i ©0 TIDES2026

Experimental aspects of 2D superconductivity

and topology

Ding Zhang

Department of Physics, Tsinghua University, Beijing, China

dingzhang@tsinghua.edu.cn



Thickness (nm)

2D superconductors

K O Deposited films
I . > : :
Disordered Highly crystalline © Atomic layers by MBE
© |Interface by MBE/PLD
10 — O InOy LAO/STOQ © sTO O Exfoliated
; | © Electric field induced
B 8A|
- In
L OSn Pb
- MoGeOOSN  (ONb OA
0OG QYBCO
L a QYBCO WS,
1 5 WTe»
i OBi ? Sn
I 2
i twisted bilayer
- Opb FeSe/STO  1,.pp Graphene
0.1 | | Ly | | | | | | | | |
1980 1985 1990 1995 2004 2006 2008 2010 2012 2014 2016 2018 2020

Year

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



Interesting physics in 2D superconductors

Strong in-plane upper critical field
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Latest development 1: chiral superconductivity
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Latest development 2: twisted TMD
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Bandwidth-tuned Mott transition and
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Latest development 3: nickelate
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Signatures of ambient pressure
superconductivity in thin film La;Ni,O,
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Outline

1. NbSe,—a case study of highly crystalline 2D superconductors

1.1 Dimensionality effect on SC and CDW
1.2 Ising superconductivity: from 3D to 2D and back

1.3 Anomalous metal phase: intrinsic vs. extrinsic effects

2. 2D superconductors with topology

2.1 WTe, and stanene

2.2 Twisted cuprates



Introduction to 2H-NbSe,
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Introduction to 2H-NbSe, | ARPES measurements
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CDW in bulk 2H-NbSe,
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Ultrathin NbSe,



Superconductivity of ultrathin NbSe,
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Charge density wave of ultrathin NbSe,
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CDW of monolayer NbSe, on bilayer grahpene

Side view
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 CDW occurs only around 25 K or below
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Gate tuning of bilayer NbSe,
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Disorder enhanced superconductivity in monolayer NbSe,

e Charge transfer?
minimalized

 Weakening of CDW?

* Proposal: wavefunction
multifractality

Monolayer NbSe,

[

LETTERS namre,

https://doi.org/10.1038/541567-019-0570-0 p ICS

Disorder-induced multifractal superconductivity
in monolayer niobium dichalcogenides

Kun Zhao'®, Haicheng Lin'8, Xiao Xiao%8, Wantong Huang', Wei Yao', Mingzhe Yan', Ying Xing?,
Qinghua Zhang*, Zi-Xiang Li'%, Shintaro Hoshino$, Jian Wang?, Shuyun Zhou', Lin Gu®?,
Mohammad Saeed Bahramy®’, Hong Yao®"*, Naoto Nagaosa®’, Qi-Kun Xue', Kam Tuen Law?,
Xi Chen®™ and Shuai-Hua Ji®"*

diidV (a.u.)

diidV (a.u.)

8 —
1.867 nm™

1.600 nm™2

6 . P 1.334 nm™

1.067 nm™
0.800 nm™

4 =
0.533 nm

3 0.267 nm™2+

2| 0.133 nm™ |
0.044 nm™

1 |’ \ , et

0nm>2
0 1 1 J
-1.0 -0.5 0 0.5 1.0
Sample bias (mV)
6L x=1.67

=1
5l N X 35

x=0.84
4

x=0.49
3k
2M

-1.0 -0.5 0 0.5 1.0

Sample bias (mV)

SC gap (meV)

T. (K)

0 0.5 1.0 1.5

2.0
Si density (nm?)
35
A Y
3.0 “
n - X
2.5 '0. L L
: ’ v O
A §
20 LR
LU
A
1.5 ‘I \
Ay ‘
A}
. « R
N a
b A
©
05 L P - |
.
NbSe,_S, ’
0 ' ' ' 4]
0 0.5 1.0 1.5 20
X

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



Ising superconductivity




Zeeman effect on superconductivity
:

Magnetic field

Singlet pairing —
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Band structure of monolayer NbSe,
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Band structure of monolayer NbSe,

M. Calandra, I. Mazin, F. Mauri, PRB 80, 241108(R) (2009)
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Ising superconductivity in NbSe,
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Ising superconductors

* Ising superconductivity in spin-orbit coupled two-dimensional superconductors
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Continuous phase transition under B,

Trilayer NbSe,
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Possible spin-triplet pairing under large B,

