
Graphene and its unique properties 

  Outline 
   Basic facts about graphene 
 Graphene as a membrane: gauge fields 
   Electron-electron interactions in graphene 

A. Castro-Neto (Boston U.), N. M. R. Peres (U. Minho, Portugal), E. V. Castro, J. dos Santos (Porto), J. Nilsson (Boston, U, Göteborg.), A. 
Morpurgo (Delft), M. I. Katsnelson (Nijmegen), D. Huertas-Hernando (Trondheim, Norway),  D. P. Arovas, M. M. Fogler (U. C. San Diego), J. 
González, F. G., G. León, M. P. López-Sancho, T. Stauber, J. A. Vergés, M. A. H. Vozmediano, B Wunsch (CSIC, Madrid), A. K. Geim, K. S. 
Novoselov (U. Manchester), A. Lanzara (U. C. Berkeley), M. Hentschel (Dresden), E. Prada, P. San-José (Karlsruhe, Lancaster), J. L. Mañes 
(U. País Vasco, Spain), F. Sols (U. Complutense, Madrid), E. Louis (U. Alicante, Spain), A. L. Vázquez de Parga, R. Miranda, M. M. Ugeda, I. 
Brihuega, J. M. Gómez-Rodríguez  (U. Autónoma, Madrid), B. Horovitz (Beersheva), P. Le Doussal (ENS, Paris), A. K. Savchenko (Exeter), F. 
von Oppen (Berlin), A. Akhmerov (Leyden), M. Wimmer (Regensburg, Leyden), T. Low (Purdue), V. Parente, A. Tagliacozzo (Naples), D.  
Rainis, F. Taddei, M. Polini (Pisa), V. I. Fal’ko (Lancaster), M. F. Crommie (UC Berkeley), H. Manoharan (Stanford) 

2nd Workshop on Nanoscience: Carbon-Related Systems and Nanomaterials 
Tainan, Taiwan, July 2012 



Related materials 
Graphite intercalation compounds: 
 Doped graphene planes. 
 Superconducting at low temperatures. 

Polyacetylene: 
 π-bonded chain. 
 Peierls distortion. 
A. J. Heeger, A. G. MacDiarmid, H. Shirakawa, Nobel prize winners in Chemistry, 2000 

Nanotubes: 
 superconducting and magnetic instabilities. 

Fullerenes: 
 superconducting when doped. 
R. F. Curl Jr., H. W. Kroto, R. E. Smalley, , Nobel prize winners in Chemistry, 1994 



Some early visionaries 

The library of Babel, Jorge Luis Borges 

The universe (which others call the Library) is 
composed of an indefinite and perhaps infinite 
number of hexagonal galleries 

The idealists argue that the hexagonal rooms are 
a necessary form of absolute space or, at least, 
of our intuition of space. They reason that a 
triangular or pentagonal room is inconceivable.  

Quino 

Is it not incredible what a 
pencil has inside it? 



The beginning 

Single layer graphene. 
Electrically doped. 



Graphene exfoliation 

+ 



The Big Bang Theory,  Feb. 2010 



Nobel Symposium, Stockholm, May 2010 
Courtesy of M. A. H. 
Vozmediano 



[AS]  No, no, it’s ok. I mean, for a start, the isolation of graphene using Scotch tape seems beautifully non-Boffin-like and wonderfully 
accessible. It gives hope to all. 

[AG] Yeah, it’s a great educational experiment. In a sense not that it’s isolation of graphene: it shows people that, 
in fact, you don’t need to be in a Harvard or Cambridge, in one 
of the universities which collect the smartest people and the 
best equipment. You can be in the second or even third rated 
universities in terms of facilities and, whatever, prestige, but 
you still can do something amazing and something which, I hope, this is an example, which brings 
more enthusiasm to young generation of inspiring scientists, that they can do something without being at the best place at the best time. 
[AS] Hmm, hmm, that’s a nice message. The trick in having this approach of playing with new things while finishing off old things must be 
getting the balance right. You have to learn to find new areas while not neglecting the one’s you’re working on. 

