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2D superconductors

Adapted from: Y. Saito, T. Nojima and Y. Iwasa, Nature Reviews Materials 2, 16094 (2017)



Interesting physics in 2D superconductors

Adapted from: Y. Saito, T. Nojima and Y. Iwasa, Nature Reviews Materials 2, 16094 (2017)



T. Han, et al., Nature 643, 654 (2025)

Latest development 1: chiral superconductivity



Latest development 2: twisted TMD

Y. Xia, et al., Nature 650, 585 (2026)



Latest development 3: nickelate

E. Ko, et al., Nature 638, 935 (2025)

G. Zhou, et al., Nature 640, 641 (2025)
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Introduction to 2H-NbSe2

R. He, et al., 2D Mater. 3, 031008 (2016)

2Ha stacking

From hq graphene

a=b=0.344 nm, c=1.255 nm 𝑇𝑠𝑐 = 7.2 K

𝑇𝐶𝐷𝑊 = 33 K

M. Yokoi, et al., Sci. Adv. 6, eaba1377 (2020)



Introduction to 2H-NbSe2

M. Calandra, I. Mazin, F. Mauri, PRB 80, 241108(R) (2009)

R. Corcoran, et al., JPCM 6, 4479 (1994)

Hole band Hole bandElectron band

K. Rossnagel, et al., PRB 64, 235119 (2001)

ARPES measurements



CDW in bulk 2H-NbSe2

𝑇 = 1.2 K

• CDW appears to be 3x3 in STM

A. Pasztor, et al., Nat. Commun. 12, 6037 (2021)

• Neutron scattering

D. Moncton, J. Axe, & F. DiSalvo, Phys. Rev. Lett. 34, 734 (1975)

𝑞 = (1 − δ)
2

3
 |ΓM|



Ultrathin NbSe2



Superconductivity of ultrathin NbSe2

X. Xi, et al., Nat. Phys. 12, 139 (2016)

• Dimensionality effect: weakening of 
interlayer Cooper pairing



X. Xi, et al., Nat. Nano. 10, 765 (2015)

• CDW enhances as thickness 
decreases

Shear mode
Charge density wave of ultrathin NbSe2

Bulk Bilayer Monolayer

CDW related

Amplitude 
mode



• CDW occurs only around 25 K or below

CDW of monolayer NbSe2 on bilayer grahpene

5 K 25 K 45 K

M. Ugeda, et al., Nat. Phys. 12, 92 (2016)



Gate tuning of bilayer NbSe2

•  Electron doping weakens 
superconductivity and CDW

X. Xi, et al., Phys. Rev. Lett. 117, 106801 (2016)



K. Zhao, et al., Nat. Phys. 15, 904 (2019)

Disorder enhanced superconductivity in monolayer NbSe2 

NbSe2-xSx

• Proposal: wavefunction 
multifractality 

• Charge transfer? 

• Weakening of CDW?

minimalized



Ising superconductivity



Zeeman effect on superconductivity

Magnetic field
Singlet pairing Pairs break up

A. Clogston, PRL 9, 266 (1962); B. Chandrasekhar, APL 1, 7 (1962)

𝐹𝑁 − 𝐹𝑆 =
1

2
𝐷(0)∆2 𝐹𝑁 −

1

2
𝜒𝑃𝐻2 = 𝐹𝑆

• 2Δ = 3.53𝑘𝐵𝑇𝑐

• Pauli paramagnetic limit: 𝑩 = 𝟏. 𝟖𝟔𝑻𝒄

*Vortex effect neglected

Normal state free energy Superconducting state free energy



Band structure of monolayer NbSe2

M. Calandra, I. Mazin, F. Mauri, PRB 80, 241108(R) (2009)



Band structure of monolayer NbSe2

K K’

K K’

Breaking of 
inversion 
symmetry

Spin-orbit 
coupling

• Effective Zeeman splitting: spins are 
locked to the out-of-plane direction

M. Calandra, I. Mazin, F. Mauri, PRB 80, 241108(R) (2009)



Ising superconductivity in NbSe2

• Large in-plane upper critical field in 
few-layer NbSe2

X. Xi, et al., Nat. Phys. 12, 139 (2016)



P. Tedrow & R. Meservey 
PRB 8, 5098 (1973)

Ising superconductors

DZ* & J. Falson*, Nanotechnology 32, 502003 (2021)

