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Electromc pr_opertles of corrugated graphene.
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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

Midgap states and charge instabilities in corrugated graphene, F. G., M. 1. Katsnelson, and M. A. H. Vozmediano, Phys.
Rev. B 77, 075422 (2008)

Gauge field induced by ripples in graphene, F. G., B. Horowitz 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. 1. Katsnelson,
ArXiv:0807.3175

The electronic properties of graphene, A. H. Castro Neto, F. G., N. M. R. Peres,..A. K. Geim, K. S. Novoselov,
ArXiv:0709.1163, Rev. Mod. Phys., in press
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Effective gauge fields
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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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J. S. Bunch, S. S. Verbridge, J. S.
Alden, A. M. van der Zande, J. M.
Parpia, H. G. Craighead, and P. L.
McEuen, ArXiv:0805.3309

Figure 4 HAADF micrograph of a section of a graphene membrane tl
tured during annealing. The graphene erystal is supported from one =
White dots are copper nanoparticles. Scale bar: 1pm. Top inset: high
tion bright field STEM micrograph of such a Cu particle (2 8.0 nm; s
2 i.m] Low inset: HAADF image of individual atoms on graphene; s
2 A,

T. J. Booth, P. Blake, R. R. Nair, D.
Jiang, E. W. Hill, U. Bangert, A.
Bleloch, M. Gass, K. S. Novoselov, M.
I. Ktasnelson, and A. K. Geim,
ArXiv:0805.188

FIG. 1: ja) BEM image of a typical suspended sie-probe
graphens device taken at 15% with respect to the sample plane.
{by AFM image of the suspended device 41 before the mea-
surements. (c] AFM image of the device #1 after the mea-
surements with graphens removad by a short cxygen plasma
etch (zame z scale). (d) Device schematic, side-view. Dagen-
erately doped silicon gate (blue), partly etched SiCh (green),
suspended single-layer graphene (pink) and Au/Cr electrodes
{orange).

K. I. Bolotin, K. J. Sikes, Z. Jiang, G.
Fudenberg, J. Hone, P. Kim, and H. L.
Stormer, ArXiv:0802.2389

M. M. Fogler, F. G., M. 1. Katsnelson,
ArXiv:0807.3175




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.
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The flux @ 1s 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).

J. Gonzdlez et al. / Electronic specirum of fullerenes
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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, 1o the lattices Cagy, Cgg and O sgq.

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




Effective gauge fields
In plane elastic deformations

H. Suzuura and T. Ando, Phys. Rev. B 65, 235412 (2002)
J. L. Maries, Phys. Rev. B 76, 045430 (2007)
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A. Fasolino, J. H. Los, and M. |. Katsnelson, Nature Mat. 6, 858 (2007)

Elastic strains imply deformations of bonds,

and modulations of hoppings. 1(

ikl B
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Saint Venant’s compatibility conditions
imply zero intrinsic curvature

Effective
magnetic
o 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, arXiv:cond-mat/0702562

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

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




Non abelian gauge potential Il.
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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)




Effective gauge fields

Effective magnetic length:

Intrinsic curvature

Mixing between n and o orbitals

Elastic strains

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

100nm B ~0.067 PlaiiEees a1
[, IO Iyl Mixing between © and ¢ orbitals
10nm B ~6T Elastic strains




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. TEM image
of a few-layer graphene membrane near its edge, where the number of dark
lines indicates the thickness of two to four layers, Because for few-layer
graphene the electron contrast depends strongly on incidence angle,

