstruction and disorder. 0]
Therefore, STM/STS studies predominantly focus on FeSe-
based systems, whether single crystals or epitaxial films.[01-64]
In particular, its monolayer prepared on SrTiO3 substrates ex-
hibits interfacial superconductivity with 7; exceeding 65 K

and sheds important light on the underlying mechanism of
IBSCs.128-32]

A decisive advance was recently achieved by surface en-
gineering that enables STM access to the FeAs superconduct-
ing plane.[%%! Specifically, a structurally matched BaAs layer
was epitaxially grown on Ba(Fe;_,Coy)yAsy; (BFCA), pro-
ducing a pristine, unreconstructed surface with strongly sup-
pressed disorder (Figs. 5(a) and 5(b)). Tunneling spectroscopy
measurements on this engineered surface revealed, for the first
time, spatially uniform and fully opened U-shaped supercon-
ducting gaps in an electron-doped iron pnictide (Fig. 5(c)).
The spectra are well described by a two-gap Dynes model
(Fig. 5(d)), consistent with nodeless superconductivity on
multiple Fermi pockets observed by ARPES. %! Importantly,
the BaAs coating layer drastically reduces quasiparticle scat-

tering and places the system in the clean limit, enabling the
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observation of well-defined vortex bound states within a mag-
netic vortex and allowing a direct microscopic determination
of the superconducting order parameter. The extracted gap
magnitude exhibits a dome-shaped evolution with Co doping,
echoing the bulk 7. phase diagram, thereby providing direct
spectroscopic evidence for the doping-dependent supercon-
ducting state in the FeAs plane (Fig. 5(e)).

Spectroscopic studies on undoped FeAs surfaces further
illuminate the correlated landscape from which superconduc-
tivity emerges. Signatures of nematicity are directly imaged
as an anisotropic density of states (DOS) between neighbor-
ing atomic sites,®’] with a pronounced energy dependence

and a sign reversal near 30 meV corresponding to the inver-
sion of d,; and d,; orbital splitting previously observed by
ARPES.[®8] In addition, a spin-density-wave (SDW) gap of
approximately 25 meV is observed on the pristine FeAs plane,
supported by the recent observation of a similar gap in an iso-
lated FeAs region of KCasFesAs4F».1%1 These findings estab-
lish the FeAs plane as a clean and well-defined platform for
probing the intrinsic quantum states of IBSCs and their inter-
play with high-7; superconductivity. Together, these results
place the FeSe plane on equal microscopic footing with CuO,
planes and open a new path toward a unified understanding of
high-T; superconductivity across different material families.
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Fig. 5. Spectroscopic studies of FeAs plane.[®) (a) Structural model of BaAs/BFCA heterostructure. (b) STM topography of BaAs/BFCA
heterostructure. (c) U-shaped gap on BaAs surface. (d) Temperature evolution of superconducting gap on BaAs surface. (e) Phase diagram of

T:. and superconducting gap of BaAs/BFCA.
2.3. Fullerides

Beyond cuprates and IBSCs, alkali metal-doped ful-
lerides (A Cep, A = K, Rb, Cs) represent a distinct class of
correlated superconductors with transition temperatures up
to 40 K.U7% Their phase diagram exhibits hallmark features
of unconventional high-7; materials, including a parent Mott
insulator state, a dome-shaped superconducting region, and
pseudogap behavior, yet they are largely free of the complex
intertwined charge or spin orders that complicate the cuprate
and IBSCs.!"! This relative simplicity, combined with intrin-
sically strong correlations, makes fullerides an exceptionally
clean system for isolating the fundamental relationship be-
tween electron correlations and superconductivity in the 2D
limit. A distinctive molecular ingredient is the dynamic Jahn—
Teller (JT) effect, which splits the orbital degeneracy and com-
petes with Hund’s coupling, thereby stabilizing a Mott—Jahn—

[72

Teller insulating ground state.!”?! Despite rich physical proper-

ties, atomic-scale visualization of the surface structure and su-
perconducting gap had long remained elusive in non-cleavable
bulk crystals.

