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® Disorder and the Dirac equation

® Lattice strains, topological defects and curvature
® Effective magnetic fields

® Random gauge fields

® Zero modes, interaction effects

® Strains in suspended samples

® Mesoscopic effective magnetic fields

Midgap states and charge instabilities in corrugated graphene, F. G., M. I. Katsnelson, and M. A. H. Vozmediano, Phys. Rev. B 77, 075422
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A modulation of the hoppings leads to
a term which modifies the momentum:
an effective gauge field.

The induced “magnetic” fields have
opposite sign at the two corners of the
Brillouin Zone.

These terms are forbidden by symmetry in
clean graphene.



Suspended graphene. Graphene membranes
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4 Figure 4 HAADF micrograph of a section of a graphene membrane that frac-
tured during annealing. The graphene crystal is supported from one side only.
White dots are copper nanoparticles. Scale bar: 1pm. Top inset: high resolu-
tion bright field STEM micrograph of such a Cu particle (2 8.0 nm; scale bar:
2 nm). Low inset: HAADF imsage of individual atoms on graphene; scale bar:
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Suspended graphene. Graphene membranes

Graphene Ripples
Lau Group
University of California, Riverside

a0 Fig. 1. SEM images of 1D and 2D
M cantlever pa s e ripples on suspended graphene
: Lo & |membranes, (a) over a trench (b)
_ |over a square opening on the
substrate. Scale bars: 1 um.

vibration ©

Figure 1 Device and expenimental setup. a, A scaming clectron microscope image of a suspended
grephene resonator. b, Schematic of the resonator together with the SFM cantilever. ¢ Motion of the
suspended graphene shest as a fimction of time. A high-frequency term at fir is matched to the

resonance frequency of the graphene. and the resulting oscillation is modulated at v

D. Garcia-Sanchez, A. M. van der
Zande, A. San Paulo, B. Lassagne, P. L.
McEuen, A. Bachtold, Nano Lett. 8,
1399 (2008)

Fig. 1. Images of sus-
pended graphene mem-
branes. {A) Scanning
electron micrograph of a
large graphene flake span-
ning an array of circular
holes 1 um and 1.5 um
in diameter. Area | shows
a hole partially covered
by graphene, area Il is fully
covered, and area Il is
fractured from indenta-
tion. Scale bar, 3 pm. (B)
Noncontact mode AFM

image of one membrane,
15 um in diameter. The

ot oyt o _’ | i M. M. Fogler, F. G., M. I. Katsnelson, Phys.
s iy Rev. Lett. 101, 226804 (2008)

about 2.5 nm. (C) Schematic of nanoindentation on suspended graphene membrane. (D) AFM image of
a fractured membrane.

C. Lee, X. Wei, J. W. Kysar, J. Hone,
Science 321, 385 (2008)
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Lattice frustration as a gauge potential.

J. Gonzalez, F. G. and M. A. H. Vozmediano, Phys. Rev. Lett. 69, 172 (1992)

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.

.
NS NSNS N NS

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).
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Fig. 8. Spectra of honeycomb lattices on the icosahedron, Energy eigenvalues are plotted in the

horizontal axis and the multiplet degeneracy is given along the vertical direction as in fig. 7. The
diagrams correspond, respectively, to the latlices Caqg, Cogy and Csgg-

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



Topological defects

half integer angular momenta

six heptagons

J. Gonzélez, F. G., J. Herrero, arXiv:0901.1557

Fujitsu Achieves Breakthrough with World's First New Carbon
Nanotube Composite

- Features self-organizing carbon nanotubes and graphene -

Atsugi, Japan, March 3, 2008 — Fujitsu Laboratories Ltd. today announced the successful formation
of a new nano-scale carbon composite featuring a self-organizing structuretl) by combining carbon
nanotubes and graphene(—' which are both nano-scale carbon structures. The newly-discovered
composite structure is synthesized at a temperature of 51 . cooler than for conventional graphene
formed at temperatures too high for electronic device appllcatlons thereby paving the way for the
feasible use of graphene as a material suitable for future practical use in electronic devices which are
vulnerable to heat. Carbon nanotubes have properties including high thermal conductivity and high
current-density tolerance®) while graphene is known for its high electron mobility. Carbon
nanostructures combining these two materials hold the promise of creating new potential for material
research and applications.

Details of this technology will be presented at the 34th Fullerene Nanotubes General Symposium to be
held from March 3 to March 5 in Nagoya, Japan.

