


Electronic properties of corrugated graphene.
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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.

These terms are forbidden by symmetry in 
clean graphene.
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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.



Continuum model of the fullerenes.

��Dirac equation on a spherical surface.
��Constant magnetic field (Dirac monopole).

� �
� � � �

� �

� �
� � � �

� � ab
F

ba
F

sin
cosli

sin
i

R
v

sin
cosli

sin
i

R
v

����
�

�
�
�

� �
����

����
�

�
�
�

� �
����

�
�

�
�

�
�

�
�

��

��

2
11

2
11

�

�

� ��  � � lJllJJ
R
vF

J !���� 11��

J. González, F. G., and M. A. H. Vozmediano, 
Nucl. Phys.B 406, 771 (1993)



H. Suzuura and T. Ando, Phys. Rev. B 65, 235412 (2002)
J. L. Mañes, Phys. Rev. B 76, 045430 (2007)

Effective gauge fields
In plane elastic deformations

Elastic strains imply deformations of bonds, 
and modulations of hoppings.

A. Fasolino, J. H. Los, and M. I. Katsnelson, Nature Mat. 6, 858 (2007)
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Saint Venant’s compatibility conditions 
imply zero intrinsic curvature
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The gauge field associated
to elastic strains is material 
dependent, and it does not
imply intrinsic curvature.



Effective gauge fields
Misalignment of #$

A. H. Castro Neto and E.-A. Kim, arXiv:cond-mat/0702562
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A finite curvature induces the mixing of #$
%$
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The gauge field associated
to the misalignment of #$

is material 
dependent, and it does not
imply intrinsic curvature.



Non abelian gauge potential II.
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Gauge potentials

% #

Effects

Physical origin
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Ripples in graphene
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The graphene layer 
follows the corrugation 
of the substrate

Ripples in graphene
Single layer graphene on SiO2
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Scattering by ripples
F. G. ArXiv:0805.3908, J. Low Temp. Phys., in press

� The cross section does not 
have a monotonous dependence 
on the carrier density.
��

Born approximation
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Modulation of the hoppings

Effect of a magnetic field
Effective 1D model with two hoppings

Model of the electronic structure of rippled graphene

The ripples modulate the hoppings and change 
the electronic wavefunctions.



l=1200a=168nm

&t/t=0

&t/t=0.02

&t/t=0.04

Results

There are well defined 
midgap levels

The Dirac bands are recovered 
at high energies.
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Results. (Real) magnetic fields

K point

K’ point

A real magnetic field breaks the
symmetry between the two
valleys: valleytronics.
A. Rycerz and J. Tworzydo and C. W. J. 
Beenakker, Nature Physics 3, 172 (2007)

Electrons move around different
cyclotron orbits, and are deflected
differently by barriers.

V. V. Cheianov and V. I. Fal'ko, Phys. Rev. B 
74, 041403 (2006)

B=10T, &
See also: E. Perfetto, J. González, F. G., S. Bellucci
and P. Onorato, Phys. Rev. B 76, 125430 (2006)



t

tt 
�


�


�3
� itett

l

Effective flux through a ripple
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�$is the number of Landau 
levels that fit into the ripple

The electronic 
wavefunctions are very 
different from Bloch 
states when 1!�

F. G., M. I. Katsnelson and M. A. H. Vozmediano, Phys. Rev. B 77, 075422 (2008)



Electron-electron interactions.
The electronic compressibility in clean graphene is zero. The electronic
compressibility in graphene with ripples can be very large: tla
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Electronic interactions will induce 
magnetic or charge ordering.
The high electronic compressibility
favors a first order transition and
electronic phase separation.
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Dirac electrons in a random gauge field
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For ripples, the strength of the 
divergence is controlled by a 
dimensionless parameter:

Random gauge disorder.

The density of states diverges for sufficiently large 
disorder.
Short range interactions become relevant.
A gap, 
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Ordered phase at low temperatures.
The transition is first order, leading to electronic phase separation
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Zigzag edges
Cracks, voids

Zigzag edges, revisited

Midgap states and electronic instabilities. 
Models.



P. Esquinazi, A. Setzer, C. Semmelhack, Y. 
Kopelevich, D. Spemann, T. Butz, B. 
Kohlstrunk, and M. Lösche, Phys. Rev. B 66,
024429 (2002)

H. Ohldag, T. Tyliszczak, R Höhne, D. 
Spemann, P. Esquinazi, M. Ungureanu, and T. 
Butz, Phys. Rev. Lett. 98, 187204 (2007)

J. Martin, N. Akerman, G. Ulbricht, T. 
Lohmann, J. H. Smet, K. v. Klitzing, and A. 
Yacoby, Nature Phys.  4, 144 (2008) 

Midgap states and electronic instabilities. 
Experiments.



Electrostatic interactions and disorder.
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��There are selfenergy and vortex corrections.
��The selfenergy induces wavefunction
renormalization.
��The vortex corrections depend on the type of
disorder.
��The wavefunction renormalization changes the
flow of the coupling constant.
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Smooth random potential

Coarse grained lattice defects

Smooth staggered potential



Ballistic transport in suspended graphene
M. M. Fogler, F. G., M. I. Katsnelson, ArXiv: 0807.3165

� The graphene layer is 
deformed by the applied electric 
field, slack, …
�
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Ballistic transport in suspended graphene
M. M. Fogler, F. G., M. I. Katsnelson, ArXiv: 0807.3165
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� Height fluctuations can lead to significant fields.
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Conclusions, open questions
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