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The “clean 2D world” 

Ph. Kim
 

s group [PRL 99, 246803 (2007)] 

Suspended graphene  

A.K. Geim, Bull. Am. Phys. Soc. 55 (2010) 

Large area (catalytic growth) graphene  

Top gated graphene MOS channels 
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4 Dirac point ( 2 valley * 2 spin) 
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Berry
 

s phase effects and  

quantum interferences (multiple scattering) 

Disorder (static/dynamic) induces multiple scattering events  

Weak localization 
Strong localization  (Insulating state) 

Additional  QIE due to Berry
 

s phase 
Weak antilocalization  
(Robust metallic state) 

+ 

- 



Cooperon (spin/pseudospin driven effect) 

The spin of electrons rotate (adiabatically) as it moves 

around the classical path 
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Spin rotates by an angle p 

Spin rotates by an angle -p 

Because of the complex conjugation these two 

 phases add up to a total rotation of 2p 
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Cooperon (spin/pseudospin driven effect) 
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F.V. Tiknonenko et al, Phys. Rev. Lett 97, 146805 (2007) 
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E. McCann, K. Kechedzhi, V. I. Fal’ko, H.Suzuura, T. Ando,  B.L. Altshuler,  

Phys. Rev. Lett 97, 146805 (2007) 

Quantum interferences correction (WL/WAL) 

Introduction of several phenomenological 

 parameters which can not be computed 

analytically from a given disorder model 

 digamma function 

intervalley scattering time 

trigonal warping scattering time  

intravalley scattering time 
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CVD graphene film transferred on SiO2 
How does it looks like ? 
Mesoscopic scale 
AFM image 
EPL, 94 (2011) 28003 
 

“Different thermal expansion of the Cu foil and the graphene 
sheet result in the formation of a few nm high ripples. Locally 
cracks can form during the transfer process and occasionally 
one is left with PMMA residues” 
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D.C. Elias et al.,  

Science 323, 610 (2009) 

Band insulator  

(towards GRAPHANE) 

Anderson insulator 
(low hydrogen coverage) 

A. Bostwick et al.,  

Phys. Rev. Lett. 103, 056404 (2009) 

Turning graphene to a  

true band insulator vs mobility gap material 

Hydrogenation of Graphene 

Graphene Chemical Derivatives 
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Ozone treatment of Graphene 

  J. Moser et al.,  

PRB 81, 205445 (2010) 

pristine 
(temperature independent) 

Ozone flux 

O3 
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Hossain et al,  

Nature Chemistry  

4, 305 (2012) 



 J. Moser, H. Tao, S.R., F. Alsina, C. M. Sotomayor Torres,  

A. Bachtold, Phys. Rev B 81, 205445 (2010) 

Gate-dependent Transport   

Magnetotransport 

 fingerprints  

(weak localization- 

coherence length-) 

Low temperature transport  

(variable range hopping) 
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Localization length 



Graphene Nanomesh 

J. Bai et al.,  Nature Nanotech 2010 L. Zhao et al., Science 333,999 (2011) 

Nitrogen doped graphene 

Bandgap engineering (chemical functionalization) 

T. Echtermeyer et al, Elec. Dev. Lett. (2008)  

Electrochemical switch 

Grafting nitrophenyl groups 

H. Zhang  Nano Lett. (in press)  
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• Enhanced structural & electronic complexity at the nanoscale 

      driven by disorder (defects, deformations,chemical reactivity,...) 

• Randomness of defects distribution 

• If quantitative prediction is targeted 

    Simulation of very large system size 

                  1mm2  - 10 Millions carbon atoms 

 

 

 

     Theoretical modelling & simulation 

 

• First-principles calculations  - accurate predictions of structures, 

electronic properties, description of impurity states,… 

• Reduced Hamiltonian (tight-binding,..)  

