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Free-Standing Graphene 
AFM
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individual atomic sheets: do they exist?

Extracting a Single Plane
GRAPHITE IS

STRONGLY LAYERED 

SLICE DOWN TO 
ONE ATOMIC PLANE



Drawing:
(micro) mechanical cleavage of graphite

APPROACH 



EARLIER EFFORTS
Ohashi et al, Tanso (1997, 2000) 

from 1000 down to 50 layers

mechanical exfoliation: retrospective

followed by Philip Kim’s & Paul McEuen’s groups 
(PRL 2005 & Nanoletters 2005) down to 35 layers 

bulk graphite
if >10 layers



Other 2D Atomic Crystals

1µm

0Å     9Å    16Å   23Å

0.5µm

2D boron nitride in AFM

2D MoS2 in optics

1 µm

1µm

0Å     8Å              23Å

2D NbSe2 in AFM

1 µm

2D Bi2Sr2CaCu2Ox in SEM

also,
2,3,4… layers

PNAS  102, 
10451 (2005)



why graphene: high quality
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graphene: currently
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as  in bulk at 300K

ballistic transport 
on submicron scale !
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Band Structure of Graphene

BF =(ħ/2πe)S and mc =(ħ2/2π)∂S/∂E
experimental dependences

BF ~ n and mc ~ n1/2 
necessitates  S ~ E(k)2 or E ~k 

cyclotron mass strongly depends concentration
m

c/m
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0
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S ky

kx
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vF ≈ 1.05x106 m/s
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Quantum Hall Effect in Graphene
quadruple degeneracy: 

plateaus are expected at h/4Ne2 
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quantization of Dirac fermions
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quantization of Dirac fermions

lowest Landau level is at ZERO energy

eBNcE
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E =0



quantization of Dirac fermions
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Chiral Fermions in Graphene
two sublattices

spinors
(2 projections
of pseudospin)

superposition
of their wavefunctions

Dirac Hamiltonian:
not only spectral shape

but also chirality!
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BILAYER GRAPHENE
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chiral massive fermions
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chiral QHE in bilayer graphene
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no temperature 
dependence
in the peak

between 3 and 80K
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(parabolic spectrum)

Minimum Quantum Conductivity

due to chirality of charge carriers



Minimum Quantum Conductivity

all theories predict 
π-times larger value

is still missing
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Minimum Quantum Conductivity

macroscopic  inhomogeneity 
leads to lower measured ρxx

h/4e2±15%
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metallic conductivity ≈e2/h
in zero-concentration limit

CONCLUSIONS

Two Chiral Quantum Hall Effects

RELATIVISTIC-LIKE 
CONDENSED MATTER PHYSICS


