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Nobel prize and 
connection with 

Antwerp

On 5 October 2010 Geim and Novoselov was awarded the 

2010 Nobel Prize in Physics jointly with Novoselov

"for groundbreaking experiments regarding the 

two-dimensional material graphene"

On April 29, 2010 the Universiteit Antwerpen honoured Prof. A. 

Geim with the title of Doctor Honoris Causa
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Graphene a new 
material

Why is graphene so interesting?
• Possible applications
• Fundamental physics

o Being the thinnest possible material is certainly appealing
o But behaving like a 2D gas of massless Dirac fermions is amazing

Graphene’s superlatives
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The trio: C, Si, Ge

C:  2s2 2p2

Si:  3s2 3p2

Ge: 4s2 4p2

LIFE

First transistor made of Ge

(Bell Labs, 1947)

0.5”
Nobel Prize in Physics 1956

William 
Shockley

John 

Bardeen

Walter 
Brattain

Computers

Internet
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Chemistry

Electronic configuration of carbon

A quantum mechanical superposition 
of |2s> with n|2pj> states is called 
� spn hybridization

Carbon

Superposition of 2s and two 2p-orbitals � orbitals are oriented in the xy-plane

� remaining unhybridized 2pz orbital is perpendicular to plane
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σ-bond

π-bond

Benzene: C6H6

Chemical structure :

August Kekulé (1865)

Ground state is a QM superposition of  two config.
The three π-bonds are delocalized over the ring.
QM-explanation � Linus Pauling (1931)

0.135nm0.147nm 0.142nm

Graphene / Graphite

Graphene: tiling of benzene hexagons where H-atoms are                 
replaced by C atoms and where the π electrons are delocalized over 
the whole structure

sp2 hybridization

Graphite: is a stacking of graphene layers that stick together 
due to van der Waals interaction
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Diamond
sp3 hybridization

Antwerp, the world diamond centre

Crystal structures

C: Graphite: two different types of bonds between C atoms

Si, Ge:
- lowest energy form � diamond 

- No ‘graphite’ like structure is found in nature

Diamond:
• all bonds between C are the same

• the highest energy form of the two � occurrence is rare
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Fullerenes: 0D graphitic allotope 

Graphitic allotopes

Carbon nanotubes: 1D graphitic allotope

�Rolled up graphene sheets with diameter of several nm
�Single-wall, multi-wall nanotubes (several rolled up graphene sheets)

Discovered by S. Ijima [Nature 354, 56 (1991)]
(Soviet scientists Radushkevich and Lukyanovich in 1952 

published a TEM image showing CNT)

Discovered by R. Curl, H. Kroto and R. Smalley [Nature 318, 162 (1985)]
C60 : buckyball � graphene sphere where some hexagons are replaced by pentagons

Predicted in 1970 by theoretician E. Ozawa
Nobel prize chemistry in 1996: Curl, Kroto and Smalley

Crystal structures of 
carbon

diamond graphite graphene carbon nanotube buckyballs



9

Fabrication of graphene

Graphite
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Fabrication of 
graphene

“A fresh surface of a layered crystal was rubbed against another surface, which left a 
variety of flakes attached to it (similar to drawing by chalk on a blackboard).”
“Then, using scotch tape we started repeatedly peeling flakes of graphite off the mesas.”

SEM of a mesa of 
10 nm carbon flake 
(30 layer thick)

Micromechanical cleavage of bulk graphite 
(first isolation of graphene: K.S. Novoselov et al, Science 306, 666 (2004) 

A TEM picture of a 
graphene sheet 
freely suspended on 
a micron-size 

metallic scaffold.

Large graphene flake (approx. 6 
layers). Optical photo in normal 
white light. Lateral size of the 
image 100 microns. 

SEM of a relatively large graphene crystal 

Fabrication of 
graphene

Thermal decomposition of SiC

A.J. Van Bommel et al, Surf. Sci. 48, 463 (1975) 
C. Berger et al, J. Phys. Chem. B 108, 19912 (2004); Science 312, 1191 (2006) 

� Sublimation of Si from the 4H-SiC(0001) (Si-terminated) surface in ultrahigh 
vacuum produces epitaxial graphene sheets on a semiconductor

STM image of one monolayer 

of EG on SiC(0001). 

Two interface corrugations are 

apparent.

Epitaxial growth through chemical vapor deposition of hydrocarbons on 
metal substrates (e.g. Pt, TiC) 

T.A. Land et al, Surf. Sci. 264, 261 (1992) 
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perfect 2D 
crystals are 
thermodynamic
ally unstable 
� thus they 

do not exist

Unexpected
Peierls (1935)
Landau (1937)
Mermin (1968)
Wagner-Mermin theorem

Graphene
� 2D metallic membrane
� Ripples

Experimental confirmation

Computer simulations

• Landau (1937) and Peierls (1935): perfect 2D crystals are 

thermodynamically unstable � thus do not exist

Do 2D crystals exist?