• Ising superconductivity in spin-orbit coupled two-dimensional superconductors



Aluminum 
thin films

Aluminum 
thin films

• No Zeeman splitting in tunneling gap

• Continuous decrease of gap with B//

Continuous phase transition under B//
Trilayer NbSe2 Trilayer NbSe2

E. Sohn, et al., Nat. Mater. 17, 504 (2018)



With in-plane magnetic field

Possible spin-triplet pairing under large B//

T. Dvir, et al., Nat. Commun. 9, 598 (2018)

M. Kuzmanovic, et al., PRB 106, 184514 (2022)



In-plane anisotropy

A. Hamill, et al., Nat. Phys. 17, 949 (2021)

4.2 K

8 T

• Rotating the sample in the magnetic field



In-plane anisotropy

A. Hamill, et al., Nat. Phys. 17, 949 (2021)

• Two-fold symmetry in the gap response 



C.-w. Cho, et al., Phys. Rev. Lett. 129, 087002 (2022)

In-plane anisotropy in NbSe2 monolayers
• Two-fold symmetry: nematic phase

• Six-fold symmetry: nodal phase



In-plane anisotropy: beware of trivial effect

ideal misaligned

Rotation 
axis

B B BOut-of-plane 
component of B

𝜽 = 𝟎° 𝜽 = 𝟏𝟖𝟎°

misaligned

Out-of-plane 
component of B

B

misaligned

𝜽 = 𝟗𝟎°



In-plane anisotropy: beware of trivial effect

Flux lines

Lorentz 
force

Lorentz force=0



Trivial

Solid curves:

With 
intentional 
misalignment 
of 7 degrees

A. Hamill, et al., Nat. Phys. 17, 949 (2021)

Proposed mechanism

s d

s p

Without 
intentional 
misalignment



In-plane anisotropy: beware of trivial effect

Bottom contacts 
may induce strain



Orbital Fulde-Ferrell-Larkin-Ovchinnikov state

P. Wan, et al., Nature 619, 46 (2023)



Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state

0.5 10
0

1

0.5𝜇
𝐵

𝐵
/∆

0

𝑇/𝑇𝑐

J. Wosnitza, Ann. Phys. 530, 1700282 (2017)S. Kasahara, et al., Phys. Rev. Lett. 124, 107001 (2020)

• Large Maki parameter (𝛼 = 2
𝐵𝑐2

𝑜𝑟𝑏

𝐵 𝑐2
𝑃 > 1.8)

• Clean superconductor 𝑙𝑚>𝜉0

• Low dimensions

BCS FFLO

Up-turn in Bc2

Finite-momentum pairing



Spin-orbit coupling + inversion symmetry breaking

J. Lu, et al., Science 350, 1353 (2015) Y. Saito, et al., Nat. Phys. 12, 144 (2016)X. Xi, et al., Nat. Phys. 12, 139 (2016)

Spins locked out-of-plane

q=eA=eB//c/2

C. Liu, PRL 118, 087001 (2017)

Ising superconductivity + layer degree of freedom

Ising superconductivity in NbSe2 and orbital FFLO
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Orbital Fulde-Ferrell-Larkin-Ovchinnikov state

• Six-fold symmetry at
low T, high B//

P. Wan, et al., Nature 619, 46 (2023)



Tunneling spectroscopy under in-plane B

Z. Cao, et al., Nat. Commun. (2026) 10.1038/s41467-026-72134-z



Non-monotonic gap evolution with B//

• Gap at 7 T > gap at 6 T • Enhanced gap: B// from 6.1 to 6.7 T

Z. Cao, et al., Nat. Commun. (2026) 10.1038/s41467-026-72134-z



First-order phase transition with B//

• Below 6 K: an extra kink at around 6 T, 
hysteresis in pos./neg. sweeps 

• Hysteresis with multiple jumps only occurs when the 
magnetic field is well aligned in-plane

Z. Cao, et al., Nat. Commun. (2026) 10.1038/s41467-026-72134-z



Phase diagram for orbital FFLO state in NbSe2

Z. Cao, et al., Nat. Commun. (2026) 10.1038/s41467-026-72134-z



H. Zhang, et al., Nat. Phys. 18, 1425 (2022)

Ising superconductivity in intercalated bulk NbSe2



D. Volavka, et al., Phys. Rev. Lett. 136, 016002 (2026)

Ising superconductivity in bulk 4Ha-NbSe2

4Ha 2Ha



Ising superconductivity: a summary

• Experimental features:

• In-plane upper critical fields greatly exceed the Pauli limit

• Continuously decreasing superconducting gap

• 2-fold, 6-fold in-plane symmetry (intrinsic?)