[AG] Yeah, balance is important. And, putting long hours because nothing comes 
for free. If you ... It’s extremely hard, it’s extremely hard. First of all, not 
all the experiments I mentioned – levitating frog, gecko tape, graphene – were originally funded by anyone, ok. And, only graphene later 
got some research grants to continue this work on another level. But, essentially, you have your work for which you are paid and, yeah, 
you have not to neglect this work. So, at the same time, you want to start a new subject and, it requires a lot of hours to find the previous 
literature because, if you are not an expert, you have to look through the literature not to invent the wheel again. And, this is the hardest 
one. 
And, in addition, OK, balance is not as important as courage. Because ... Courage is really important because you stumble on something, 
ok, which you are still not confident. You feel, ok, sort of you feel secure within your own research area and what you are doing. If you are 
doing something new, you always can be considered as a fool, inventing the wheel, as I said. Or, you can just be wasting your time. So, the 
courage is not social courage. The courage is about, ok, investing your time into something which might turn out like a blip. 

A. K. Geim, interview less than one hour after the 
announcement 



Graphene is one atom thick 

Sample on sale by Graphene Industries, Manchester 
Total prize for four flakes: 1.100 £ 
Approximate prize per gram: 1014€ (EU, USA GDP/yr 1.5x1015€) 
  
 

CVD sample from 
SKKU, Korea 

Extremely large stiffness 
Few defects 
Easy to manipulate  

Made from only one element, carbon 
Robust σ bonds 
Four valence electrons 



Why are there two dimensional crystals? 
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Thermal fluctuations: 



Graphene is metallic 

Ev µ=d

µgr30.000 – 1.000.000 cm2V-1s-1 

|nmin|108 cm-2 , |nmax|1013 cm-2 

Typical silicon device at room temperature: 
µSi1.400 cm2V-1s-1 

Graphene can have electrons or holes 
The metallic properties can be varied over a 
broad range. 

Other two dimensional compounds: BN, silicene? 



Some basic facts  

    Graphene is a membrane one atom thick. 
    It is a metal, whose properties can be tuned over 
a wide range. 
    It is the stiffest material known. 
 It is chemically inert, and impermeable to all 
elements. 
    The electrons are massless, as in QED. 



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) 



More novel features 
New phases in bilayer graphene 
Defects and magnetism 
Spin  transport, non local effects 
Hybrid structures 
Graphene plasmonics 
Quantum NEMs, FQHE due to strains, … 



Graphene in the news 



 The Dirac equation 
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Ripples in graphene 



Ripples in graphene 



Elastic properties of graphene 



Elastic properties of graphene 

Graphene admits large strains, at least 10% 
Strains can be controlled 
Graphene seems to have few defects 
Open questions: melting, wrinkles, mechanical instabilities? 

Nature Nanotechnology 4, 562 - 566 (2009)  
Published online: 26 July 2009 | doi:10.1038/nnano.2009.191 

Subject Categories: Nanomaterials | Structural properties 
Controlled ripple texturing of suspended graphene and ultrathin 

graphite membranes 
Wenzhong Bao1, Feng Miao1, Zhen Chen2, Hang Zhang1, 

Wanyoung Jang2, Chris Dames2 & Chun Ning Lau1 

http://www.nature.com/nnano/archive/nnano_s9_current_archive.html�
http://www.nature.com/nnano/archive/nnano_s18_current_archive.html�


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 Φ is determined by the total rotation induced by the defect. 



Continuum model of the fullerenes. 

 Dirac equation on a spherical surface. 
 Constant magnetic field (Dirac monopole). 
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J. González, F. G., and M. A. H. Vozmediano, Nucl. 
Phys.B 406, 771 (1993) 



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. 