W|th in-plane magnetlc field
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In-plane anisotropy

* Rotating the sample in the magnetic field
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In-plane anisotropy

 Two-fold symmetry in the gap response
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In-plane anisotropy in NbSe, monolayers
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In-plane anisotropy: beware of trivial effect
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In-plane anisotropy: beware of trivial effect
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In-plane anisotropy: beware of trivial effect

Bottom contacts
may induce strain




Orbital Fulde-Ferrell-Larkin-Ovchinnikov state

Article

Orbital Fulde-Ferrell-Larkin—-Ovchinnikov
state in anIsing superconductor
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Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state

BCS FFLO “Y/guH
Finite-momentum pairing
. Borb
* Large Maki parameter (@ = /2 BCIE > 1.8)
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* Clean superconductor [,,;>¢,
* Low dimensions

S. Kasahara, et al., Phys. Rev. Lett. 124, 107001 (2020)
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Ising superconductivity in NbSe, and orbital FFLO

@ Spin-orbit coupling + inversion symmetry breaking

@_ ,,,,,,,, g Spins locked out-of-plane
K
J. Lu, et al., Science 350, 1353 (2015)  X. Xi, et al., Nat. Phys. 12, 139 (2016) Y. Saito, et al., Nat. Phys. 12, 144 (2016)

Ising superconductivity + layer degree of freedom
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Orbital Fulde-Ferrell-Larkin-Ovchinnikov state

e Six-fold symmetry at
low T, high B,

B field

Boron
£___ nitride

P. Wan, et al., Nature 619, 46 (2023)
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Tunneling spectroscopy under in-plane B

Gra:phite

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



Non-monotonic gap evolution with B,

e Gapat7T>gapat6T * Enhanced gap: B, from6.1t0 6.7 T

di/dV (uS)
di/dV (uS)

V (mV) ] V (mV)

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



First-order phase transition with B,

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

* Below 6 K: an extra kink at around 6 T, .
hysteresis in pos./neg. sweeps
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Phase diagram for orbital FFLO state in NbSe,
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Z. Cao, et al., Nat. Commun. (2026) 10.1038/s41467-026-72134-z



Ising superconductivity in intercalated bulk NbSe,
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Ising superconductivity in bulk 4H_-NbSe,
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Ising superconductivity: a summary

* Experimental features:

* In-plane upper critical fields greatly exceed the Pauli limit
* Continuously decreasing superconducting gap

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

* Multi-layers:

 Orbital FFLO state

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



Anomalous metal phase




Introduction to anomalous metal (AM) phase

* Many 2D superconductors show AM behavior
* Superconducting fluctuations play a major role
* A quantitative theoretical understanding is missing
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AM phase in bilayer NbSe,

e Saturated resistance after SC transition
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Intrinsic origin or problem of cooling?

K * Resistance saturation gone after proper filtering
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Sensitivity of the superconducting state in thin films

I. Tamir"?*, A. Benyamini?, E. J. Telford®, F. Gorniaczyk’, A. Doron’, T. Levinson’, D. Wang®, l. Ta mir, et a/., Sci. Adv. 5, aau3826 (2019)

F. Gay®, B. Sacépé®, J. Hone®, K. Watanabe®, T. Taniguchi®, C. R. Dean®,
A. N. Pasupathy®, D. Shahar'*



Intrinsic origin or problem of cooling?

* Resistance saturation reappears under large dc current
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AM in NbSe,: recent development

1.6 K

* Absence of Hall signal in the AM phase 1.0

‘ * Particle-hole symmetry 0.5

= O
o o
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Au electrodes and
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Yu Du,"” Gan Liu®,"" Wei Ruan,"" Zhi Fang,' Kenji Watanabe®,” Takashi Taniguchi®,’ Ronghua Liu,"*
yee Y. Du, et al., Phys. Rev. Lett. 134, 066002 (2025)
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AM in NbSe,: recent development

Higgs mode
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Other recent studies on AM

* High-temperature AM in FeSe/SrTiO,
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0.1

Other recent studies on AM

Symmetric gap in the AM phase  @Gap and stable vortices in the AM phase
(with low-pass filters)
Li, TiSe, (70 nm but 2D like) Monolayer Pb on Si(111)
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J.-Y. Ji, et al., Nano Lett. 25, 10641 (2025) Y. Sato, et al., Sci. Adv. 12, eadu9610 (2026)