• Multi-layers:

• Orbital FFLO state

• Large in-plane upper critical fields after intercalation or with special stacking



Anomalous metal phase



Introduction to anomalous metal (AM) phase

D. Ephron, et al., Phys. Rev. Lett. 76, 1529 (1996) C. Yang, et al., Science 366, 1505 (2019)

MoGe film

YBCO w. nanopores

• Many 2D superconductors show AM behavior
• Superconducting fluctuations play a major role
• A quantitative theoretical understanding is missing



A. W. Tsen, et al., Nat. Phys. 12, 208 (2016)

Bilayer NbSe2

• Saturated resistance after SC transition

AM phase in bilayer NbSe2



I. Tamir, et al., Sci. Adv. 5, aau3826 (2019)

Intrinsic origin or problem of cooling?
•  Resistance saturation gone after proper filtering



I. Tamir, et al., Sci. Adv. 5, aau3826 (2019)

•  Resistance saturation reappears under large dc current

A. Benyamini, et al., Nat. Phys. 15, 947 (2019)

No sharp drop of  R as Idc drops Well-defined dissipationless region

•  Dissipationless transport in clean monolayer 
exists only in the limit of I=B=T=0

Intrinsic origin or problem of cooling?



Y. Du, et al., Phys. Rev. Lett. 134, 066002 (2025)

AM in NbSe2: recent development

• Absence of Hall signal in the AM phase

Trilayer NbSe2 on 
Au electrodes and 
capped by h-BN

• Particle-hole symmetry



Y. Du, et al., Phys. Rev. Lett. 134, 066002 (2025)

AM in NbSe2: recent development
Higgs mode

• Higgs mode persists in the 
anomalous metal phase

Higgs mode

• Fluctuating 
Cooper pairs

R. Shimano & N. Tsuji  Annu. Rev. Condens. Matter Phys. 11, 103 (2020)

Bulk, 2 K

2L, 0 TBulk, 0 T

2L, 2 K

Blue: bilayer



Other recent studies on AM

• High-temperature AM in FeSe/SrTiO3

Y. Li, et al., Phys. Rev. Lett. 132, 226003 (2024)



30 mT 60 mT

90 mT 120 mT

0 mT
25 mT

50 mT

100 mT
150 mT

Monolayer Pb on Si(111)LixTiSe2 (70 nm but 2D like)

• Symmetric gap in the AM phase 
(with low-pass filters)

• Gap and stable vortices in the AM phase

J.-Y. Ji, et al., Nano Lett. 25, 10641 (2025) Y. Sato, et al., Sci. Adv. 12, eadu9610 (2026)

Other recent studies on AM



Anomalous metal phase: a summary

• Experimental features:

• Saturated Rxx below Tsc (even after proper filtering for some systems)

• Rxy=0 and persistence of gap opening, indicating particle-hole symmetry

• Persistence of Higgs mode

• Stable vortices (Monolayer Pb)

(2L-4L NbSe2)
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X. Qian, et al., Science 346, 1344 (2014)

Topological physics in 2D transition metal dichalcogenides

• Opening of topological gap in the bulk
• Formation of edge states



S. Wu, et al., Science 359, 76 (2018)

• Monolayer WTe2



• Coexistence of helical 
edge and SC bulk

V. Fatemi, et al., Science 362, 926 (2018)

E. Sajadi, et al., Science 362, 922 (2018)

Device M1

Device M2

B quenches SC



V. Fatemi, et al., Science 362, 926 (2018)E. Sajadi, et al., Science 362, 922 (2018)

• Monolayer WTe2 also hosts anomalous metal state and 
large Bc2,// over Bp



Y. Xu, S.C. Zhang et al. PRL 111, 136804 (2013)

C.-C. Liu, H. Jiang & Y. G. Yao PRB 84, 195430 (2011)

