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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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Two dimensional crystaline membranes are intrinsically anharmonic



Thermal expansion
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In plane strains change the frequency of out of plane modes
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Substrate effects

Gapped flexural modes

Thermal expansion



Out of plane fluctuations
screen the in plane

elastic constants
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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

Young modulus measured by Raman

is two times larger than the one

measured by indentation

arXiv:1504.05521



Graphene bubbles



Bubbles: scaling properties
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 1L MoS2 on BN substrate

 Fit by 4th order polynom

Rr /

h
~

y = A0 + A1*x 
+ A2*x^2 + A3*

Value Standard Error

A0 1 0

A1 0 0

A2 -0.85674 0.01347

A3 0 0

A4 -0.14698 0.01841
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 G on BN substrate

 Fit by relaxed profile

h
~

Rr

y = A0 + 
A1*x + A2
*x^2 + A3 Value Standard Erro

A0 1 0

A1 0 0
A2 -0.7436 0.01343
A3 0 0
A4 -0.2337 0.01775

Bubbles: scaling properties



Other bubbles



Pressure within bubbles

The pressure is independent of the properties of the fluid inside the bubble

Volume dependence

Perfect gas: temperature dependence





Strains and conductivity in graphene

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

 Study of dc electronic transport in high
quality samples
 Weak localization measurements
 Correlation between results at the neutrality
point and at high carrier concentrations



Ripples in graphene

Instability due to the coupling to 

low energy electron-hole pairs?

Also: wrinkles induced by absorbates



F. G., M. I. Katsnelson, A. K. Geim, Nature Phys. 6, 30 (2010)

Scaling of resonances

observed with STM

Strain engineering in graphene

Topography and 

spectroscopy of bubbles

in graphene on Pt
Comparison of theory and 

experiment



Effective gauge fields

A modulation of the hoppings leads to 

a term which modifies the momentum:  

an effective gauge field.
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The induced “magnetic” fields have 

opposite sign at the two corners of the 

Brillouin Zone.

M. A. H. Vozmediano, M. I. Katsnelson, F. G (2010), Physics Reports 496, 109 (2010)



Lattice frustration as a gauge potential.

 A fivefold ring defines a disclination.

 The sublattices are interchanged.

 The Fermi points are also interchanged.

 These transformations can be achieved by 

means of a gauge potential.

J. González, F. G. and M. A. H. Vozmediano, Phys. Rev. Lett. 69, 172 (1992)
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The flux  is determined by the total rotation induced by the defect.



Strain engineering, recent developments

arXiv:1509.01182, 

Nano Lett., in press



Uniaxial strain by bending

Biaxial strain by heating

Biaxial strain with a 

piezoelectric substrate

Uniaxial strain by inducing wrinkles

Inducing strain: experimental methods



Inducing strain: experimental methods



arXiv:1503:00747, Phys. Rep., in press



Graphene on hBN: a 2D Frenkel-Kontorova model



Other topics
Domain boundaries in 

bilayer graphene
Square ice

Filtration by monoatomic

membranes

Scrolls



http://www.condmatjournalclub.org/?p=2687

F. G., October 2015

Electronic 2D hydrodynamics

Also: graphene NEMs in the quantum limit, A. 

Bachold, private communication

Graphene NEMs

Other topics

Fracture strength: 

Graphene can withstand

stresses of up to 15%

http://www.condmatjournalclub.org/?p=2687
http://www.condmatjournalclub.org/?p=2687


Other topics

 Quenched ripples
 Structure and electronic properties: strain engineering
 Random strains and conductivity
 Other 2D materials: dichalcogenides, black phosphorus, …
 Moiré structures: 2D Frenkel-Kontorova model
 Domain walls in bilayer and multilayered graphene
 2D electron hydrodynamics, NEMs, strains and spins (in 
dichalcogenides), …

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:1503:00747, Phys. Rep., in press


