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GRAPHENE’S SUPERLATIVES 
 

 Thinnest imaginable material 
 largest surface area (~2,700 m2 per gram) 
 strongest material ‘ever measured’ (theoretical limit) 
 stiffest known material (stiffer than diamond) 
 most stretchable crystal (up to 20% elastically) 
 record thermal conductivity (outperforming diamond) 
 highest current density at room T (106 times of copper) 
 completely impermeable (even He atoms cannot squeeze 
through) 
 highest intrinsic mobility (100 times more than in Si) 
 conducts electricity in the limit of no electrons 
 lightest charge carriers (zero rest mass) 
 longest mean free path at room T (micron range) 



Bgraphene =22 eV Å-2 = 352 N/m 
Bdiamond x d=52.4 N/m 

T=300K 
L=1Km 

Why are there two dimensional crystals? 
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Thermal fluctuations: 



Elastic properties of graphene 

courtesy of M. M. Fogler 
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Two dimensional membranes 

Out of plane displacements 
lead to changes in area 
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Kinetic Bending Stretching 

Shear 

Two dimensional crystaline membranes are intrinsically anharmonic 



Thermal expansion 
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Grüneisen parameter 









−≈ 22

3

log
8 Y
kB



ρκ
πκ

α

Thermal expansion 

In plane strains change the frequency of out of plane modes 

Negative thermal expansion coefficient 

Low T 

High T 

Lattice constant 
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Thermal expansion 



Substrate effects 

Gapped flexural modes 

Thermal expansion 



Out of plane fluctuations 
screen the in plane 

elastic constants 
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𝑌 ≈ 10eVÅ−2 
𝑇 ≈ 300K ≈ 0.025eV 

𝜅 ≈ 1eV 
ℓ ≈ 10Å 

𝑌𝑇ℓ2

𝜅2
≈ 25 ≫ 1 



Numerical results 
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Theory of elasticity 



The self consistent screening approximation 

J. Physique, 48, 1085 (1987) 
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Self consistent theory, valid in high dimensions 
Agrees well with numerical simulaions 



Vacancies and flexural modes 
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 Vacancies localize flexural 
modes 
 Long wavelength flexural 
modes do not contribute to 
the screening of the elastic 
constants 
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Young modulus and induced strains 

Hydrostatic pressure. Formation of bubbles 
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Experiments 

Theory 
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Thermal Expansion Coefficient: 
 
· Pristine: -9.4 x 10 -6 K-1 

· Irradiated (LD ~ 5.5 nm): -1 x 10 -6 K-
1 

Graphene thermal expansion coefficient  
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Thermal Expansion Coefficient: 
 
· Pristine: -6.2 x 10 -6 K-1 

· Irradiated (LD ~ 5 nm): -1.1 x 10 -6 K-1 

Membrane 1 Membrane 2 

Pristine 

Irradiated 

LD : Mean distance between defects as measured by Raman 



Electron-phonon coupling 
Ripples induced by electrons 

Charge puddles induced 
by strains 



GRAPHENE’S SUPERLATIVES 
 

 Thinnest imaginable material 
 largest surface area (~2,700 m2 per gram) 
 strongest material ‘ever measured’ (theoretical limit) 
 stiffest known material (stiffer than diamond) 
 most stretchable crystal (up to 20% elastically) 
 record thermal conductivity (outperforming diamond) 
 highest current density at room T (106 times of copper) 
 completely impermeable (even He atoms cannot squeeze 
through) 
 highest intrinsic mobility (100 times more than in Si) 
 conducts electricity in the limit of no electrons 
 lightest charge carriers (zero rest mass) 
 longest mean free path at room T (micron range) 



DC transport on graphene on BN 
High mobility samples 
Multiterminal devices 

Magnetoresistance: 
Scattering due to intravalley processes 

ArXiv:1401.5356, Phys. Rev. X, in press 

Strains and conductivity in graphene 



Puddles and mobility 

Long range scattering mechanisms: 
 Coulomb impurities 
 Strains 

 DC transport: mobility 
(roughly) independent of carrier 
concentration 

 DC transport: correlation 
between mobility and puddles 

 Weak localization: long 
range scatterers  

Mobility vs puddle density 
Correlation independent of 
sample characteristics 



Strains induce scalar and vector potentials 



Relaxation times, mobilities, and puddles 
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Wrinkles and transport 

Corrugations induce scalar 
and gauge potentials 

Strains: 
 Supress  either weak localization, or weak 

antilocalization. 
 Lead to long range, intravalley scattering. 
 Induce puddles near the neutrality point. 



Substrate induced random forces 
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𝑔1 ≈ 6.9 eV 



Bilayer graphene 



Raman measurements: 
Correlations between strains and mobilities 
in graphene on BN 



Universal properties of transport in graphene 
     Scattering is due to intravalley processes 
    Interference processes (weak localization) are 
suppressed 
    Puddles and transport are correlated 
     Strains are the most likely  origin of puddles and 
scattering 

ArXiv:1401.5356,  
Phys. Rev. X, in press 

Anharmonic properties of graphene 

     Anharmonic effects in membranes 
    Negative thermal expansion coefficient 
    Screening of the in plane stiffness 
     The elastic response of graphene depends on the 
experimental setup (size, temperature, defects, pre existing 
strain, …) 

arXiv:1406.2131 
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Program 
TOPIC:Spintronics in graphene 
Lifespan: Sep. 2013 – Aug 2017  
Groups:  
• 9 partners  (CSIC; CNRS, Manchester, 
Groningen, Aachen, INL, Nanogune, 
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#Trainees: 11 Phd students, 4 postdocs 
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