Larger View

Wutiweiled Carbon raroiue Mab-walied carton nanctibe

Larger View
Figure 1. (a) Electron microscopic image (cross-
sectional) of the new nano-scale carbon composite
(b) Electron microscopic image of the graphene
multi-layers

Figure 2. Schematic view of the new nano-scale
carbon composite (Lower image: Diagram of
anticipated structure)




Effective gauge fields
In plane elastic deformations

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

A. Fasolino, J. H. Los, and M. |. Katsnelson, Nature Mat. 6, 858 (2007)

Elastic strains imply deformations of bonds, X, OX, ' oK, OXiox,  OXOX,

and modulations of hoppings. T , p
[_ui_&_ﬂ}o(gz)

OX 0%, OX0X;  OX;0X,  OX0X

ikl — E

Saint Venant's compatibility conditions
imply zero intrinsic curvature

Effective

magnetic

e The gauge field associated

around a to elastic strains is material

dislocation. dependent, and it does not
Imply intrinsic curvature.




Effective gauge fields
Misalignment of = orbitals

A. H. Castro Neto and E.-A. Kim, Europhys. Lett. 84, 57007 (2008),
see also E. Mariani and F. von Oppen, Phys. Rev. Lett. 100, 249991 (2008)

A finite curvature induces the mixing of «
and o orbitals, and modifies the effective
hoppings.

The gauge field associated
to the misalignment of &
orbitals is material
dependent, and it does not
iImply intrinsic curvature.




Non abelian gauge potential Il.

|KA)+i|K'B) |KB)—i|K"A) |[KA)—i|K'B) |KB)+i|K'A)
0 Ve (k, + A, —ik, —iA, ) 0 0
0 0 0

0 0 Ve (k, — A +ik, —iA, )
0 Ve (k, — A, —ik, +iA ) 0

Intervalley scattering acts as a gauge potential which rotates the valley index.
It plays a similar role to the potential induced by pentagons and heptagons.



Gauge potentials
Physical origin

Elastic strains

Mixing of o and © bands (extrinsic curvature)
Topological defects (intrinsic curvature)

Effects
Elastic strains

Intravalley scattering
Intervalley scattering (non commuting gauge fields)

Strains also induce scalar potentials, S. Ono and K. Sugihara, Journ. Phys. Soc. Jap. 61, 861
(1966), H. Suzuura and T. Ando, Phys. Rev. B 65, 235412 (2002), see also J. Jiang , R. Saito, A.
Griineis, G. Dresselhaus, M.S. Dresselhaus, Chem. Phys. Lett. 392, 383 (2004), T. O. Wehling, A.
V. Balatsky, A. M. Tsvelik, M. I. Katsnelson, and A. I. Lichtenstein, Europhys. Lett. 84, 17003
)

Scalar potentials which vary on scales longer than kFT\/ k'Fl will be screened




Ripples in graphene

J. C. Meyer, A. K. Geim, M. |. Katsnelson, K. S. Novoselov, T. J. Booth and S. Roth,
Nature 446, 60 (2007).

J. C. Meyer, A. K. Geim, M. |. Katsnelson, K. S. Novoselov, D. Obergfell, S. Roth, C. Girit
and A. Zettl, Sol. St. Commun. 143, 101 (2007).
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Figure 4 | Atomic resolution imaging of graphene membranes. '
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Ripples in graphene
Single layer graphene on SiO2
M. Ishigami, J. H. Chen, W. G. Cullen, M. S. Fuhrer and E. D. Williams, Nano Letters 7, 6 (2007)

E. Stolyarova, K. T. Rim, S. Ryu, J. Maultzsch, P. Kim, L. E. Brus, T. F. Heinz, M. S. Hybertsen and G. W.
Flynn, Proc. Nat. Acad. Sci. 104, 9209 (2007)

Figure 2. STM topographic i

images were obtained v

al and atomic force model of the underlying atomic structure is shown as a gmide to the eye. (a) [mage from a

the white area nearly
single-layer of graphene (region I of Fig. 1). A honeycomb structure 1s observed. (b)
sheet prior to the Lie:m.mg proc edu.re dese: o
standard deviation of the height variation in a square of side 600 mm 1s appmnnm A a.her the teatment Lomp.ued 10 8 A before the
weament. The scale bar is 300 nm. Images a—c were acquired using intermittent-contact mode AFM in air. STM image of the surface of bulk graphite is observed.

the multi-laver portion of the sample (region II of Fig 1). The characteristic

The graphene layer EEEEEERE
fOI | OWS th e CO rru g ati 0 n Figure 3. Stereographic plot of a large-scale (10062 nm) STM image of a single-layer
Of th e Su bStrate graphene film on the silicon dioxide surface. The STM scanming conditions were: Vig,= 1V

.;{... Gt e .;".f..,. . : g (sample potential) and T=0.6 nA. The 0.8-nm scale of the vertical (Z) coordinate is greatly

mn.mmmm:nu. il hesgocs e mn. The soile

enlarged to accentuate the surface features.



