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(Fractional) Quantum Hall Effect (1982)—Electron Topology
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Stormer, Horst L.. “Nobel Lecture: The fractional quantum Hall effect.” Reviews of Modern Physics 71 
(1999): 875-889.
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Extremely high field needed

Fractional Quantum Hall Effect

T=85mK
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Fractional Quantum Hall Effect at B = 0T ?

Landau levels

Topological flat band

B field
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Anomalous (B = 0T) Fractional Quantum Hall Effect?

Fractional quantum Hall
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Landau levels
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Elementary excitations can carry fractional 
charge in system made of electrons
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Graphene moire

Two Pathways to Fractional Quantum Hall Effects at B=0T
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Rhombohedral

(meta-stable)

Bernal

(stable)
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Stacking Orders in Multilayer Graphene



Staircase to Fractional Quantum Hall Effects at B=0T

Isolated

Topological
Flat Bands?



Gate-Tunable Flat Bands in Crystalline Rhombohedral Graphene

Rhombohedral (ABCABC…) N-layer
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Gate-Tunable Flat Bands in Crystalline Rhombohedral Graphene
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Staircase to Fractional Quantum Hall Effects at B=0T

Isolated

Topological
Flat Bands

ABC trilayer
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Gate-Tunable Berry Curvature

Nth order Dirac cone

Singularity of n𝛑 Berry phase at k=0

K = -K’

T. Han, Z. Lu … LJ. Nature (2023)
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Time-reversal pair



Staircase to Fractional Quantum Hall Effects at B=0T

Isolated

Topological
Flat Bands

T. Han, Z. Lu…LJ, Nat. Nanotechnol. (2023)

ABC trilayer

Correlated insulator

T. Han, Z. Lu… LJ, Science 384(6696). (2024)



Flat band is not isolatedBerry “trashcan” ?

Andrei Bernvig, arXiv:2503.09692



𝐾𝐾 𝑀← →

kMoire
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 Flat band
Gating

Mini Brillouin Zone Moiré

𝛥𝑀

Moire Scissor

J, Yang, et al. Science 375 (6586), 1295-1299



Staircase to Fractional Quantum Hall Effects at B=0T

Isolated

Topological
Flat Bands
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ABC trilayer

Correlated insulator

Superconductivity

T. Han, Z. Lu… LJ, Science 384(6696). (2024)

Chern insulator

IQAH

FQAH?



Rhombohedral 5-Layer Graphene/hBN Moiré

Twist angle ~0.7 degrees

Lu Z., Han T….LJ, 

Accepted to Nature, Dec 19th 2023

Filling the flat bottom of 

conduction band
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Anomalous Hall Effect When Electrons Away from Moiré

Anomalous Hall region

B = 0 T
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v = 1

v = 2/3

v = 2/5



Fractional Quantum Anomalous Hall Effects 

R
x
x
, 
R

x
y
 (
h

/e
2
)

Te ~ 200 mK

Year 2023 Device 1



Magnetic Hysteresis



Streda Formula

Dispersion of the carrier density respect to magnetic field = edge Hall conductivity

𝜎𝑥𝑦 = 𝑒
𝜕𝜌𝑒

𝜕𝐵

𝜈 = 2/5, 3/7, 4/9
𝜈 = 4/7, 3/5, 2/3



Compare with FQH

D.C. Tsui, H.L. Stormer, and A.C. Gossard, Phys. Rev. Lett. 48, 1559 (1982).
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Compare with FQH

Better sample quality

Lower electron temperature 
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T=85mK

Year 2023 Device 1

Te ~ 200 mK



Year 2024-2025 Device 2
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Te ~20 mK

Lower Electron Temperature
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5/11 5/9

Extended data figure 9 @ Z. Lu… LJ. Nature, 637, 1090 (2025) 

~500 Ohm



11 FQAHE States
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All in the Jain Sequence1/3
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See Z. Lu… LJ. Nature, 637, 1090 (2025)        and             to be published

Year 2025 Device 2



Compare with FQH

T=85mK

Year 2024-2025

T~20mK

5L-Graphene



Reproducibility

~0.3 deg

v= 2/3, 3/5, 4/7, 4/9, 3/7,2/5… v= 2/3, 3/5

v= 2/3 at 6L rG/hBN observed by Xiaobo Lu (Peking U): Nat. Mater. 24, 1042–1048 (2025).

