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Outline
l Superconductivity in twisted

graphene bilayers.
l Electronic structure.
l Electrostatic interactions.
l Electron assisted hopping and 

superconductivity.
l Open challenges.

Correlations in Moire Flat Bands
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Superconductivity in graphene



Twisted graphene layers: theory



Structure of twisted bilayers
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Hubbard interaction

l Mean field theory. Hubbard model. Calculations done in a scaled Moiré unit cell.
l No bias: antiferromagnetism at low values of  !"#
l Finite bias: ferromagnetism due to the existence of flat bands.

Antiferromagnetic coupling between neighboring AA regions.



Electronic structure
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Local orbitals and Wannier functions

l The underlying structure of the superlattice is a
honeycomb lattice.

l The lattice nodes are at the centers of the regions
where the stacking is AB aor BA.

l The Wannier functions have maxima at three lobes
around the nodes, and non trivial phases.

This description differs significantly
from an array of mesoscopic
quantum dots in a triangular lattice.

https://www.condmatjclub.org



More about interactions

Moiré lattice unit: ℓ" ≈ 15 nm

Radius of the charge distribution: ℓ& ≈ 5 nm

Coulomb energy: '& ≈ ()
ℓ*
≈ 0.1 eV

On site repulsion: '- ≈ .
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Coulomb potential,

Vmax=0.029 eV , Vmin=-0.014eV
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Coulomb interactions and screening in twisted graphene bilayers

arXiv:1806.05990

Bands, wavefunctions

Angle: ! = 1.05'

G  point

Sketch of the
electrostatic
potential

l The charge distribution within the
Moiré unit cell depends on the state.

l Away from the neutrality point, the
charge is concentrated at the center
of the unit cell.

l A non uniform electrostatic potential is
induced.

Moiré unit cell: () ≈ 15nm

K point

Proc. Nat. Acad. Sci. (USA) 115, 13174 (2019)



Hartree bands, different fillings.

Twisted bilayers, Hartree approximation

l The band structure is dependent on filling → new interactions
l The bandwidth increases away from the neutrality point

Δ"# = 0 meV

Δ"# = 5 meV

Δ"# = 10 meV
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Exchange term

Renormalization of the Fermi velocity

Shift of the occupied G point
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The exchange term will increase the bandwidth



l Electron assisted hopping
l Favorable for superconductivity

New interactions in twisted bilayers
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Simple tight binding model
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l Description using two orbitals, one at each inequivalent site of the
honeycomb lattice.

l Long range hoppings (M. Koshino, N. Yuan, N. Koretsune, K. Kiroki, L.
Fu, Phys. Rev. X 8, 031087 (2018)).

l A simple model for the electrostatic potential describes well the results
obtained more sophisticated models.
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Local repulsion Assisted hopping

l Tha gap contains many pieces
l Many superconducting gaps

are possible

Analysis of the interactions at the Fermi level
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Superconductivity due to assisted hopping in twisted bilayers

Hartree approximation.
Fermi surfaces for different fillings.

l Example: s-wave 
superconductivity.

l An attractive interaction
appears in some regions
of the Brillouin Zone.

l The Fermi surface has 
two pockets.

l Superconductivity is
favored in the blue 
regions of the Brillouin
Zone.



l The low energy electronic states of twisted graphene layers show
inhomogeneous charge distributions in the Moiré unit cell.

l Away from the neutrality point, these charge inhomogeneities lead to
an electrostatic potential, with a strength comparable or larger than the
bandwidth.
This potential defines the largest interaction between the electrons.

l The electrostatic potential modifies significantly the bands. These
deformations can be adscribed to the emergence of new interactions, which
can be defined as assisted hopping terms.

l The presence of assisted hopping terms fits naturally with the complex
structure of the Wannier functions of the system.

l Assisted hopping is an interaction that favors superconductivty.

Electrostatic interactions and superconductivity



arXiv:1812.04213

arXiv:1812.08776

arXiv:1901.02997

Some recent developments
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Other narrow band combinations

Twisted monolayer on bilayer

Twisted bilayer on bilayer

Twisted bilayer on bilayer
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Origin of the magic angles

Magnetic and electric fields

Strains, lattice relaxation

Future work

Short range interactionsHeterostrains
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Origin of magic angles

M point

K point

G point

l Magic angles are associated to level crossings.
l Level crossings persist outside high symmetry points.
l Flat bands require non Abelian gauge fields.

In collaboration with P. San José and J. González

arXiv:1808.0568

"⃗ ≡ "$%$, "'%'

No AA hopping, non Abelian gauge field
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Lattice relaxation, bands

In collaboration with N. Walet

Fully relaxed 32x31 Moiré, ! ≈ 1.05'.
Environment dependent interlayer hoppings.
Comparison between tight binding and 
continuum models

3 harmonics

12 harmonics

48 harmonics