Effective gauge fields induced by random corrugations

Effective magnetic length:

Intrinsic curvature

Mixing between © and ¢ orbitals

Elastic strains

Some estimates: h=1nm, [=10nm, a=0.1nm

100nm 0K [ntrinsic curvature

IRESRATO L[ I =RN )iy Mixing between w and & orbitals

10nm B~6T Elastic strains



Weak (anti)localization in grap phene
A. Morpurgo and F. G., Phys. Rev. Lett. 97, 196804 (2006)

Gauge fields
break the effective
time reversal
Invariance at each
valley:
antilocalization
effects are

Suppressed ; L ".Li:v.-um:‘:a.-atﬁtn-:-l:q_-_l_ :
F. V. Tikhonenko, D. W. Horsell, D. V.
> U MOHOIOT, (5 &, HOVESEIon 1 [ Gorbachev, and A. K. Savchenko, Phys.
Katsnelson, F. Schedin, D. Jiang, and Rev. Lett. 100, 056802 (2008)

A. K. Geim, Phys. Rev. Lett. 97,
016801 (2006)

See also E. McCann, K. Kechedzhi, V. |. Fal'ko, H. Suzuura, T. Ando and B. L. Altshuler,
Phys. Rev. Lett. 97, 146805 (2006).
X. Wu, X. Li, Z. Song, C. Berger and W. A. de Heer, Phys. Rev. Lett. 93, 136801 (2007).



Scattering by ripples

F. G. J. Low Temp. Phys. 153, 359 (2008)

Born approximation

(alog(t)J2 keh* (kel)

dlog(a)

o(0) < {1+ cosf3(6,. + 0. )l}x (a '°9(t)]2 keht

a.2

out

olog(a)
( 5 Iog(t)J2
dlog(a) az(kFI)4

Strong scatterers

® The cross section does not :

have a monotonous dependence Ripples
on the carrier density. o) -
® The angular dependence

reflects the trigonal symmetry of Weak scatte};g

the lattice. .




Model of the electronic structure of rippled graphene

F. G., M. I. Katsnelson, M. A. H. Vozmediano, Phys. Rev. B 77, 075422

(2008)
see also T. O. Wehling, A. V. Balatsky, A. M. Tsvelik, M. |. Katsnelson, and A.

|. Lichtenstein, Europhys. Lett. 84, 17003 (2008)

The ripples modulate the hoppings and change
the electronic wavefunctions.

Effect of a magnetic field

Effective 1D model with two hoppings



Results

ot/t=0

There are well defined
midgap levels

The Dirac bands are recovered
6t/t=0.02 gt high energies.

ot/t=0.04

|I=1200a=168nm



Results. (Real) magnetic fields

See also: E. Perfetto, J. Gonzéalez, F. G., S. Bellucci
B=10T, 6t/t=0.02 and P. Onorato, Phys. Rev. B 76, 125430 (2006)

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. |. Fal'’ko, Phys. Rev. B
74, 041403 (2006)




Effective flux through a ripple

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

Out of plane
corrugantions

In plane
displacements

® is the number of Landau
levels that fit into one ripple



Electron-electron interactions.

The electronic compressibility in clean graphene is zero. The electronic

compressibility in graphene with ripples can be very large:

The n=0 Landau level leads to many instabilities, see

M. O. Goerbig, R. Moessner and B. Doucot, Phys. Rev. B 74, 161407 (2006)

K. Nomura and A. H. MacDonald, Phys. Rev. Lett. 96, 256602 (2006)

H. A. Fertig and L. Brey, Phys. Rev. Lett. 97, 116805 (2006)

J. Alicea and M. P. A. Fisher, Phys. Rev. B 74, 075422 (2006)

V. P. Gusynin and V. A. Miransky and S. G. Sharapov and I. A. Shovkovy, Phys. Rev. B 74,
195429 (2006)

V. A. Apalkov and T. Chakraborty, Phys. Rev. Lett. 97, 126801 (2006)

J.-N. Fuchs and P. Lederer, Phys. Rev. Lett. 98, 016803 (2007)

D. A. Abanin, K. S. Novoselov, U. Zeitler, P. A. Lee, A. K. Geim and L. S. Levitov, Phys. Rev.
Lett. 98, 196806 (2007)

V. Lukose and R. Shankar, arXiv:0706.4280

Electronic interactions will induce
magnetic or charge ordering.
The high electronic compressibility

favors a first order transition and
electronic phase separation.

F. G., G. Gomez-Santos and D. P. Arovas, Phys.
Rev. B 62, 391 (2002)

An obvious possibility is a ferromagnetic state.