v= 2/3 at 4L rG/hBN observed by Andrea Young (UCSB): Nature 639, 342–347 (2025)

v= 2/3 and 3/5 at 5L rG/hBN observed by Zhengguang Lu (FSU)

……
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Rxx ~ 0 Rxy = h/e2
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Three regions:
Rxx~0

Rxy=h/e2

Extended over
Large range of 

Fillings

Only exist at

Very low Te

Extended Quantum Anomalous Hall states



Reentrant integer quantum Hall

Gábor Csáthy, 2010

IQH liquid + Wigner crystal

Underlying Mechanism ? Anomalous version of RIQHE ?

Hall crystal B. I. Halperin, et al. (1986)

Anomalous Hall crystal ?

Breaks time reversal and 

continuous translational 

symmetry spontaneously

@ A. Vishwanath, T. Senthil, Y. Zhang, F. Zhang



Puzzles

1. How do electrons feel the moiré?

2. Multiple moiré bands entangled

No isolated flat band in moiré-distant band structure

H Li, BA Bernevig, N Regnault, Physical Review B 112 (7), 075130, (2025)
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Theoretical Mystery on Rhombohedral Graphene FCI

No consensus yet!!!

H Li, BA Bernevig, N Regnault, Physical Review B 112 (7), 075130, (2025)



No QAHE, but Superconductor 

Different
From all known superconductors

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

Flat band + Berry curvature + moiré = FQAHE



Superconductivity in Crystalline Rhombohedral Graphene

Zhou, H… Young, 
A. Nature 598, 434–438 (2021). 

ABC trilayer

J. Yang… LJ, Nature Materials, (2025).

ABC trilayer + TMDC

Bare Pentalayer RG

Zero resistance within few Ohms
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No moiré

4LG

ne = 0.6*1012cm-2 

60 meV
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SC3
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SC2
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4LG - ABCA 5LG - ABCAB

Superconductivities in Bare Rhombohedral Graphene



SC1 

SC2 SC3 

5LG/hBN moiré

SC1

SC2 

4LG 5LG

Superconductivities in Bare Rhombohedral Graphite

TBKT = 300 mK SC1

SC2
SC1

Superconducting 
diode effect at B=0

Tc1=300mK Tc1=180mK



In-Plane Magnetic Field Dependence

SCs survive largely from B// up to 5 T, exceeding the Pauli limit by at least 15 times

5L Device P1: Tc = 180mK, BPauli ~0.34 T

SC1

SC2

0T 1T 3T 5T

0T 1T 3T 4T

suggests spin-polarization



B
⊥

 (
T

) SC2
SC1

4LG 5LG

Out-of-Plane Magnetic Field Dependence

Rxx = 0 up to 1.4T

5LG

B
⊥

 (
T

)

At what D, does it has D dependence



Hysteresis

Magnetic Hysteresis in SC vs Out-of-Plane Magnetic Field

SC1

SC2

Behaves like a magnet! 

Fluctuations

Scan direction



Origin of Magnetic Hysteresis: Spin or Valley?

Spin is polarized
Only valley flipping

Valley is polarized
Only Spin flipping

B// = 2T B// = 1TSC2SC1

B┴ = 0.15T B┴ = 0.15TSC2SC1

Orbital (valley) magnetization only couples to the out-of-plane B field



Magnetic Hysteresis is from Polarized Valley

I

II

III

Superconducting state is valley polarized!



Implications:

1. Spin triplet

2. Finite momentum pairing (FFLO)

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



Theory Developments Suggest Topological SC



0.1T 0.1T

5L RGr with weak moiré

0.1T

0.1T

5L RGr with no moiré

0.1T

Superconductor!

Removing moire



Hole filling
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General Phase Diagram of Multilayer RG without Moiré



Hole filling
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General Phase Diagram of Multilayer RG/hBN Moiré



Topological Quantum Computation—Parafermions at Gate-Defined 

Junctions

Z. Lu… LJ. Nature, 637, 1090 (2025) 

Clarke, D. J., Alicea, J. & Shtengel, K. 

Nature Communications (2013)

Parafermion at the 

SC/FQAHE interface

Lindner, N. H., Berg, E., Refael, G. 
& Stern, A. 
Phys. Rev. X 2, 041002 (2012).
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Split gates cut by AFM in graphite
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