A recent progress enabling microscopic insight is the suc-
cessful growth of high-quality epitaxial A,Cgg thin films on
graphitized SiC(0001) substrate by molecular beam epitaxy
(MBE).[73] This approach overcomes long-standing issues of
air sensitivity and phase separation, granting STM/STS direct
atomic-scale access. Crucially, it allows independent and con-
tinuous tuning of film thickness — controlling dimensionality
and electronic screening — and electron doping x, which sets
band filling and effective correlation strength.

On these epitaxial films, STM/STS measurements re-
veal a clear and systematic evolution of superconductivity
controlled by both film thickness and electron doping. At
the extreme 2D limit, monolayer and bilayer A3Cgg are uni-

formly insulating, exhibiting large energy gaps.I’?! This be-
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havior reflects a thickness-driven SMT, where reduced screen-
ing enhances the effective U/W ratio (U: Coulomb repul-
sion; W: band width) and stabilizes a correlated insulating
state (Fig. 6(a)). Increasing the thickness to trilayer and be-
yond restores metallicity and eventually superconductivity.
Complementarily, a doping-controlled SMT is observed as
well (Fig. 6(b)): increasing electron doping enhances screen-
ing, effectively reducing U and driving a direct insulator-to-
superconductor transition even in bilayer K,Cgq films, closely
resembling the doping-driven phase diagrams of cuprates and
IBSCs.

Spectroscopically, the superconducting state is character-
istic of an isotropic s-wave order parameter.!”3] This conclu-

sion is confirmed by the consistent observation of U-shaped
tunneling spectra (Figs. 6(c) and 5(d)), the absence of in-gap
states at nonmagnetic impurities and step edges (Fig. 6(e)),”*
and the appearance of Yu—Shiba-Rusinov (YSR) states only
around magnetic adatoms. Notably, superconductivity was
also found to coexist with a pseudogap-like phase, a phe-
nomenon reminiscent of cuprates. The pairing is found to be
remarkably robust in K3Cgy and Rb3Cgg, even though these
materials reside in a strong correlation regime (U/W = 3).
This suggests that in this narrow-band system, strong elec-
tronic correlations do not destroy the s-wave order but may
instead cooperate with local Jahn—Teller phonons to stabilize

a local, correlation-enhanced pairing.
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Fig. 6. Spectroscopic studies of A3Cgp. (a) Measured Hubbard U, W (upper panel), and U/W (lower panel) of K3Cg as a function of
thickness.!”?! (b) Evolution of the averaged superconducting gap (measured at 4.5 K) with K doping x in 3 ML.[??! (c) STS line cut and
(d) dI/dV spectrum taken at 2.5 K on 3 ML K3Ceo.I?! () STM topographies and d//dV spectra taken across a Rb excess. |73

Combining thickness- and doping-dependent measure-
ments yields a unified phase diagram: both the superconduct-
ing gap A and T; exhibit a dome-shaped dependence on elec-
tron doping, peaking precisely at half-filling (x = 3).[3 This
behavior cannot be explained by a simple density-of-states-
driven BCS mechanism. Instead, it points to a local pair-
ing mechanism mediated by high-frequency intramolecular JT
phonons, in which strong correlations and JT physics cooper-
ate to form spin-singlet pairs on individual Cgp molecules. The
extremely short coherence length of 1.5 ~ 2.6 nm — compa-
rable to only two intermolecular spacings — provides direct
evidence for real-space, short-range pairing. The supercon-
ducting dome naturally arises because electronic correlations
initially enhance pairing but eventually localize carriers and
suppress superconductivity when they become too strong, as
in the MIJTI phase. As such, the fulleride platform provides a

valuable reference system with broad implications for under-
standing pairing mechanisms in other narrow-band, strongly
correlated superconductors. (73]

3. Pair-density wave

The PDW represents an exotic superconducting state in
which the Cooper-pair condensate acquires a finite wavevec-
tor, leading to a spatial modulation of the superconducting or-
der parameter that is fundamentally distinct from uniform BCS
superconductivity.[*) While the original theoretical proposal
— the Fulde—Ferrell-Larkin—~Ovchinnikov (FFLO) state — re-
lies on a Zeeman-split Fermi surface and typically appears un-
der high magnetic fields,!”®! growing experimental evidence
has established a different class of PDWs driven primarily

[77

by electronic correlations at zero field.'””) Such correlation-
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driven PDWs have now been identified across multiple fam-
ilies of unconventional superconductors, including cuprates,
kagome metals, IBSCs, and transition-metal dichalcogenides
(TMDCs).
largely by STM/STS and scanned Josephson tunneling mi-

A crucial feature of these discoveries, enabled

croscopy (SJTM), is the intimate and often non-trivial entan-
glement between the PDW and pre-existing charge density
wave (CDW) order. Understanding this relationship is central
to unraveling intertwined orders and the enigmatic pseudogap
phase in unconventional high-7; superconductors.