• Order N implementation of transport methodologies (Landauer, Kubo) 
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Real Space Order N Kubo Transport 
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S.R. et al  PRL 79, 2518 (1997);  PRL 87, 246803 (2001)  



Total evolution time 3 [ps]   

H. Ishii, F. Triozon, K. Hirose, S.R., C.R. Physique 10, 283-296 (2009)  
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Short range potential  
Intervalley scattering 

(large momentum transfer) 
 

Long range potential  
Intravalley scattering 

(short momentum transfer) 

 

 * Mean free path (el density) 

* Quantum interferences 

 & Localization phenomena 

* Anomalous vs conventional QHE 

(Mirlin) 
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Density of states 
No disorder   
Agrees with analytical result 

 

With Disorder 
*) As W is enhanced 

, DoS increases close to CNP 

 

*) Close to VHs 

Smoothening  

(disorder-enhanced Scattering)   

 

Uniform probability 

(short-range potential) 

onsite energy fluctuations within W 

N. H. Shon and T. Ando,  

J. Phys. Soc. Jpn. 67, 2421 (1998) 
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x x x +… 

(semiclassical approximation) 
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Time [ps] Time [ps] 
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QIE 
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W 

W (depth of onsite potential ~screening) 

Charges trapped in the oxide 

Long range (Gaussian) potential 

W  
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Quantum interferences  

are suppressed by increasing magnetic field 

Weak localization phenomenon 

At B=0  the Diffusion  

shows onset of localization 

(time-dependent decay) 
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At W=1.5 a crossover is observed  

On the Diffusion coefficient behavior 

YY Zhang et al  

PRL 102, 106401 (2009) 

At W=1 the transport regime  

does not reach the diffusive regime 

within computational time 

(~quasiballistic~) 
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Weak localization 

Crossover  

Weak Antilocalization 

Not WAL !! 

(ballistic regime 

Klein tunneling activated) 

F. Ortmann, A. Cresti, G. Montambaux, SR. Eur. Phys. Lett. 94, 47006 (2011)  

W=2 

W=1 

EDP=0 

EI=0.049eV 

EII=0.097eV 

EIII=0.146eV 
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Quantifying the epoxide density ? 

  J. Moser et al.,  

Phys. Rev. B 81, 205445 (2010) 

pristine 
(temperature independent) 

Ozone flux 

O3 
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O3      O2 +  C-O-C 
Epoxide defect 

Epoxide defects  

Ab-initio calculations +TB reparametrization 

Van-Hove singularities  

broadening 

Impurity states driven DoS increase 

0.1% 

1.77% 

4.42% D
 o
 S
 ( e

 V
 ¡
 1 º

 
A

 ¡
 2 )

 

N. Leconte et al,  

ACS Nano 4, 4033 (2010) 
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Does Boltzmann conductivity capture 

Dirac Point Physics? 

Fermi Golden Rule 

Approximations 

-all multiple scattering interferences   

-DoS unchanged 

Even for very low defect coverage 

resistivity is seen  

to diverge close to the Dirac point  

(situation in which electron-hole 

 puddles are screened out) 

L. Ponomarenko et al: Nature Physics 7, 958, (2011) 



Stephan Roche     2012 

Limit of Bloch Boltzmann approach…. 

N. Leconte et al, ACS Nano 4, 4033 (2010) 

Minimum conductivity 

(self-consistent  

Born approximation) 
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Scaling behavior of conductivity 
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N. Leconte et al., PRB 84, 235420 (2011) 

~ similar to experimental data 
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Non Magnetic Structural Defects 

J. Kotakoski et al  PRB  83, 245420 (2011) 

SIESTA ab initio calculations (red) 

TB-third nearest neighbors (black) 
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From dynamics of wavepackets 

A. Lherbier et al., Phys. Rev. Lett 106, 046803  (2011) 
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+… 

(semiclassical approximation) 
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A. Lherbier et al., Phys. Rev. Lett 106, 046803  (2011) 
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Observation of hysteresis loops of the magnetoconductance in graphene devices 

“

.” 



Graphene Nanomesh 
J. Bai et al.,  
Nature Nanotech 2010 
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p

B site 

A site 
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D. Soriano et al., Phys. Rev. Lett. 107, 016602 (2011) 
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D. Soriano, N. leconte, P. Ordejon, J.C. Charlier, J. Palacios, S.R.  

Phys. Rev. Lett. 107, 016602 (2011) 

A site 

B site 

B site 

A site 
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A site 

B site 

N. Leconte, D. Soriano, S. R. et al. ACS Nano 5,  3987 (2011) 
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A site 

A site 

N. Leconte, D. Soriano, S. R. et al. ACS Nano 5,  3987 (2011) 
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1. 

2. 

3. 

4. 

Local magnetic ordering (hydrogenation)  

and metal-insulator transition 

From structural defects to amorphous 

sp2 membrane (transparent electrodes ?) 

Welcome to the world of “dirty graphene” ?  

Band gap tunability using a mid-infrared  

laser field 
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