• Stanene: monolayer α-Sn (111)
• Graphene-like structure + buckling
• Room temperature quantum spin Hall

T. Zhang, et al. Nat. Phys. 6, 104 (2010)

K. Novoselov, et al. Science 306, 666 (2004)

B. Aufray, et al. APL 96, 183102 (2010)

M. E. Davila, et al. New J. Phys. 16, 095002 (2014)

F.-F. Zhu, et al. Nat. Mater. 14, 1020 (2015)

Source: wikipedia

Stanene



Realization of stanene

Ag (111) 

J. Yuhara et al. 
2D Mater. 5, 
025002 (2018)

InSb (111) 

C. Z. Xu et al. 
Phys. Rev. B 97, 
035122 (2018)

Bi2Te3

F.-F. Zhu, et al., 
Nat. Mater. 14, 
1020 (2015)

Sb (111) 

J. Gou et al., 
Phys. Rev. Mater. 1, 
054004 (2017)

Bi(111) 

Y.-H. Song et al., 
arXiv: 1707.08657

Cu (111) 

J. Deng et al., 
Nat. Mater. 17, 
1081 (2018)

Y. Zang et al., 
Adv. Funct. Mater. 28, 1802723 (2018)

stanene/ PbTe (111) 

• Few-layer stanene/PbTe: topological

• Stanene/Cu: topological



• M-shaped bands at Γ point

• Inverted band structure

• Qualitative agreement between theory & experiment

Band structure of few-layer stanene

M. Liao, et al., 
Nat. Phys. 14, 344 (2018)



3-Sn/6-PbTe

Anisotropic critical fields BKT transition

2D superconductivity of few-layer stanene

M. Liao, et al., 
Nat. Phys. 14, 344 (2018)



Few-layer stanene on Bi(111)

Bi

• Enhanced density of states at the edge 
of few-layer stanene islands

C. Zhao, et al., Phys. Rev. Lett. 128, 206802 (2022)



Few-layer stanene on Bi(111)

• Superconducting gap observed down to a monolayer

C. Zhao, et al., Phys. Rev. Lett. 128, 206802 (2022)



Twisted cuprates



Bi2Sr2CaCu2O8+δ (BSCCO) 

M. Suzuki & T. Watanabe PRL 85, 4787 (2000)

V (mV)

V. M. Krasnov et al. PRL 84, 5860 (2000)

S

S

I

Intrinsic 
Josephson 
junction (JJ)

R. Kleiner et al. PRL 68, 2394 (1992)



K. S. Novoselov et al. 
PNAS 102, 10451 (2005)

Bi2Sr2CaCu2Ox

1 μm

1 UC

2000 4000f (cm-1)

L. J. Sandilands et al. 
PRB 90, 081402(R) (2014)

<15 nm: insulating

Exfoliation of Bi-2212 crystals

Y. Huang et al. 
ACS Nano 9, 10612 (2015)

L. J. Sandilands et al. 
PRB 82, 064503 (2010)

Bi2Sr2Ca1-xDyxCu2Oy

20 μm

4 UC

0 K 0 K

D. Jiang et al. 
Nat. Commun. 5, 5708 (2014)

0.5 UC

70 K

M. Liao, DZ* et al. 
Nano Lett. 18, 5660 (2018)

87 K

Y. Yu et al. 
Nature 575, 156 (2019)

S. Y. Zhao et al. 
PRL 122, 247001 (2019)

0.5 UC

2 UC 81K

87 K

E. Sterpetti et al. 
Nat. Commun. 8, 2060 (2017)

81 K

1 UC

Exfoliation of BSCCO



D. J. Van Harlingen
U. Illinois

D. M. Ginsberg
U. Illinois

C. C. Tsuei
IBM 

J. R. Kirtley
IBM 

Phys. Rev. Lett. 71, 2134 (1993)Phys. Rev. Lett. 73, 593 (1994)

Q. Li et al. Phys. Rev. Lett. 83 4160 (1999)

R. Klemm, Philo. Mag. 85, 801 (2005)

Phase sensitive experiments



Twisted cuprates by van der Waals stacking

Y. Zhu, et al., Phys. Rev. X 11, 031011 (2021)



• Josephson coupling @ 45-deg twist

• 𝐼𝑐 𝑅𝑛 can reach the same level at 
various θ

Josephson effect

• Not d-wave, just s-wave

• Bulk Tc: 80 K
      Junction Tc: 50 K

• A single junction: 
      0.5 UC-BSCCO-1 + 0.5 UC BSCCO-2

Y. Zhu, et al., Phys. Rev. X 11, 031011 (2021)



Angular dependence

• Average values: slightly smaller at 45°
• Clear deviation from d-wave

Y. Zhu, et al., Phys. Rev. X 11, 031011 (2021)



Topological superconductivity?

