Magneto-optical properties
of bilayer Bernal graphene
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Motive: Graphene related systems
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Motive: Few-layered graphene
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Fig. 1. Graphene films. [A) Photograph (in normal white light) of a relatively large multilayer
graphene flake with thickness ~3 nm on top of an oxidized 5i wafer. (B) Atomic force microscope
(AFM] image of 2 um by 2 um area of this flake near its edge. Colors: dark brown, 50, surface;
orange, 3 nm height above the 5i0, surface. (C) AFM image of single-layer graphene. Colors: dark
brown, SiCh, surface; brown-red (central area), 0.8 nm height; yellow-brown (bottom left), 1.2 nm;
orange (top left), 2.5 nm. Motice the folded part of the film near the bottom, which exhibits a
differential height of ~0.4 nm. For details of AFM imaging of single-layer graphene, see (15). (D)
Scanning electron microscope image of one of our experimental devices prepared from FLG. (E)
Schematic view of the device in (D).

Mechanical exfoliation of highly oriented pyrolytlc graphite SC|ence 306 666 (2004)
Epitaxial growth on silicon carbide Science 312, 1191 (2006)




Low-energy states at B,=0:
monolayer & bilayer Bernal graphene




Landau level quantization
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Experimental observation of Landau levels in graphene

Quantum Hall conductivity;
Scanning tunneling spectroscopy
Magnetooptical transmission
(excitations between Landau levels)

Relative transmission
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Tight-binding model phys. Rev. 109, 272 (1958)
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Vi (7) = up(7) exp(ik - 7)

monolayer graphene
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Pelerls tight- blndlng model
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Monolayer: Landau-level energies
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Monolayer: Landau-level energies & density of states
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Bilayer Bernal graphene:
Landau level at 40 T

Subband asymmetry

Each fourfold degenerate
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Bilayer Bernal graphene:
energy and wave function
of Landau level at 40 T
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Bilayer Bernal graphene:
energy and wave function
of Landau level at 40 T

1st group-Landau levels
(by B atoms)

2"d group-Landau levels
(by A atoms)




Bilayer: Landau-level energies

a) AB bilayer
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Bilayer: Landau-level energies & density of states
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Optical absorption spectra: gradient approximation

absorption rate: W (¢ ~ 0,w) ZP,_U = 4%

2 e

A T
~h (mC) 2); (P;le"* € - p|P; >\ 0(E; — E; + w)[f(E;) — f(E;)]

dipole matrix element within the gradient approximation

m

(®;|P19:) = (@ —[H, 7]|Ps)

= SR - ) (@)

m
== Vi (®;|H|D;)
Fermi-Dirac distribution function:
1

f(Big) = exp{|E;; — w(T)]|/ksT} + 1




Optical absorption spectra

0.47(f) Bo=40 T; monolayer




Optical absorption spectra

l(a) Bp=10 T; AB bilayer
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Optical absorption spectra

l(a) Bp=10 T; AB bilayer
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Optical absorption spectra

0.2

o o
N o

o O
o O J
I N R

o R
N o

) (arb. units)

W
o
o

A(
S

o=
|

.0 0.2 0.4 0.6

l(a) Bp=10 T; AB bilayer

1(b) By=20 T

0.8

o N
g

1(f) Bo=40 T; monolayer

o
| |

Selection rules




B-dependent 1.1+
absorption 1
frequencies 1.0 -

(b) monolayer
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Summary...

Interlayer interactions alter Landau energies and Landau
wave functions, break the symmetry of valence and
conduction states, and most importantly, bring about
the second group of Landau levels.

Optical excitations between the two groups of Landau
levels lead to four kinds of absorption peaks.




Thanks for your attention !
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