A key physical question underpinning the phenomenol-
ogy is the intrinsic relationship between the observed PDW
and preexisting CDW orders: which one is the primary driver?
Theoretically, the two orders can be intimately coupled. A
primary CDW may induce a PDW by modulating the pairing
interaction. Conversely, a primary PDW state can generate
charge modulations at its characteristic wavevectors. STM/S
plays a decisive role in constraining these models by providing
real-space information on the relative wavevectors, spatial co-
herence, and stability of both modulations. As demonstrated
below, the detection of a secondary CDW at specific harmon-
ics of the PDW wavevector provides strong evidence for a pri-
mary PDW scenario in unconventional superconductors.

In cuprates, PDW physics is of particular interest due
to its proposed connection to the intensely discussed pseudo-
gap in the underdoped regime.!””! Direct evidence was first
obtained by SJTM measurements on optimally doped Bi-
2212 (T ~ 88 K), using a superconducting Bi-2212 flake
as the STM tip.[”®] These experiments visualized a PDW

with modulation wavevectors Qp around (£0.25,0)27/ag and
(0,£0.25)27/ag (ap is the lattice constant, approximately
3.8 A) in the Josephson tunnelling current map /5(r). Notably,
Qp coincides with the wavevector of the ubiquitous checker-
board CDW, Q. ~ 21 /4ay, consistent with Ginzburg-Landau
scenarios.!””! Interestingly, under a magnetic field, a distinct
PDW with an eight-unit-cell periodicity (i.e., Qp = 27/8ag)
emerges in the vortex halo of the same compound.’®"! In
this regime, secondary CDW orders at Qp ~ 27/8ag and
2Qp ~ 21 /4ay are simultaneously observed, as expected when
a primary PDW coexists with a uniform superconducting
condensate. A comprehensive picture of the 8ay PDW in
BirSrpCaCu,0g, 5 has emerged from experiments under dif-
ferent conditions. The PDW state detected within vortex ha-
los under an applied magnetic field is now understood to be
the same 8ag order observed in zero field.'! The vortex core
acts as a pinning center that locally enhances and stabilizes the
PDW, which may exist as a dynamic fluctuating order else-
where in the pseudogap regime. Meanwhile, a primary PDW
with a wavevector Qppw = (27/8ag,0) naturally generates
secondary charge order at 2Qppw (4ag period) through non-
linear coupling.I””! This theoretical framework resolves the
apparent connection between observations: the 4ayp modula-
tion of the Josephson current can be understood as a signature
induced by the primary 8ag PDW order. The subsequent di-
rect visualization of the 8ag Cooper pair density modulation
provided definitive evidence for this parent order parameter.
Thus, the 4ap and 8ap observations are complementary, trac-
ing back to the same underlying PDW state.

Fig. 7. PDW order in cuprates. (a) Spatial distribution of the superconducting coherence peak feature obtained from the D(r) maps at
V =20 mV."7] (b) The gap-depth map H(r) defined as the spatially dependent difference of G = dI/dV values at 20 mV and 0 mV.[7”!
(c) Fourier transform of the H () map, with modulation wavevector Qppw = (0.28 +0.04) (27 /ag).l""! (d) The dI/dV map measured at bias
voltage V = 10 mV of overdoped Bi-2201.1%% (e) The Fourier transform map of (d).3!
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Fig. 8. PDW order in kagome superconductors. (a) and (b) The large-scale STM topography of the Sb surface (a) and the magnitude of Fourier
transform (b) in CsV3Sbs, showing 2 x 2 CDW and 4ag unidirectional charge order.!8! (¢) and (d) d/ /dV(r, —5 mV) map (c) and the magnitude of
Fourier transform (d), revealing new PDW modulations.!®!] (e) Atomically resolved Sb surface in KV3Sbs, differential conductance spectra gj (r,E)
and the spatially resolved pair density Ny(r) detected with the superconducting tip.[8?! (f) Pair-density map of Sb surface detected by Josephson
tunnelling microscopy.®?! (g) The 2 x 2 pairing-gap and pair-density modulations with chirality marked by the white arrow.3?!

