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2D crystals do not exist in nature 
David Mermin Herbert Wagner 

long-range fluctuations  can be created 

with little energy cost and since they 

increase the entropy they are favored.

…continuous symmetries cannot be 

spontaneously broken at finite temperature 

in systems with sufficiently short-range 

interactions in dimensions D ≤ 2. 

… No Magnets 

….No superfluids

…No superconductors 

...    No 2D crystals 

No long range order in 2D 
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How to see an atomically thin layer? 

SiO2300 nm

Si

Constructive interference

P. Blake et.al, APL, 91, 063124 (2007)

Si wafer

300nm oxide

White light
300nm oxide
560nm green light

200nm oxide

White light
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Scotch tape exfoliation 

Layered material

Adhesive tape
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First 2D materials 

Graphene, hBN, MoS2, 
NbSe2, Bi2Sr2CaCu2Ox,

Andre Geim Konstantin Novoselov
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semiconductor

(WSe2 MoS2, MoSe2)

Semi-metal

(graphene)

insulator

(boron nitride)

magnet

(FeTaS2, CrI3 )

superconductor

(NbSe2 WTe2, BiSrCaCuO)

topological insulator

(WTe2)

2D materials

Atomically thin crystals 
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Graphitic bond 
Carbon: Z=6

4 valence electrons 2s22p2

2S + 2px + 2py hybridize 

3 planar s orbitals: tetragon

1 Out of plane 2pz [“p” orbital] 

sp2

p electrons allow 

conduction

s bonds: 2D and 

exceptional rigidity 
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Graphene: Tight binding model

a

1. 2D
2. Honeycomb structure (non-Bravais)
3. 2 identical atoms/cell 
4. Identical NN hopping

Unit cell

Atomic lattice

t1

t2 t3

A sublattice

B sublattice

Fermi  level

Band crossing

Band crossings protected by 

discrete symmetries: T, I, C3 
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Graphene 

Unit cell

Atomic lattice
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No Backscattering
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➢ High carrier mobility

No backscattering between cones

No backscattering within cones

Dirac Weyl Hamiltonian
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Two massless Dirac fermions
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4 flavors: 2 Spin , 2 valley
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Density of states
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Landau levels

Band structure

Landau Levels
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Sublattice Valley locking 
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Energy and length scales
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Exquisite sensitivity of 2Dmaterials 

❖2D materials

❖Graphene

❖Transport and STM

❖Flat bands and correlations 

❖Twisted bilayer graphene
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Transport measurements: Substrate  trouble

SET: Local charge density

Dirac  point

STM spectroscopy
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Martin, et.al, (2008)

Conductivity

DVg

Vgmin ~1-10V

nmin~ 1011 -1012 cm -2

(ΔERP~30-100meV)

e-h puddles

smeared Dirac point

EF

STM

• Ishigami et al Nano letters 2007

• Stolyarova et al PNAS 2007

• Geringer et al  PRL 2009

• Zhang et al Nat Phys 2009 

• Luican et al PRB R 2011

• S. Jung et al Nat Phys 2011

Vg

Martin, et.al,  Nat. Phys(2008)
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Quantum Hall Effect

D(E)

E

0

3/2

 Ballistic channels

One dimensional  edge states

- No backscattering:as long as channels far apart

-Robust against disorder

B


EF

For EF ≠ EN and sharp edge each filled Landau level 
contributes one (g-fold degenerate) edge state
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Prerequisites for  QHE in graphene

1. Decoupled edges 

2. Well defined Landau levels

( ) TkETBmeVEE BRP ,][35
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Unteger and fractional QHE in graphene 

1. Decoupled edges 

2. Well defined Landau levels
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1. Decoupled edges

2. Well defined “” levels
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FQHE

IQHE easily observed in graphene even 

at room temperature! 

random 

potential

FQHE not observable in graphene 

on SiO2 substrates
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Suspended Graphene

Get rid of the substrate!

•X. Du, I.  Skachako, A. Barker, E. Y. A. Nature Nanotech. 3, 491 (2008)

• Bolotin et al , Solid State Communications (2008)

2 terminal 

Hall bar 
Si

SiO2

graphene
Au/Ti
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X. Du, I. Skachko, F. Duerr, A. Luican, EYA, Nature 462, 192 (2009)

FQHE in graphene

Seen already at 2T at 0.3K

Persists up to 20K (in 12T)

= 

FQHE

• Bolotin et al  (Columbia)  Nature 462 (2009)

• Geim & Novoselov (Manchester) 

G/BN  C. R. Dean et. al arxiv1010.1179 
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The magic of hexagonal Boron Nitride (hBN)

Hexagonal Boron Nitride - hBN

➢ Honeycomb   structure – no dangling bonds,  

chemically inert.

➢ Protects graphene from electrical random 

potential, and chemical contamination
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Scanning Tunneling Microscopy (STM

STM measures tunnel current across a vacuum barrier
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STM probes all states between 

EF(tip) and EF (Sample)
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Graphene: STM and STS

Topography: 

Imaging  Atoms

Spectroscopy:

Density of states
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Spectroscopy:

◼ Local Fermi velocity

◼ Quasiparticle lifetime

◼ Coupling to substrate

Graphene on graphite

G. Li, A. Luican , E. Y. A

Phys. Rev. Lett 102, 176804 (2009)

Guohong Li Adina Luican
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Controlling the band structure? 

Ingredients

1. 2D
2. Honeycomb structure 
3. 2 identical atoms/cell
4. t1=t2=t3= t ➢ Relax the condition: t1=t2=t3  

• Strain
➢ Impose external potential

• Substrate 
➢ Point Defects
➢ Electrostatic  potential
➢ Magnetic field

Can one  control/manipulate the band 

structure? 

A

B



E.Y. Andrei

References

Excitonic gap (Magnetic catalysis) 

2-terminal measurement of QHE

Berry phase of p
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Onsager: Area of N’th orbit in k space
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More references 

Graphene monolayer and bilayer tutorials