P. Esquinazi, D. Spemann, R. Hohne, A. Setzer, K.-H. Han and T. Butz, Phys. Rev. Lett. 91, 227201 (2003)



Dirac electrons in a random gauge field

A. W. Ludwig, M. P. A. Fisher, R. Shankar, and G. Grinstein, Phys. Rev. B 50, 7526 (1994)
B. Horovitz and P. Le Doussal, Phys. Rev. B 65, 125323 (2002)
F. G., P. Le Doussal, B. Horovitz, Phys. Rev. B 77, 205421 (2008)

Random gauge disorder.

DOS (eV™"A™9) DOS (eV™A™)

—400 -200

The density of states diverges for sufficiently large
disorder.

Short range interactions become relevant.

A gap, A, can be induced

For ripples, the strength of the
divergence is controlled by a
dimensionless parameter:

ordered

Ex(meV
02 04 06 08 1 fumed) 1 )

n (10%%cni?)

Ordered phase at low temperatures.
The transition is first order, leading to electronic phase separation



Electrostatic interactions and disorder.

T. Stauber, F. G. and M. A. H. Vozmediano, Phys. Rev. B 71, 041406 (2005)
J. Ye, Phys. Rev. B 60, 8290 (1999).

M. S. Foster and A. W. W. Ludwig, Phys. Rev. B 73, 155104 (2006), ibid 74, 241102(R) (2006)
M. S. Foster and I. L. Aleiner, Phys. Rev. B 77, 195413 (2008)

I. F. Herbut, V. Juricic, and O. Vafek, Phys. Rev. Lett. 100, 046403 (2008)

® 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.

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, ...

® Stresses lead to effective
gauge potentials

Y SO I NS e aad

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

values of the slack



Ballistic transport in suspended graphene

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

_6x10M —3<10 3«10 6x10Y

Transmission through a deformed graphene sheet as
function of density for different values of the slack

Integer Quantum Hall steps in a
5t/1=0 % graphene ribbon where part of it is under

St/t=2.5 Y%

5t/t=7.5 % a constant stress

G. Leon, E. Prada, P. San José, F. G., unpublished
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Effective magnetic fields in strained graphene

A. K. Geim, M. I. Katsnelson, F. G., unpublished

/ ar
|, =~ | —
sup

R~1um, a=0.1nm,
|, =7nm, B =10T

)= Ar’sin(36)

)= Ar? cos(36)
6)= 4uArsin(36)
0)=—4uArsin(36)
0

,0
,0
rr(r’

= 4 uAr cos(30)

Shear deformation:
Constant effective
magnetic field

Dependence on
boundary
conditions:

Total density of states

Effective magnetic field



Strain superlattices

eV
e 0.006

0.005
0.004
0.003
0.002
0.001

Height modulations



Wrinkles and mechanical instabilities in strained graphene *

F. G., B. Horovitz, P. Le Doussal, arXiv:0811.4670, Solid St. Commun., in press

Wrinklina instabilitv: E.Cerda and L. Mahadevan, Phys. Rev. Lett. 90, 074302 (2003)
g y T. A. Witten, Rev. Mod. Phys. 79, 643 (2007)

FIG. 1. Wrinkles in a polyethylene sheet of length L =
25 cm, width W = 10 cm, and thickness ¢ = (.01 cm under
a uniaxial tensile strain y = 0.10. (Figure courtesy of
K. Ravi-Chandar)

Possible instabilities in graphene on a substrate



Conclusions, open questions

® Fictitious gauge fields can be induced by strains, curvature,
and topological defects

® Two non commuting gauge fields can be defined

® Height fluctuations can lead to significant fields.

2 2
_ odlog(t) h* Lol

~olog(a)la  la

® |Interaction effects may induce new phases at low carrier
concentration.

® Strains and gauge fields will exist in suspended graphene
samples under an applied field.

® The orbits in a real magnetic field are modified.

® “Dissipative” Quantum Hall physics may be induced

Midgap states and charge instabilities in corrugated graphene, F. G., M. I. Katsnelson, and M. A. H. Vozmediano, Phys.
Rev. B 77, 075422 (2008)

Gauge field induced by ripples in graphene, F. G., B. Horovitz and P. Le Doussal, Phys. Rev. B 77, 205421 (2008)
Pseudomagnetic fields and ballistic transport in suspended graphene sheets, M. M. Fogler, F. G., and M. |. Katsnelson,
Phys. Rev. Lett. 101, 226804 (2008)

The electronic properties of graphene, A. H. Castro Neto, F. G., N. M. R. Peres,..A. K. Geim, K. S. Novoselov, Rev. Mod.
Phys. 81, 109 (2009)

M. A. H. Vozmediano, M. |. Katsnelson, F. G., to be published; A. K. Geim, M. I. Katsnelson, F. G., to be published



