
▪ Bilayer graphene with a relative twist ! :
Nearly flat bands close to magic angle ! ~ 1.09 degrees 

▪ Correlated insulators at integer fillings + superconductivity 

▪ 8 active low-energy bands (2 layer, 2 valley, 2 spin)

▪ In presence of time-reversal T and inversion C2z –
symmetry protected Dirac cones

▪ Valley U(1) an excellent symmetry, Dirac cones in 
each valley have identical chirality 

▪ Notable feature of device: Close alignment of one graphene layer with hexagonal Boron 
Nitride (h-BN) substrate

▪ C2z is broken by h-BN – gaps out Dirac cones: we can get identical sign of mass for both Dirac 
cones in the same valley leading to identical Chern numbers for resultant bands

▪ Interaction-driven valley polarization can lead to an anomalous Hall effect 

▪ Valley and spin polarization          insulator with quantized anomalous Hall conductance
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Exciton vortex lattice

Valley-polarization Pv calculated as a function of 

bandwidth vs interaction (screened Coulomb)

• C2z symmetry breaking by aligned h-BN substrate can have crucial effects on twisted 
bilayer graphene

• Chern bands form with opposite Chern numbers corresponding to different valleys

• Interaction can drive a valley-unpolarized metal to a fully polarized insulator/a partially 
valley polarized metal: both exhibit anomalous Hall conductance

• The hysteresis loop and its sign can be explained by a large valley Zeeman effect

• The valley polarized state is stable to inter-valley coherence due to topological features 
of the band structure

• What is the nature of the insulator at v = 2 (also need to consider spins)?

• Which features of the Landau fans seen in quantum oscillations can be explained by this 
Chern band picture?

• What is the phenomenology of the exciton vortex lattice phase? Signatures in 
spectroscopic or transport probes?

Metal-insulator competition

Hartree-Fock computation of energetics in a dispersive lowest Landau level model 
on the square lattice with two bands carrying C = 1 an C = -1 

Conclusions and open questions

Recent experimental 

observations:

1. Insulator at filling ν = 0

2. Large anomalous Hall effect 

at ν = 3 (not quite quantized, 

"xy ~ 0.5 e2/h)

C = 1
C = 0

C = 0

C = -1

§ Fundamental topological reason for 
stability of the valley-polarized phase

§ Exciton wave-function must have 
vortices in momentum space

§ Translates to vortices in real space 
(particle-hole transformation in one 
valley maps exciton condensate to 
superconductor, which allows flux 
vortices near Hc2)

§ Results in reduced correlation energy 
gain, rendering valley-polarized states 
stable for small anisotropy

§ Could be guessed from lack for SU(2) 
symmetry when C = 1 and C = -1 bands 
are considered (as opposed to two C = 1 
bands) – discrete broken T symmetry is 
stable to small perturbations

§ Transition from metal to valley-polarized 
insulator as the bandwidth is W reduced 
relative to interaction strength u0

§ Both phases (A) and (C) will show an 
anomalous quantum Hall effect

§ Fate of the inter-valley coherent (IVC) state 
familiar from quantum Hall FM when 
interaction anisotropy u1 is turned on?

(A) Valley-polarized insulator (B) Exciton vortex lattice

(C) Partially polarized metal  (D) Unpolarized metal

§ Sublattice potentials lead to gapped low-
energy bands with C = ± 1 for the two 
valleys

§ Further, there is a large valley-Zeeman 
effect due to orbital magnetic moment in 
each Chern band, gv ≅ -2 to -6

§ Chern bands + spontaneous polarization + 
valley Zeeman lead to anomalous Hall 
effect and hysterisis in Rxy

Can explain the occurrence and sign of anomalous Hall effect observed by Sharpe et al

Chern bands and valley Zeeman effect
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Add sublattice potential