Anomalous metal phase: a summary

* Experimental features:

* Saturated R, below T, (even after proper filtering for some systems)
* R,,=0and persistence of gap opening, indicating particle-hole symmetry

* Persistence of Higgs mode  (2L-4L NbSe,)

* Stable vortices (Monolayer Pb)



Outline

2. 2D superconductors with topology

2.1 WTe, and stanene

2.2 Twisted cuprates



Topological physics in 2D transition metal dichalcogenides

* Opening of topological gap in the bulk

/T,
* Formation of edge states -
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RESEARCH

TOPOLOGICAL MATTER

Observation of the quantum spin
Hall effect up to 100 kelvin in a * Monolayer WTe,

monolayer crystal
1y e 1y . - 2 .s 3 VC (V)
Sanfeng Wu, *{ Valla Fatemi, *{ Quinn D. Gibson,~ Kenji Watanabe, 8 6 4 2
Takashi Taniguchi,” Robert J. Cava,> Pablo Jarillo-Herrero'f 1 : ; T
L = & T(K) Ve
e 325 | 5 96 _44-92 15 @ 8.7V
A | I 99 - B 59V
0.75 S o S 1 c A7V
T M Vis| ___2ortesseeny, 118 0
hize? _a |3 T g
Y 271 2 3 < 5 )
<05 V2. YW % -
L3 A
% o A ®
O | st
0.25| 70 nm, Device 2 | 2"'5 : o e .—--."-'l-‘ ———————————
60 nm, Device 2 1t @ @
0r ;
100 nm, Device 1
6 ) ) 0 2 4 00 50 100 150
Vs (V) T (K)
Graphite Gate, Vig
Top BN
S Monolayer WTe,
1234 ' 1 __ Electrodes
el Langs " Bottom BN S. Wu, et al., Science 359, 76 (2018)

Channel Length, L c
Local Gates, I/,



RESEARCH

RESEARCH

SUPERCONDUCTIVITY

Electrically tunable low-density

superconductivity in a monolayer

topological insulator

SUPERCONDUCTIVITY

Gate-induced superconductivity in a
monolayer topological insulator
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Monolayer WTe, also hosts anomalous metal state and
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Stanene

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

Source: wikipedia
e . X( kY M.E. Davila, et al. New J. Phys. 16, 095002 (2014)

14 1IN ,

Sj Silicene K K B. Aufray, et al. APL 96, 183102 (2010)
32

Ge

50 |

Sn

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

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

e Stanene: monolayer a-Sn (111)
* Graphene-like structure + buckling C.-C. Liu, H. Jiang & Y. G. Yao PRB 84, 195430 (2011)
* Room temperature quantum spin Hall Y. Xu, S.C. Zhang et al. PRL 111, 136804 (2013)




Realization of stanene

Sb (111) Bi(111) Ag (111) InSb (111)
. vl i

0.875202 0.0 02
F.-F. Zhu, et al., J. Gou et al., Y.-H. Song et al., J. Yuhara et al. C.Z. Xu et al. J. Deng et al.,
Nat. Mater. 14, Phys. Rev. Mater. 1, arXiv: 1707.08657 2D Mater. 5, Phys. Rev. B 97, Nat. Mater. 17,
1020 (2015) 054004 (2017) 025002 (2018) 035122 (2018) 1081 (2018)

* Stanene/Cu: topological

stanene/ PbTe (111)

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

Snmx5nm - * Few-layer stanene/PbTe: topological




Band structure of few-layer stanene
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* Inverted band structure
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2D superconductivity of few-layer stanene

Anisotropic critical fields BKT transition
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Few-layer stanene on Bi(111)

* Enhanced density of states at the edge

of few-layer stanene islands
322 meV
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240meV
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[Low e High| 170 meV

1st-layer

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



Few-layer stanene on Bi(111)
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Twisted cuprates



FPRRNEC LG FReNAS P ERE GRS dew

Bi,Sr,CaCu,0,,; (BSCCO)

e 2 T TETE S AL TR LN L L o e
¢8R QEENAGR T K SEBHRREF S ARAY AAE N

EVEB S v et N F g v GETTREE g 5
FGERIE 2 VR A RART =D ER G FEN Y &

L T u‘-.l‘#g v 4 SRENERS L o AN R kA
R VERELYEES v CEFPEARE S T AR gawd e s

Intrinsic
Josephson
junction (JJ)

I (mA)

Falll ¥ ..I A 1 2 1
-300 -200 -100 0 100 200 300

V (mV)

