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The Nobel Prize in Physics 2010 was awarded 
jointly to Andre Geim and Konstantin Novoselov 
"for groundbreaking experiments regarding the 
two-dimensional material graphene"

Konstantin NovoselovAndre Geim



fullerene nanotubes graphite

graphene

The Nobel Prize in Chemistry 1996 was awarded jointly to Robert F. Curl Jr., 
Sir Harold W. Kroto and Richard E. Smalley "for their discovery of fullerenes".



Graphene:  a well known material, since many years...

Unique dispersion relations:
linear near the Dirac point

Massless Dirac fermions



Graphene:  a well known material, since many years...



They found the key for the direct access 
to the physics of this 2D system

QED in a pencil trace...
[© Geim & Novoselov]



FET devices: Electronic properties

Ambipolar field effect

gate terminal

isolated graphene monolayer

gate dielectric

metal contacts



Anomalous half-integer QHE: 
Dirac equation holds

:  QHE at RT

Landau levels:

Schroedinger eq. Dirac eq.

Normal electrons: Dirac fermions:

K.S. Novoselov et al, Science 315, 1379 (2007)

Hall conductivity quantized 
at half-integer values of 4e2/h

K.S. Novoselov et al, Nature 438, 197 (2005)
Y. Zhang et al., Nature 438, 201 (2005)



QHE graphene devices at INRIM



Optical properties

monolayers are there,
somewhere...

Monolayer on a 
300nm SiO2

P. Blake et al., “Making graphene visible”, APL 91, 063124 (2007)



Quantized opacity

Interaction of light with relativistic particles described 
by a coupling constant: fine structure constant

R.R. Nair et al., Science 320, 1308 (2008) 



Optical constants from contrast analysis 
and quantized opacity



Optical contrast: easy high-throughput analysis 
of graphene layers



Evolution of electronic bands with 
stacking graphene layers

Vibrational spectroscopy 
can monitor such evolution



Raman spectrum of graphene

A.C. Ferrari et al.,



Raman of graphene stacks: symmetry is important

L. Malard et al, PRL 101, 
257401 (2008)

bilayer

M. Bruna and S. Borini, PRB 81, 125421 (2010)

inversion symmetry breaking G band splitting



IR spectroscopy

Kuzmenko et al., PRB 80, 
165406 (2009)

bilayer:
bilayer:

4-layer:

spectra from INRIM micro-FTIR



Graphene: an “all-surface” material:

- sensing

- strain engineering / “origami”

- surface functionalization dramatically 
changes the material (graphane, 
fluorographene, graphene oxide)



Graphene sensor

Adsorption of
electron-withdrawing
molecules

Nature Materials 6, 652 (2007)



Graphene “origami” : Strain engineering

Theoretically predicted pseudo-Landau levels

F. Guinea et al., Nature Physics 6, 30 (2010)

V.M. Pereira and A.H. Castro Neto,  
PRL 103, 046801 (2009)

A.H. Castro Neto et al., 
Rev. Mod. Phys. 81, 109 (2009)

Stretching graphene along (100) axes:

B field
pseudo B field



Strain engineering: pseudo magnetic field 
experimentally observed

Science 329, 544 (2010)



Our work: effect of the substrate



Chemical modification: graphane

Hydrogenation:
sp2 to sp3 
transition

D.C. Elias et al., Science  323, 610 (2009)



Chemical modification: fluorographene

Fluorination in XeF2

Atomically thin wide gap insulator
Arxiv: 1006.3016

(to appear in Small 2010)



Our work: fluorinated graphene by exfoliation of 
electrochemically intercalated graphite



Graphene-inspired materials: exfoliated 2D-crystals 

Hunting for BN monolayers
R.V. Gorbachev et al., arxiv:1008.2868



Graphene-inspired materials: exfoliated 2D-crystals 

Appl. Phys. Lett. 96, 053107 (2010)

Atomically-thin crystalline films and ribbons of bismuth telluride
Desalegne Teweldebrhan, Vivek Goyal, Muhammad Rahman, and Alexander A. Balandin



Graphene Applications: Electronics (IBM work)
Science 327, 662 (2010)

[Avouris, Nano Lett. (2010)]



Thermal properties

A.A. Balandin et al., Nano Lett. 8, 902 (2008)

RT thermal conductivity



Lee et al, Science 321, 385 (2008)

Measured Young modulus:  1 TPa

Mechanical properties
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Graphene opacity