Beyond SJTM, single-particle STM spectroscopy pro-
vides complementary evidence for PDW order.””! In un-
derdoped Bi-2212, universal real-space modulations of the
coherence-peak height (Fig. 7(a)) and gap depth (Fig. 7(b))
with a period of 4ay were observed, directly correlating with
the coupling of the 4aq plaquette charge order and uniform
superconductivity (Fig. 7(c)). Upon overdoping, both the
4ayp CDW and the associated PDW disappear simultaneously
(Fig. 7(d)), accompanied by the emergence of a short-range
V/2 % /2 order (Fig. 7(e)).!¥? This systematic doping evolu-
tion — where the 4a9 CDW and its associated PDW disappear
in the overdoped regime concurrently with the pseudogap —
provides strong empirical and phenomenological support for
their intertwined role in pseudogap physics.

Materials with robust CDW order provide a fertile ground
for exploring PDW and its interplay with intertwined orders
beyond cuprates. For example, a SJTM work in CsV3Sbs
has unveiled the coexistence of primary 4ag/3 x 4ao/3 PDW
order,®3 where the periodicity of the Cooper pair modulation
was directly imaged, and the unidirectional 4aq charge stripe
order. This novel PDW order, combined with a secondary
charge order at the same wavevector, survives in strong mag-
netic field and in zero field above 7;. These results point to a
primary pairing modulation associated with a pseudogap-like
feature within the energy scale of £5 meV, closely analogous
to underdoped cuprates.

More remarkably, the PDW in KV3Sbs displays field-
tunable chirality with a 2ay x 2ag periodicity (Fig. 8(e)).84
Theoretically, this behavior is attributed to interband pair-
ing between Sb-p and V-d orbitals that leads to chiral finite-
momentum Cooper pairs (Figs. 8(f) and 8(g)). Chemical
substitution further enriches the PDW physics: in Ta-doped

CsV3Sbs, suppression of the pristine 2ag X 2ag CDW coin-
cides with enhanced 7; and the emergence of a time-reversal
symmetry breaking (TRSB) superconducting state, as evi-
denced by muon spin resonance (uSR) measurements. %]
Combined STM and quasiparticle interference (QPI) measure-
ments reveal gap modulations at an incommensurate ring-like
wavevector Q, linked to interband scattering, underscoring the
sensitivity of PDW order to band topology and chemical dop-
ing, which warrants further investigation.

Atomic-scale surface engineering offers an additional
control knob.[8¢! The deliberate fabrication of a Cs 2 x 2 over-
layer on kagome Sb surface stabilizes a novel 2D supercon-
ducting state with a significantly enhanced 7; and emergent
surface bands. The emergence and on/off switching of this
superconducting state depend critically on the dimension and
registry (in-phase or out-of-phase stacking) of the 2 x 2 Cs
layer. Notably, a robust 2ag x 2ag PDW is established within
this engineered phase, providing a clean and tunable platform
to dissect the CDW-PDW-superconductivity interplay.

As prototypical 2D correlated materials, TMDCs pro-
vide another complementary perspective. In the superconduct-
ing state of NbSe,, a 3ag X 3ap PDW emerges at the same
wavevectors as the pre-existing CDW, but with a nontrivial
phase shift between them of ~ 277/3.187] Detailed STM analy-
sis shows that different CDW registries (anion-centered versus
hollow-centered) generate distinct PDW configurations, with
anion-centered regions showing spontaneous rotational sym-
metry breaking — a signature of a smectic PDW state. (%3]
Similar lock-in relationship between PDW and CDW has
also been observed in heavy fermion superconductor UTe,,
where the superconducting gap modulates with CDW pe-
riod and exhibits a relative phase shift of 7.139 Meanwhile,
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the unidirectional PDW orders have been increasingly evi-
denced in EuRbFesAss, FeTeg 5Seq s, and slightly electron-
doped topological monolayer 1T'-MoTe,.[*>%?] Nevertheless,
these PDW modulations observed exhibit a periodicity several
times larger than the atomic lattice constant.