O. Can et al. Nat. Phys. 17, 519 (2021)

• d+id-wave pairing in 
twisted cuprate 
bilayers

• Co-tunneling: 4e

Z. Yang et al. Phys. Rev. B 98, 104515 (2018)

• Coupling between dx2-y2 and dxy waves: 
π/2 Josephson junction



Predictions
1. unconventional temperature dependence of Ic

3. Shapiro steps at half integers: hf/4e

2. Fraunhofer pattern: h/2e h/4e

O. Can et al. Nat. Phys. 17, 519 (2021) T. Tummuru, S. Plugge, M. Franz, PRB 105, 064501 (2022)Z. Yang et al., PRB 98, 104515 (2018)



Experiments supporting novel pairing

S. Zhao, et al., Science 382, 1422 (2023)

• Strong suppression of Josephson coupling 

with increasing twist angle toward 45 degrees



S. Zhao, et al., Science 382, 1422 (2023)

• Shapiro steps at ±1/2

P
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 (

m
W

1
/2

)

0.1

0.05

0.01

V (hf/2e)

0 2-2

Experiments supporting novel pairing



Experiments supporting novel pairing

S. Zhao, et al., Science 382, 1422 (2023)

• Josephson diode effects

P. Volkov et al., PRB 109, 094518 (2024)



T. Tummuru, S. Plugge, M. Franz, Phys. Rev. B 105, 064501 (2022)

OP1 OP2

• Conventional T-dependence of the critical current

• 45°: Sudden rise at around 0.5 Tc

Y. Zhu, et al., Phys. Rev. B 108, 174508 (2023)

Experiments questioning novel pairing



• Standard Fraunhofer pattern

T. Tummuru, S. Plugge, M. Franz, 
Phys. Rev. B 105, 064501 (2022)

Prediction: doubling of frequency 
due to emergence of co-tunneling

H. Wang, et al., Nat. Commun. 14, 5201 (2023)

Experiments questioning novel pairing



• Irradiation on the twisted interface from the cavity 

10 μm

Steps at: 𝑉 = 𝑘Φ0𝑓𝑐, 𝑘 = 1, 2, 3, …

• Consecutively decreasing order of the steps
• First step missing due to dissipation at small bias

• No half-integer steps: absence of co-tunneling

2
3
4
5

S. Y. Zhao et al. arXiv 
2108.13455 (2021)

• 44.8°-twisted Bi-2201 junction 

H. Wang, et al., Nat. Commun. 14, 5201 (2023)

Experiments questioning novel pairing



S. Zhao, et al., Science 382, 1422 (2023)

Contrasting results
Shapiro steps at ±1/2 Absence of fractional steps
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Unpublished
Y. Zhu, et al., Natl. Sci. Rev. 13, nwaf569 (2026) 



Metastable fractional Shapiro steps

• 45°-twisted Bi-2212 junction 

• 70 K: half integer steps vanish after thermal cycling

Y. Zhu, et al., Natl. Sci. Rev. 13, nwaf569 (2026) 
Y. Zhu, et al., Natl. Sci. Rev. 13, nwaf569 (2026) 



Pulse induced Josephson diode effect

H. Wang, et al., Nat. Phys. 22, 47 (2026)



𝐽 = 𝐽𝑐1 sin 𝜑 + 𝐽𝑐2 sin 2𝜑 − 𝐽𝑚 cos 𝜑

Pulse induced Josephson diode effect
Experimental data Simulation

H. Wang, et al., Nat. Phys. 22, 47 (2026)



Summary on 2D superconductors with topology

• WTe2 and stanene show possible coexistence of edge state and superconducting 
bulk

• Twisted cuprate bilayer is theoretically predicted to be a high-temperature 
topological superconductor, yet experimentally its pairing symmetry is still under 
debate



Thanks!

dingzhang@tsinghua.edu.cn
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