• Exp. confirmation: Tmelting of thin films decreases rapidly with decreasing 
thickness and become unstable (segregate into islands or decompose) at a 
thickness of typically a dozens atomic layers. � atomic layers only on top of 
monocrystals with matching crystal lattices 

• Divergent contribution of thermal fluctuations in 2D crystal lattices �
displacements of atoms become comparable to interatomic distances for 
any T#0 (Mermin, 1968). 2( ) ln( )n ou u T A< − >�~ kBT ln(A) 
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Production of graphene

K.S. Novoselov et al, Nature 490, 192 (2012)

Mechanical exfoliation

Electronic band structure
Tight binding model
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Electronic Hamiltonian

phonon spectrum Electronic band structure

e-phonon interaction
(resistance, superconductivity, …)

Carbon ions



14

Periodic crystals and Bloch theorem

�Where do the energy bands 
come from? 
→ Periodic potential

�Electron in periodic potential: Bloch theorem

�Brillouin zone

Unit cell and Brillouin zone

Electronic structure of graphene

Atomic wavefunction

Number of orbitals (2pz orbitals)

�Two carbon atoms per unit cell

�Consider only the electrons 
in the 2pz orbitals

�Construct basis functions based on these atomic pz-like orbitals

Fulfills Bloch theorem
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TBM: two atoms per unit cell

Bloch function

λ=1,2 :  energy bands

Pseudo-spinor 
Components: electron on different sublattices 

TBM

On-site energy

0
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TBM: nearest-neighbour and next-nearest-neighbour 
hopping

Site A has nn: B1 B2 B3 which have the same hopping amplitude t

A and B3 are described by the same lattice vector

B1 is obtained from B3 true a shift with a1

B2 is obtained from B3 true a shift with a3=a2-a1

eika2

eika3

TBM: nearest-neighbour and next-nearest-neighbour 
hopping

From the secular equation
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Spectrum

Dirac points:

Coincide with corners of first BZ (but not always !)

Effective tight-binding Hamiltonian

From secular equation:

Eigenstates:

with the angle:

Eigenstates: equal probability to find the electron on A as on the B sublattice (because both sublattices are equivalent)

Note that the eigenstates are defined up to a global (k-dependent) phase:
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Continuum limit

Low energy excitations: E<<t (= bandwidth)

� vicinity of the Dirac point

� expand spectrum around ±K � k=±K+q where |q| << |K| ~1/a

Validity range of continuum limit: and because we have

Valence / conduction band

≈ 106 m/s

σy
=

Electronic structure of graphene
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Electronic structure of graphene in K-valley

Berry phase = π

Change of the phase of the wavefunction when the electronic

wavefunction is rotated around the Dirac point

Chirality

momentum

pseudo spin

Helicity = projection of its spin onto the direction of propagation

Valley pseudospin

band index is determined by chirality and valley pseudospin
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Two valley representation

Two valley representation

K-valley: ξ=+  � H = ħv
F
(q

x
σx + q

y
σy) = ħv

F
σσσσ·q

K’ (=-K)-valley: ξ=- � H = -ħv
F
(q

x
σx - q

y
σy) = -ħv

F
σσσσ*·q

The change σσσσ* ���� σσσσ is equivalent with A � B
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Density of states

� DOS vanishes  linearly at Dirac points (due to linear spectrum)

� Cfr. 2DEG: gm*/2πħ – constant DOS

� DOS diverges at ±t � van Hove singularities

due to saddle point of E(q) at M points (DOS ~ 1/(∂E/∂q))

Trigonal warping: higher order terms

TBM

continuum
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Experiment: band structure

ARPES: angle resolved photoemission spectroscopy

Spectral function = imaginary part of electronic Green’s function

Conservation of energy:

momentum: 

initial and final electron state

A. Bostwick et al, Nat. Phys. 3, 36 (2007)

Energy cut at E=0                      E=0.45eV                 E=-1eV

� Trigonal warping� Circular spectrum

FET (field effect 
transistor)

graphene

back gate

oxide 

t=300nm

α
H

1H
H

R

B qn
α = =

n ~ Vg

K.S. Novoselov et al, Science 306, 666 (2004)
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Graphene

A condensed-matter 
analogue of (2+1) 

dimensional QED ?

Dirac materials

Classification by their low-energy spectrum � Dirac nodes + linear energy spectrum

Examples: - graphene, silicene, germanene

- topological insulators

- d-wave superconductors

- superfluid phases of 3He

- ultra-cold atoms in optical lattices

� Universality of response functions and susceptibility (e.g. C(T) ~ Td  for T→0)

� Symmetry protected (TI: time-reversal; graphene: symmetry of honeycomb lattice)

� Sharp reduction of the phase space for low-energy excitations (e.g. N(E) ~ Ed-1)

� Landau level quantization: En(B) ~ (nB)1/2

� Suppressed back scattering due to Berry phase (due to Dirac matrix structure of H)
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Dirac materials # 2+1 
QED

Schrödinger electrons: H=p2/2m � electrons and holes obey separate Schrödinger eq.

Dirac electrons: H = cσ⋅σ⋅σ⋅σ⋅p + mc2σz � spectral gap ∆=2mc2

Electrons and holes are interconnected and have the same mass

Not 2+1 QED: c � vF (Fermi velocity): effective speed of light

not Lorentz covariant (� tied to the rest frame of the material)

Many-particle effects: α = e2/εħvF ~ 1

- no renormalization of the charge

- renormalization of vF (~ ln(E) )

“graphene is probably the only system where ideas from quantum field theory can lead to 

patentable innovations”

Frank Wilzcek (Nobel prize 2004, for discovery of asymptotic freedom in the 

theory of strong interaction)

Thank you for your attention


