
Gauge fields and strains in graphene.

Outline

l Long wavelength deformations in graphene

l Strains as gauge fields

l Uniform effective magnetic fields

l Electronic properties of systems with large strains
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Quantum Hall physics in graphene without a magnetic field?
F. G., M. I. Katsnelson, A. K. Geim, Nature Phys. 6, 30 (2010)



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?
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Quantum Hall physics without a magnetic field



Lattice frustration as a gauge potential.

l A fivefold ring defines a disclination.

l The sublattices are interchanged.

l The Fermi points are also interchanged.

l 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.



Continuum model of the fullerenes.

l Dirac equation on a spherical surface.

l Constant magnetic field (Dirac monopole).
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The spherical topological insulator

H. Zhang, C.-X. Liu, X.-L. Qi, X. Dai, Z. Fang, and S.-C. Zhang, Nature Phys. 5, 438 (2009)
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The 2D spin connection in a curved surface

V. Parente, A. Tagliacozzo, F. G., in preparation
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half integer angular momenta

integer angular momenta

six heptagons

Topological defects
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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.
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Effective gauge fields
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l The effective gauge field can 

be obtained from the strain tensor

l It reflects the trigonal symmetry 

of the honeycomb lattice

l It depends on the electron-

phonon coupling, 

klijki

yxxxyxxxy

xxx

uKcA

KKK

K







1

1



     
      



















yyxxxyyyxxyxF

xyyyxxyxFyyxxKK

D uugiuuutiv

iuuutivuug
H

2

2
',





Scalar potential Gauge potential

 222

222
2

2
84

1

2
FsM

BF

vv

Tk

a

v
g

e 






 










Resistivity due to acoustical phonons

Deformation potential 2D
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M. M. Fogler, F. G., M. I. Katsnelson, Phys. Rev. Lett. 101, 226804 (2008),

l The graphene layer is 

deformed by the applied electric 

field, slack, …

l Stresses lead to effective 

gauge potentials
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Effective magnetic field

Graphene suspended over a triangular hole
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Other geometries

Corrugated substrate

Bent flake

Bent substrate

Approximate shapes

Effective field (in T)

Twisted sample

F. G., A. K. Geim, M. I. Katsnelson, K. S. Novoselov, Phys. Rev. B 81, 035408 (2010)



Electronic properties

Insulating bulk
Counterpropagating 

edge currents

KK’

Backscattering at the edges
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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)



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



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. , arXiv:1003.2717 (2010)

Contacts induce 

strains, which lead 

to “hot spots”

Also scrolls at the edges?



A graphene electron interferometer
D. Rainis, F. Taddei, M. Polini,, F. Taddei, M. Polini, G. León, F. G., V. I. Fal’ko, ArXiv:1009.0330

See also E. Prada, P. San José, L. Brey, Phys. Rev. Lett. 105, 106802 (2010)

l Edge channels exist at a graphene fold

l Strains split the channels, leading to valley

polarization

l 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



Scrolls in suspended samples

From J. C. Meyer, A. K. Geim, M. I. Katsnelson,

K. S. Novoselov, T. J. Both, and S. Roth, Nature 446, 60 (2007) 

Courtesy of A. K. Geim

Charge distribution inside a scroll

Electronic bands of a ribbon with scrolls at the edges in a 

magnetic field.

l The effective magnetic

field at the edge is

suppressed.

l New, non chiral, edge

modes appear.

l The IQHE is suppressed

in samples with scrolls at the

edges.

M. M. Fogler, A. H. Castro Neto, F. G., in preparation



Effective electric fields
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F. von Oppen, F. G., E. Mariani, Phys. Rev. B 80, 075420 (2010)
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Electronic resistivity due to flexural modes (suspended samples)
E. Castro, H. Ochoa, M. I. Ktasnelson, R. V. Gorbachev, D. C. Elias, K. S. Nvoselov, 

A. K. Geim, F. G, ArXiv:1008.2522

See also E. Mariani, F. von Oppen,

, Phys. Rev. Lett. 100, 249901 (2008), arXiv:10081631

lTwo phonon processes lead to a T  resistivity

lThe dispersion relation of flexural modes depends

on the strain.

2

l Flexural phonons limit the mobility above

100K

l The induced resistivity depends on the

applied strain



l Strains can give rise to effective magnetic fields. 

l A constant magnetic field is possible, leading to 

Landau levels, including midgap states.

l Strains interfere with real magnetic fields. Strains 

can change the Integer Quantum Hall Effect features.

l Effective electric fields are induced in graphene 

NEMs.


