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Electrons in bilayer graphene
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Bilayer Hamiltonian written in a 2 component basis of A and B sites
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Landau levels and the QHE

Monolayer: Bilayer:
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: . o p=—ihV—<A, rotA=BI
In a perpendicular magnetic field B: P ¢ z

T=p, Fip,; " =p, —ip,
T —> lowering operator |  of magnetic oscillator

Tt —> raising operator sigenstates (),

We are able to determine the spectrum of discrete Landau levels

States at zero energy are determined by
monolayer: ¢, = 0

bilayer: T*¢, = m*p, = 0
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QHE resistance quantisation with accuracy of few parts per
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Interlayer asymmetry gap in bilayer graphene
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Gate-controlled interlayer asymmetry gap (transport measurements)
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Direct interlayer hopping and the ‘warping’ term in BLG

Direct inter-layer AB hops
(the next neighbour coupling)
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Landau levels and magnetic breakdown
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Slightly stretched bilayer graphene
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Landau levels in slightly stretched bilayer graphene
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Is the symmetric state of the electronic liquid in bilayer
graphene stable against spontaneous symmetry
breaking of Us symmetry due to e-e interaction?
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Here - BLG in a zero magnetic For a BLG at a high magnetic field,
field, where one may think of the e-e interaction lifts the infinite
many possible phase transitions: degeneracy of the LL states:
ferromagnetic spin-polarised v=1 and 3 (QHFM)
ferroelectric (excitonic insulator) valley polarized v=2 (QHFE)
density wave state fractional QHE states.

superconducting (s or p) (lectures by Eva Andrei)



How shall we approach the problem:

Classify possible phases using irreducible representations of
the symmetry group of the crystal.

Identify relevant e-e interaction channels potentially
responsible for the spontaneous symmetry breaking.

Using renormalisation group approach, determine which
Interaction channel has the fastest growing constant in the RG
flow, which determines the most plausible phase transition to

occur in a BLG with low Fermi energy of electrons.

Lemonik, Aleiner, Toke,VF, arXiv:1006.1399
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Irreducible representations of the symmetry group of a honeycomb crystal
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How shall we approach the problem:

We have classified possible phases and relevant e-e interaction
channels using irreducible representations of the symmetry
group of the crystal...

... but the only thing that we know Is that Coulomb interaction is
strong, whereas interaction in all other channels is weak and
difficult to estimate microscopically.

Using renormalisation group approach, we determine which
Interaction channel has the fastest growing constant in the RG
flow, which determines the most plausible phase transition to

occur for BLG with a small Fermi energy of electrons.

Lemonik, Aleiner, Toke,VF, arXiv:1006.1399



Screening of Coulomb interaction
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Renormalisation of short-range interactions
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Symmetry-breaking happens first in the channel which corresponds to the uniaxial
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Faster divergence of the interaction constant
In the ‘uniaxial deformation’ interaction channel (Irrep Ez)
(similar to the effect of strain)
signals possible instability - a phase transition.
Lemonik, Aleiner,Toke,VF, arXiv:1006.1399

A
g + U1 — us g 4+ U1 + U9 CQV
B
i _Eu] g — 2ug
T3 + up + U a + Uy — Ua

B 27ZgE2
m

order parameter:
L2 >

Uy director u=(u:,u,)

5

Due to the lattice symmetry this ) 5 5 5

transition (at &, ~0.2+0.5meV, B £ uy +uy uy — 3uguy
n ~10°em™) I =npirr&rirrFr

must be of the 15t order at T=0

2 ? 3
SLiT-r EL iT'r



¥3 + U1 + u2

g +— U — Ug

Gapless, but small
k. compressibility
at low densities




3erry phase
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Two phases can be distinguished by the persistence of different filling factors
In the Shoubnikov — de Haas oscillations (or QHE) into low magnetic fields
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