At the ultimate limit of spatial resolution, recent
STM/STS studies have uncovered PDW modulations within a
single crystallographic unit cell and even at sublattice length.
Upon moderate doping of monolayer 1T'-MoTe,, the emer-

..........
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gence of an additional electron pocket along the I"X direction
induces completely new PDW and CDW orders along the a-
axis (Fig. 9(a)).”*! The superconducting gap exhibits a maxi-
mum on the underlying Te sublattice and oscillates with a half-
unit-cell periodicity (Figs. 9(b) and 9(c)). Comparable intra-
unit-cell PDW modulations cause the gap maximum to alter-
nate between Te/Se sites.[?*! In thicker Fe(Te, Se) flakes, the
superconducting gap maximum shifts to Fe sites, producing an

intra-unit-cell PDW modulation as well.[®>!
,Teu Ted wn C(c
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Fig. 9. PDW order in 1T'-MoTe,. (a) Large-scale T(r) of Te surface, presenting a unidirectional CDW along the b axis at five unit-cell
periodicity.”"! (b) Gap map |A ()| measured on the electron-doped 1T’-MoTe,. Overlaid is a top view of the atomic structure. !l (c) Derived

|A(q)| from |A(7)| showing two sharp peaks corresponding to the PDW order.

Across the material families mentioned above, the inves-
tigation of PDW is often motivated by its theoretical connec-
tion to the pseudogap phase in cuprates. While in cuprates
the link is supported by direct experimental evidence of phase
coexistence and competition, in other systems (e.g., kagome
AV3Sbs) the observation of PDW-like states persisting above
T:. presents intriguing phenomenological parallels that warrant
further study to establish any universal microscopic picture
of the pseudogap. Nevertheless, these observations demon-
strate that coupling between superconductivity, lattice symme-
try, and orbital degrees of freedom can reshape the supercon-
ducting order parameter at the most microscopic scale of the
crystal lattice.

4. Topological superconductivity

Topological superconductivity, a distinct class of exotic
phase, emerges when superconducting pairing develops in a
system with nontrivial band topology. This phase is of cen-
tral interest as it can host localized MZMs bound to topolog-
ical defects such as vortices, edges, or atomic-scale defects,
providing a promising route toward fault-tolerant topological
quantum computation. Seminal proposals, exemplified by the
Fu—Kane model,[*®! showed that proximity coupling between
a conventional s-wave superconductor and a topological in-
sulator can induce an effective topological superconducting
state. In this context, STM/STS has played an outsized role by
providing local, energy-resolved fingerprints — most notably

[91]

zero-bias conductance peaks (ZBCPs) and their spatial varia-
tion — needed to identify candidate MZMs in magnetic vor-
tices. The following sections survey key STM/STS advances
in visualizing 2D topological superconductivity and its harbor-
ing MZMs, from heterostructure-based realizations to intrinsic
material platforms unifying superconductivity and nontrivial
band topology in a single compound.

4.1. Hybrid heterostructures

Early efforts toward TSCs first focused on heterostruc-
tures in which an s-wave superconductor supplies the pairing
potential to a low-dimensional system with strong SOC, such
as growth of a three-dimensional topological insulator (TT) on
NbSe,. This realizes the well-known Fu—Kane-type physics.
STM/STS on Bi;Te3/NbSe, has observed long, non-splitting
ZBCPs within vortices for TI films thicker than three quin-
tuple layers, consistent with MZM expectations (Figs. 10(a)
and 10(b)).[*7! This approach has been extended to topological
crystalline insulators such as SnTe, where crystalline symme-
tries may allow multiple MZMs per vortex.”8 In SnTe/NbSes,
vortex-core zero-bias features can extend over unusually long
distances (~ 100 nm) when the magnetic field aligns with a
(110)-type mirror plane; otherwise, they split due to MZM
hybridization (Figs. 10(c)-10(e)). Atomically thin Bi films,
proposed as 2D topological insulators, have also been success-
fully proximitized by NbSe,,”°! providing a route to combin-
ing topological edge states with superconductivity under time-
reversal-symmetry breaking fields.
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Fig. 10. MZMs in heterostructures.
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(a) A single Abrikosov vortex map and (b) spectra across the vortex center of Bi;Tes/NbSe,

