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Seeing Stacking Orders in Crystalline Multilayer Graphene

Z. Lu… LJ, Nature 2025

Infrared contrast by
InGaAs camera Raman signatures

Rhombohedral
(meta-stable)

Bernal
(stable)

Lui, C.H., Heinz, T.F. Nano letters, 11(1) (2011).



Gate-Tunable Flat Bands in Crystalline Rhombohedral Graphene
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1. Pristine flat bands 
    

Min, H. and MacDonald, A.H. PRB (2008)
Zhang, F. et al. PRB (2010)
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Semi-metal Semi-conductorE

2. Gate-induced flat bands

Interlayer hopping
~400 meV



Gate-Tunable Quantum Geometry/Berry Curvature
(‘Magnetic field’ in k-space)

T. Han, Z. Lu … LJ. Nature (2023)
Xiao, D., Yao, W. and Niu, Q. PRL (2007) 
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Angular momentum &
Orbital magnetic moment

Chang & Niu, 1996
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Anomalous Hall Effect
Karplus & Luttinger, 1954
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K = -K’
Time-reversal pair



Spontaneous Valley Symmetry Breaking: Correlation Helps Topology

Without flat band

With flat band

𝜎𝜎𝑥𝑥𝑥𝑥 = 0

𝑚𝑚 = 0

EF

𝜎𝜎𝑥𝑥𝑥𝑥 ≠ 0

𝑚𝑚 ≠ 0
Similar to the Stoner Mechanism 

for ferromagnet

Exchange energy

Zhou. H. et al. Nature 598.7881 (2021): 429-433.
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Gate-Tunable Flat Bands and Berry Curvatures

Tonghang Han



SC3

SC1

SC2
SC3

SC1

SC2

4LG - ABCA 5LG - ABCAB
Superconductivity in Electron-Doped 4-6L RG

T. Han, Z. Lu, Z. Hadjri… LJ, Nature (2025)

6LG - ABCAB

See also 6L work From Leo Li 
@UT Austin

Zhengguang Lu @FSU

Unpublished



Magnetic Field Dependence

Exceeding the Pauli limit by at least 15 times

5L Device: Tc = 180mK, BPauli ~0.34 T

SC1

0T 1T 3T 5T

suggests spin-polarization

In-plane 
Field B// 

Out-of-plane 
Field B⊥ 

BCS-BEC cross-over

E E E E



Hysteresis

Magnetic Hysteresis and Fluctuations

SC1 Behaves like a magnet! 

Fluctuations

Unique among all 
superconductors!

I

II

III

Superconducting state is valley polarized



Anomalous Hall and Hysteresis Above Tc

Parent state of SC is orbital magnetic (valley polarized)

EF

Exchange energy

Unique among all 
superconductors!



Direct Imaging of Magnetism and Domains in SC State

Collaboration with
Zeldov group

Eli Zeldov Surajit Dutta

arXiv:2605.13303

Magnetic domains in the SC state

Direct detection of magnetic field from the SC state

https://arxiv.org/abs/2605.13303


Implications:

1. Spin triplet
2. Finite momentum pairing

3. Chiral superconductor (time-
reversal-symmetry breaking at

      the orbital level)

Spin- and valley-polarized superconductivity?!

Chiral molecules

Break mirror symmetry

Chiral superconductor

Break mirror symmetry (P)
Break time-reversal symmetry (T)

L -L

Valley polarized quarter-metal

K

K K’ K’



Chiral Superconductivity in Rhombohedral Graphene

K K’

Spontaneous time-reversal-symmetry broken 
at the orbital level (finite angular momentum) 

Kallin, Catherine, and John Berlinsky. "Chiral 
superconductors." Reports on Progress in Physics 79.5 
(2016): 054502.

To be explored:

1. Is it topological? px+ipy?   

2.    Pairing mechanism?

EF

Exchange energy

r

t+∆t



Theory Developments Suggest Topological SC



15Massachusetts Institute of Technology Jixiang Yang, … LJ, Nat. Mat. 24, 1058-1065 (2025)

Half Metal Quarter Metal

Superconductivities in TMD-Proximitized R3G

Induced SC5 (new)
Tc ~ 70 mK

Jixiang Yang*, O. Sedeh*, C. Yoon*, S. Ye*… 
D. Zumbuhl, LJ : arXiv:2510.10873

QM
TQM

FM
HM

K       K’ K       K’ K       K’ K       K’

TQM FM QM HM

where SC5 resides

Jixiang 
Yang

Zhou, H… Young, A. Nature 598, 434–438 (2021). 
SC in ABC trilayer and AB bilayer graphene

Zhou, H… Young, A. Science 375 (6582) (2021). 
Zhang, Y… Nadj-Perge, S. Nature 613, 268–273 (2023).
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As the in-plane magnetic field increases:
• Larger area in n-D map
• Higher Tc is enhanced: 70 -> 95 mK
• Higher Bc⊥: 12 -> 25 mT

B|| = 0 T B|| = 2 T B|| = 5 T B|| = 7 T

Enhanced SC by In-Plane Magnetic Field

SC5 – Region 1
SC5 – Region 2

Pauli-Limit-Violated by 
at least 80 times
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φ
K

K’

=       + Spin-singlet pairing

Mixture of spin-singlet & triplet

| ⟩↑

| ⟩↓

K

K’

A stronger triplet pairing: 𝜟𝜟𝒕𝒕 > 𝜟𝜟𝒔𝒔

Δ =
𝜆𝜆𝐼𝐼Δ𝑠𝑠 + 𝐸𝐸𝑍𝑍Δ𝑡𝑡

𝜆𝜆𝐼𝐼2 + 𝐸𝐸𝑍𝑍2

Possible Explanation

Patterson, C.L., Sheekey, O.I., Arp, T.B. et al.
Nature 641, 632–638 (2025).

Spin-canting

Spin-valley locking by 
Proximitized Ising SOC



Bare R5G

Superconductivity in Hole-Doped Bare R5G

J. Seo…LJ. arXiv:2509.03295

el-dopedh-doped

Junseok Seo



Enhanced SC3 by B⊥~ mT

No enhancement by B//

Enhancement by B⊥ 
absent with B// = 0.4 T

(not pure orbital)

(not pure spin)

Spin-orbit Coupling
Ask me later



5L RG/hBN Moiré Superlattice

Twist angle ~0.7 degrees
Lu Z., Han T….LJ, 

Accepted to Nature, Dec 19th 2023
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0.1T 0.1T

FQAHE and Chiral SC in the Same Rhombohedral Graphene!

5L RG with moiré

5L RG without moiré

0.1T0.1T

Same electrons/part of flat band 



Superconductivity(Fractional) Quantum Hall Effect

In Crystalline graphene
MagneticAt zero B

Perfect diamagneticRequires high B

GaAs BSCCO

Conventional

Un-Conventional

Intertwined correlation, topology and magnetism
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