Electronic properties of graphene - |l

Viadimir Falko

helped by

LANCASTER E.McCann, V.Cheianov r_.
SR J& K.Kechedzhi, D.Abergel, A.Russell |—| SRC

T.Ando, B.Altshuler, I.Aleiner




Bilayer graphene Monolayer graphene

e

Band structure of bilayer graphene, ‘chiral’ electrons
and Berry’s phase 27.

Effect of trigonal warping and the Lifshitz transition.

Landau levels and the quantum Hall effect in bilayer and
monolayer graphene.

Interlayer asymmetry gap in bilayers.

Graphene optics.



/

Dirac Hamiltonian of a monolayer
written in a 2 component basis of A and B sites

B to A hopping
given by n* =p, - ip,

T

H=v§ ( 0 ’g) =v&(o,p, + o,p,)

<s A to B hopping

given by = =p, +ip,




Bilayer | Bernal (AB) stacking]

per unit cell

4 atoms I = (




Bilayer | Bernal (AB) stacking]

BtoAyand BtoAy 4 B A B

givenby H= VT
T[+ = p){ - Ip}: V’j’["‘
VT

solis Jlvelle s




Bilayer | Bernal (AB) stacking]

cinity of each of K points

In the vi

Bilayer
Hamiltonian H




McCann, VF | ¥ . .
PRL 96, 086805 A B orbitals form dimers \/\>

(2006) with energy [E| > v,

Quadratic dispersion at low energy:

E=tp
2m ¥,
00125 e ARPES: heavily doped bilayer graphene
—~ 02 \\ / / synthesized on silicon carbide
:q; 0.0 v, T. Ohta et al — Science 313, 951 (2006)
; 02 (Rotenberg’s group at Berkeley NL)
o
o -0.4] : . .
YV, = 0.4eV E -06 <—)— Fermi level in undoped bilayer
1 : S 58| graphene
2 .10
1.4

Momentum



AB orbitals form dimers —__ />
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Quadratic dispersion at low energy:
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Bilayer Hamiltonian written in a 2 component basis of A and B sites
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Summary of band structure:

chiral electrons in monolayer and bilayer graphene
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Landau levels and QHE

Monolayer: Bilayer:

RS
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' - *=—ihV—i2, rotA = Bl
In a perpendicular magnetic field B: P ¢ z

m=p,+ip,; 7" =p, —ip,
T —> lowering operator |  of magnetic oscillator

Tt —> raising operator eigenstates (),

We are able to determine the spectrum of discrete Landau levels

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

bilayer: T2, = m>p, = 0




2D Landau levels
of chiral electrons 0 (?T+)" v = ey
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Unconventional quantum Hall effect and Berry’s phase of 2z in bilayer graphene

K.Novoselov, E.McCann, S.Morozov, VF, M.Katsnelson, U.Zeitler, D.Jiang, F.Schedin, A.Geim
Nature Physics 2, 177 (2006)



How robust Is the degeneracy of £, = &; = O Landau level
In bilayer graphene?
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Interlayer asymmetry gap in bilayer graphene

McCann, VF - PRL 96, 086805 (2006)
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Interlayer asymmetry gap in bilayer graphene

McCann, VF - PRL 96, 086805 (2006)
McCann - cond-mat/0608221

2 Ly 2
~ B _U_ () (ﬂ'T) O
Hy = - (7?2 0 )+£U3<WT 0)

é:A O inter-layer
asymmetry gap
+ (controlled using
O — éA electrostatic gate)

Band mini-gap in bilayer graphene can be controlled electrically,
so that a bilayer graphene transistor can be driven into a
pinched-off (insulating) state.
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Why can one see
- graphene in an
hwfv optical microscope?

Abergel, VF - PR B 75, 155430 (2007)



Graphene flakes are visible when
the oxide layer in SiO,/Si wafer acts
as clearing optical film if
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