heterostructure. 95981 (¢) STM image of approximately 80 nm SnTe(001) film grown on the 140 nm Pb film. 9691 (d) Zero-bias dI /dv
map for the SnTe film at T = 0.4 K and B, = 0.02 T.[°*%! (e) Spatially resolved dI/dV spectra across the magnetic vortex.?%°!

A major limitation of NbSe,-based heterostructures is
their low operating temperature (7; < 7 K). To push toward
higher temperatures, attention has been paid to heterostruc-
tures employing high-7; superconductors as the pairing
source. A representative example is the MnTe/Bi, Tes/Fe(Te,
Se) trilayer, integrating magnetism, TI surface states, and an
iron-based superconductor (7, ~ 14 K).['%1 STM/STS on the
topmost MnTe layer reveals a sizable proximity-induced U-
shaped gap (~ 3 meV) and a high density of nanoscale regions
(~ 4-10 nm), showing robust, field-insensitive ZBCPs, sug-
gestive of possible MZMs. Closely related concepts include
interfacing the topological magnet MnBi, Te4 with Fe(Te, Se),
where the interplay between magnetism and superconductivity
can be tuned via layer thickness.[!%!l Pushing further, ultrathin
bismuth films on the cuprate Bi-2212 (7; >90 K) exhibit prox-
imity gaps as large as 7.5 meV, opening an appealing but still
experimentally challenging route to high-7; TSC, for which
definitive MZM evidence remains a future challenge.!!%?!

4.2. Connate topological superconductors

While heterostructures established proof-of-principle
routes to TSC, their progress is often constrained by interface
disorder, material complexity, and limited operating temper-
atures. In parallel, increasing attention has also been paid to
search for connate topological superconductors hosting coex-
isting superconductivity and nontrivial band topology, such as
Cu,Bi,Ses, B-BiyPd and 2M-WS,.[103-1051 p this context, a
transformative advance came with the observation of TSC in
IBSCs, 1% arising from band inversion involving p orbitals of
the chalcogen/pnictogen layers and d orbitals of the iron layers

(Fig. 11(a)).1"%7] This intrinsic integration eliminates the need
for delicate proximity engineering and has positioned IBSCs,
particularly Fe(Te, Se), at the forefront of TSC research.

The initial breakthrough was made in FeTeg s555€( 45,
where Te/Se substitution tunes the electronic structure to
host topological surface states, as established by ARPES.
STM/S measurements revealed robust ZBCP localized at vor-
tex cores, consistent with vortex-bound MZMs (Figs. 11(b)
and 11(c)).1108] Subsequent experiments strengthened this in-
terpretation, including the observation of a quantized tunnel-
ing conductance plateau at 2¢?/h, which provides a com-
pelling evidence of a particle-hole-symmetric zero mode.
In the related compound (Lig g4Feq.146)OHFeSe (T, ~ 42 K),
the larger superconducting gap and improved quantum-limit
conditions yield clearer spectra in which the MZM is well
separated from higher-energy Caroli-de Gennes—Matricon
(CdGM) states (Fig. 11(d)).11091 A conceptual expansion fol-
lowed with the realization of possible MZMs bound to topo-
logical defects even without an external magnetic field. In
monolayer FeTeysSeq s film, ZBCPs have been observed at
the ends of one-dimensional atomic line defects and sur-
vives above 20 K, remaining robust under applied magnetic
fields.[''% Furthermore, depositing individual magnetic Fe
adatoms on Fe(Te, Se) can nucleate localized quantum anoma-
lous vortices that trap MZMs, suggesting an STM-enable route
toward atomic-scale creation and manipulation of topological
defects.[111]

The most recent landmark is the realization of an ordered
and tunable MZM lattice in LiFeAs. Early STM studies did
not observe such MZMs on pristine LiFeAs, contrary to the
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theoretically predicted topological bands there. Progress was
found that tuning chemical potential and reducing rotational
symmetry are required.!''?) In systems hosting a naturally
occurring strain-induced biaxial CDW, the CDW simultane-
ously provides a periodic vortex-pinning potential and gaps
out the topological Dirac semimetal state, stabilizing a topo-
logical superconducting phase.!!!*! Under a magnetic field,
vortices self-assemble into an ordered lattice pinned along
CDW stripes, with over 90% of vortices hosting clear MZM
signatures (Fig. 11(e)). This scalable MZM array marks a
shift from sporadic detection toward partial controllability and
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material-enabled design.