R. Kleiner et al. PRL 68, 2394 (1992) V. M. Krasnov et al. PRL 84, 5860 (2000) M. Suzuki & T. Watanabe PRL 85, 4787 (2000)



Exfoliation of BSCCO

Bi,Sr,CaCu,0,  BiySr,CayDy,Cu,0, <15 nm: insulating
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Phase sensitive experiments

Tricystal experiment
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Corner junction experiment

YBCO

C. C. Tsuei J. R. Kirtley
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Phys. Rev. Lett. 73, 593 (1994)
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Twisted cuprates by van der Waals stacking
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Y. Zhu, et al., Phys. Rev. X 11, 031011 (2021)



Josephson effect
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Topological superconductivity?

e d+id-wave pairing in
twisted cuprate
bilayers

 Co-tunneling: 4e

* Coupling between d,> ., and d,, waves:
n/2 Josephson junction

Normal
1.0

TSC

0 /4 . /2

Z.Yang et al. Phys. Rev. B 98, 104515 (2018) O. Can et al. Nat. Phys. 17,519 (2021)



Predictions

1. unconventional temperature dependence of /_

2. Fraunhofer pattern: h/2e h/4e
3. Shapiro steps at half integers: hf/4e
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Experiments supporting novel pairing
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SUPERCONDUCTIVITY

Time-reversal symmetry breaking superconductivity ¢ Strong suppression of Josephson coupling
between twisted cuprate superconductors

S. Y. Frank Zhao't, Xiaomeng Cui'f, Pavel A. Volkov*?3, Hyobin Yoo®*, Sangmin Lee®,
Jules A. Gardener®, Austin J. Akey®, Rebecca Engelke!, Yuval Ronen’, Ruidan Zhong’+,
Genda Gu’, Stephan Plugge®, Tarun Tummuru®, Miyoung Kim®, Marcel Franz®,

Jedediah H. Pixley?, Nicola Poccia®*, Philip Kim™* S. Zhao, et al., Science 382, 1422 (2023)

with increasing twist angle toward 45 degrees



Experiments supporting novel pairing

* Shapiro steps at +1/2
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Experiments supporting novel pairing

e Josephson diode effects

T T T T T T L= § |
~ | 1 ‘F((P) "
|
A | _ 10} | g
~ |
> — 5r | b g
________ 4 ¥ _ _ > Half |
| é 0__J2- _ - ¢ _
| 1 —
| ~ 5t :
|
|
| -10+ 7 ‘
| ‘ ]
. | | |
~ : 10 | | =
|
|
______:‘__l —= _ _ §5‘ Full ! |
: J:I -..E.¢ O__JE | - L - - =
. |
| = i ’
S | -5 : -
| . -10+ |
| | -
600 -400 200 0 200 400 600 600 -400 -200 0 200 400 600
Jbias (A/CI'TIZ) Jbias (A/CITIZ)

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

normal
1.0
>
S
o
0.5} -
O
0.0 M d-JDE
0 45 90

Twist angle 6

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



Experiments questioning novel pairing

e Conventional T-dependence of the critical current
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* 45°:Suddenrise at around 0.5 T

Y. Zhu, et al., Phys. Rev. B 108, 174508 (2023) T. Tummuru, S. Plugge, M. Franz, Phys. Rev. B 105, 064501 (2022)



Experiments questioning novel pairing

Prediction: doubling of frequency
due to emergence of co-tunneling
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Experiments questioning novel pairing
e 44.8°-twisted Bi-2201 junction

* Irradiation on the twisted interface from the cavity

Stepsat: V = k®,f., k=1,2,3, ..
* No half-integer steps: absence of co-tunneling
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S.Y. Zhao et al. arXiv
2108.13455 (2021)

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

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

Shapiro steps at +1/2
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S. Zhao, et al., Science 382, 1422 (2023)

Absence of fractional steps
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Y. Zhu, et al., Natl. Sci. Rev. 13, nwaf569 (2026)
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Metastable fractional Shapiro steps

e 45°-twisted Bi-2212 junction

e 70 K: half integer steps vanish after thermal cycling
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Y. Zhu, et al., Natl. Sci. Rev. 13, nwaf569 (2026)
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Pulse induced Josephson diode effect
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Pulse induced Josephson diode effect

Experimental data Simulation
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Summary on 2D superconductors with topology

* WTe, 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



dingzhang@tsinghua.edu.cn
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