H. Suzuura and T. Ando, Phys. Rev. B 65, 235412 (2002) 
J. L. Mañes, Phys. Rev. B 76, 045430 (2007) 
M. A. H. Vozmediano, M. I. Katsnelson, F. G., arXiv:1003.5179 (2010), Physics 
Reports 496, 109 (2010) 

Effective gauge fields 
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Resistivity due to acoustical phonons 

Deformation potential 

S. Ono and K. Sugihara, J. Phys. Soc. Jap. 21, 861 (1966) 
L. Pietronero, S. Strässler, and H. R. Zeller, Phys. Rev. B 22, 904 (1980) 
F. G., J. Phys. C 14, 3345 (1981) 
K. Sugihara, Phys. Rev. B 28, 2157 (1983) 
L. Yang, M. P. Anantram, J. Han, and J. Lu, Phys. Rev. B 60, 13874 (1999) 
M. Verissimo-Alves, R. B. Capaz, B. Koiller, E. Artacho, and H. Chacham, Phys. Rev. Lett. 86, 3372 (2001) 
E. H. Hwang and S. Das Sarma, Phys. Rev. B 77, 115449 (2008) 
J. H. Chen, C. Jang, S. Xiao, M. Ishigami, and M. S. Fuhrer, Nature Nanotechnology 3, 2006 (2008) 
S. D. Sarma, S. Adam, E. H. Hwang, and E. Rossi (2010), arXiv:1003.4731 
S.-M. Choi, S.-H. Jhi, and Y.-W. Son, Phys. Rev. B 81, 081407 (2010) 
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Examples 

dislocation 
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Uniaxial strain 

M. M. Fogler, F. G., M. I. Katsnelson, Phys. Rev. Lett. 101, 226804 (2008), 

   The graphene layer is deformed 
by the applied electric field, slack, … 
  Stresses lead to effective 
gauge potentials 
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Transmission through a deformed 
graphene sheet as function of 
density for different values of the 
slack 

Vector potential inside the 
suspended region as 
function of carrier density 
for different values of the 
slack 



Trigonal distortion (constant effective magnetic field) 
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β

Density of states 

Effective magnetic field 



Electronic properties 

Insulating bulk 
Counterpropagating 
edge currents 

K K’ 

Backscattering at the edges 

charged impurities 

edge roughness 
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Two probe transport measurement (Corbino geometry)oscillating ρ     
Dissipative edge currents 
Other deformations: wrinkles, scrolls, folds, … 

xx 

Interaction effects can lead to the breaking of time reversal symmetry, turning the material into 
topological insulator, see I. F. Herbut, Phys. Rev. B 78, 205433 (2008) 

21

2

22

2

2

an

ane
v

D
def

B

D
imp

BF





≈







≈

ξ

ξ



Bubbles and strains in graphene 
N. Levy, S. A. Burke, K. L. Meaker, M. Panlasegui, A. Zettl, F. G., A. H. Castro Neto, M. F. Crommie, Science  329, 
544 (2010) 

Topography and 
spectroscopy of 
bubbles in graphene 
on Pt 

Scaling of resonances 
observed with STM 

Comparison of theory 
and experiment 



Designer Dirac fermions 





Strains and real magnetic fields 

E. Prada, P. San-Jose, G. Leon, M. M. Fogler, F. G., Phys. Rev. B 81, 161402(R) 
(2010)  

T. Low, F. G. ,  Nano Lett. 10, 3551 (2010) 

Contacts induce 
strains, which lead to 
“hot spots” 



D. Rainis, F. Taddei, M. Polini,, F. Taddei, M. Polini, G. León, F. G., V. I. Fal’ko, Phys. Rev. B 83, 165403 (2012) 
See also  E. Prada, P. San José, L. Brey, Phys. Rev. Lett. 105, 106802 (2010) 

 Edge channels exist at a graphene fold 
 Strains split the channels, leading to valley 
polarization 
 The magnetic field between the channels leads to 
interference patterns 

Graphene fold 

Edge channels 

Wave functions of the edge 
channels 

Transmission as function of 
magnetic field. Fano and 
Aharonov-Bohm oscillations 

Strains and real magnetic fields 
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The coupling constant in graphene. 
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The “fine estructure constant” in solids is always of order unity. 
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The lattice constant of a solid is determined by the balance 
between the kinetic and potential energies 



Screening in graphene 
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V. N. Kotov, B. Uchoa, A. H. Castro Neto, Phys. Rev. B 
80, 165424 (2009) 