Despite this rapid progress, material challenges remain
central. In Fe(Te, Se), intrinsic disorder can strongly limit the
yield of vortices hosting MZMs. For the other IBSCs such
as prominent 122 iron-pnictides (e.g., BaFeyAsy), predicted
topological surface states remain difficult to access by STM
due to surface reconstruction and disorder upon cleavage. To
date, CaKFe4As, represents a notable case in which alterna-
tive stacking of Ca and K layers mitigates these issues and
enable MZM observation.[!4]

2 0 2 a4
Energy (meV)

?
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Fig. 11. MZMs in IBSCs. (a) Schematic of superconducting states in the bulk and on the surface of IBSCs.[!%] (b) Zero-bias conductance
(ZBC) map of FeTe( 555¢ep.45 under 0.5 T magnetic field.[19¢1 (¢) dr /dV spectra measured on the center and edge of the vortex in (b).1100]
(d) Spatially resolved d//dV spectra in the magnetic vortex center of (Lig.gaFeg 16OH)FeSe.[197] (¢) Micrometer-sized ordered MZM lattice

under 6 T collected in strained LiFeAs.[111]

5. Conclusion and perspectives

In this review, we discuss how STM/STS has advanced
our understanding of 2D superconductivity from phenomenol-
ogy to microscopic, plane-resolved investigation. By directly
accessing superconducting CuO; and FeAs layers that are
usually buried beneath reservoir or spacer blocks, STM/STS
has connected crystal structure, local electronic spectra, and
macroscopic superconducting behavior with atomic precision.
Several common themes emerge across different material fam-
ilies. First, direct STM/STS measurements frequently reveal
fully gapped spectra on superconducting planes of cuprates,
IBSCs, and molecular fullerides. Together with plane-
resolved doping evolution and ubiquitous electron-boson fea-
tures in multiple systems, these observations motivate renewed
scrutiny of how low dimensionality, electrostatics, and correla-

1151 A key challenge is to reconcile

tions jointly shape pairing.!
plane-resolved spectroscopic constraints with phase-sensitive
evidence and momentum-space information, and to clarify un-
der what conditions nodeless spectra imply specific pairing
symmetries.

In addition, PDW physics appears as a recurring insta-

bility in correlated 2D superconductors. Across cuprates,
kagome metals, and IBSCs, PDW signatures are typically
intertwined with charge order, nematicity, and lattice-scale
symmetry breaking, sometimes extending down to intra-unit-
cell modulations. Establishing a unified framework that links
PDW, CDW, and pseudogap phenomena — while distin-
guishing primary from induced orders — remains an open
and timely direction. Meanwhile, TSC research has gained
progress in both proximity-engineered heterostructures and
intrinsic systems, with IBSCs offering a rare combination
of high-T; superconductivity and nontrivial band topology.
STM/STS visualization of MZMs in vortices, line defects,
and adatoms, together with progress toward Majorana arrays,
marks a transition from sporadic detection toward partial con-
trollability. The next step is to improve materials homogeneity
and reproducibility, and to develop experimentally practical
protocols that move beyond identification to manipulation.
Looking forward, progress will increasingly depend on
the ability to prepare ideal superconducting planes and inter-
faces with atomic precision. Interface and epitaxial design
— exemplified by BaAs/BFCA — provides a powerful route
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to overcome surface disorder and reconstruction, enabling

systematic studies of intertwined and topological states in a

cleaner environment. Ultimately, continued synergy among

atomically controlled synthesis, advanced local probes, and

theory will be essential to transform 2D superconductivity

from discovery-driven exploration into design-driven quantum

matter engineering. !
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