M. M. Fogler, M. I. Katsnelson, M. Polini, A. Principi, F. 
G., unpublished 



Measurements of α 
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Marginal Fermi liquid behavior in graphene 
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Logarithmic scaling:  
A. A. Abrikosov, and D. Benelavski, Soviet, Physics, JETP  32. 699 (1970). 
RG and 1/N expansion: J. González, F. G., M. A. H. Vozmediano, Nucl. Phys. B 424, 595 
(1994), Phys. Rev. B 59, R2974 (1999), 
Quasiparticle lifetime: J. González, F. G., M. A. H. Vozmediano,  Phys. Rev. Lett. 77, 
3586 (1996). 
See also M. S. Foster, I. L. Aleiner, Phys. Rev. B 77, 195413 (2008),  
V. N. Kotov, B. Uchoa, V. M. Pereira, A. H. Castro Neto, F. G. arXiv:1012.3484, Rev. 
Mod. Phys., in press.  

( ) =Σ ω,kHF

( ) =Σ ω,kRPA

The Fermi velocity increases at low energies 
Graphene becomes more insulator-like  

The lifetime of quasiparticles 
increases is proportional to the 
energy 



Excitonic transition? 
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Some early experiments 

C. L. Kane and E. J. Mele, Phys. Rev. Lett. 93,  
197402 (2004) 

The dependence of gaps on nanotube 
radii can be written in terms of 1/R and 
log(R) contributions. 

        S. Y. Zhou, G.-H. Gweon, J. Graf, A. V. Fedorov, C. D. 
Spataru, R. D. Diehl, Y. Kopelevich, D.-H. Lee, Steven  G. 
Louie and A. Lanzara, Nature Phys. 2, 595 (2006) 

The quasiparticle lifetime increases 
linearly with energy. 



Nature Physics 4, 532 - 535 (2008)  
Published online: 8 June 2008 | doi:10.1038/nphys989 

Recent experiments 



Suspended 
samples.  
Very high 
mobility 

112610 −−≈ sVcmµ

Measurements of the effective mass 

Fits to Renormalization Group calculations 
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arXiv:1104.2551 

Other recent measurements 

David A. Siegel, Cheol-Hwan Park, Choongyu Hwang, Jack Deslippe, Alexei V. Fedorov, 
Steven G. Louie, and Alessandra Lanzara, PNAS 108, 11365 (2011) 



Bilayer graphene 

Broken time reversal symmetry. 
Ground state similar to the Integer Quantum Hall Effect 

Magnetic ground state 

Nematic ground state 

Divergent susceptibilities. Couplings become energy dependent . 
F. G., Physics 3, 1 (2010) 





Hybrid structures 

Two graphene layers separated by BN 
High carrier mobility 
The distance and carrier concentrations 
can be tuned independently 
The graphene layers are electrostatically 
coupled, screening of puddles, Coulomb 
drag, … 



Superconductivity in graphene 
with B. Uchoa, work in progress 

Tc=33K Cs2RbC60 

Graphite intercalation compounds: 
 Doped graphene planes. 
 Superconducting at low temperatures. 

Tc=1-11.5K  ( CaC6 ) 

Phonons?    
High carrier density   

ne/nC = 1/20 – 1/8 
ne= 2-5 x 1014 cm-2 

See also M. Capone, M. Fabrizio, C. Castellani, E. Tosatti, Rev. Mod. Phys. 81, 943 (2009) 



Superconductivity from electron-electron interactions 

 Metals are always unstable towards superconductivity 
 Pairing is mediated by electron-hole pairs 
 The natural energy scale is the Fermi energy 
 In isotropic three dimensional metals, pairing occurs in a reduced 
part of the Fermi surface 
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Superconductivity in hybrid structures 

 Anisotropic, p-wave superconductivity Finite gap at the Fermi surface 
 Short range scattering is pair breaking 
 Strong dependence on density 
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Critical temperature 

Dependence on U 
Dependence on d 

Dependence on ε 
Electron-phonon coupling 

Phase fluctuations reduce Tc, see V. M. Loktev, V. Turkowsky, Phys. Rev. B 79, 233402 (2009) 



 
  Multilayered graphene.  
 
   Magnetism 

 
 Functionalization 
 
 Optoelectronics, plasmonics, spintronics. 
 
  Novel devices: What can be done with graphene that 
cannot be done with other  materials? 
 
 Can graphene be divided by 4? 

 
 … 
 

What next? 
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