relati small (a few degrees) variations in the surface normal

0o 00 o

]
Tk areda [
ble. The atomic-resolutionimaging wasachieved by using FEI Titanat an ) !
acceleration voltage of 300 kV. Scale bar, 1 nm. - Figara 3| Microscopialiy t“‘?t'dmm a. Flat graghene 'T.m""m
4 real space |pers pective view). b, The same for corrugated graphene The
roughness shown imitates quaniitagvely the roughnes found
experimentally. . The reciprocal space for o flatshest s a
direcved parpendicular 1o ghe redprocal ik ©
d, & For dhe corrugnied sheet, a superposi f he di firacting beams from
& flat areas effectivd y tums the rods imo cone shaped volumessa
fraction spots became hlurredat lange anghes |indimied by the dotted
linzs in &) and the effect is more pranounced furder away from the il s
Figure 1: TEM imay (darks areas) s ed by 2 mi icated m {compare with Fig ). Diffraction patierns obtained at different tilt angles
grid (black lines). The inset shows  scroll at the edge. Scale bar 1 pm, and 20 nm for the inset aBlawus 1o measure graphens roughness. € Evolution of diffracsion peais
with tilt angle in monolayer graphene The experimental doa are presented
im such a way that they chasely resemble the schematic viewin & Por each dht
angle, the black dafted line represents a cross-section for diffr acdon peaks
{0100} and {1-210). The pak centres and full widéia ai half maxima
{FW I arked by aosses and o e,
*} the recorded intenaifes are shown in
rves could be well fned by the
gaussian shape The solid bl nen shane that the wideh of the diffracgon
wpots reproduces & ical broadening suggested by our model {d and
e} g PWHM far the {01 iffraction peak in manalager and bl ayer

dashedlines are the linear fits vielding the average roughnsa The i.u}vlj-:m
between 0 o 57, and also for the reference sample, is due o the intrinsic
paak widhh for $he microscope at our ssiting.




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 ropographic images of different regions of the graphens flake of Fig. 1. The
images were obtained with Vi~ +1V (sample potential), T=1 nA and a scan area of 1 nm® A

Figure 1. ¥: Thin graphite flakes are generated using the mechanic
on thermally grow i f nolaver graphite flakes tmphenal are [ocated wsing optical and atomie force model of the underlying atomic structure is shown as a guide to the eye. (a) Image from
s The e-beam lithography deﬁ.n nm m height and 1.3 gm in width, 15 the white area nearly : " 5 o . .
horizontal to the image. The black square indicates ﬂlt esion 5 arts e 1. - . . e single-laver of graphene (region Tof Fiz. 1). A honeycomb structure is observed. (b) e of

sheet prior to the Lle.mmr procedure described 00 mm

standard 1om of the height variation in a square
treatment. The scale bar is lﬂﬂ nm. Images a—c were acquired using STM image of the surface of bulk graplute is observed.

the multi-layer portion of the sample (region II of Fig 1) The characteristic “three-|

The graphene layer rFrTTTTY"

X[nm]

f0| IOWS the CO rrugation Figure 3. Stereographic plot of a large-scale (100x62 nm) 5TM image of a single-layer
e 2 _ y Of the Substrate graphene film on the slicon dioxide surface. The STM scanming conditians were: Vi 1V

iy Vg = 1Y g Tl
it « 214 b

811844} u,mnuma_n unm,'- g T (sample potential) and I=0.6 nA. The 0.8-nm scale of the vertical (Z) coordinate is greatly
coenbaau of S red Saaale nnd docagocs e mne The sl by

enlarged to accentuate the surface features.




Scattering by ripples

F. G. ArXiv:0805.3908, J. Low Temp. Phys., in press

Born approximation

- 2 ; 4
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Strong scatterers

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

Ripples
0) ~

® The angular dependence
reflects the trigonal symmetry of Weak scat terers

the lattice.

Ke




Model of the electronic structure of rippled graphene

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

The ripples modulate the hoppings and change
the electronic wavefunctions.

FEA G )
fh+Ar, ()

<> 4

4
ka3 ), (k, + 4, ()3
5 Nard COS f

Effect of a magnetic field

Effective 1D model with two hoppings




Results

There are well defined
midgap levels

The Dirac bands are recovered

5t/t=0.02  at high energies.

ot/t=0.04

|I=1200a=168nm




Results. (Real) magnetic fields

See also: E. Perfetto, J. Gonzalez, F. G., S. Bellucci
B=10T, 5t/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)

[

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

The electronic
wavefunctions are very
different from Bloch
states when @ >1




Electron-electron interactions.

The electronic compressibility in clean graphene is zero. The electronic e’ et ot

~y

compressibility in graphene with ripples can be very large: Al; - T

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

An obvious possibility is a ferromagnetic state.

P. Esquinazi, D. Spemann, R. H6hne, 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.

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

h4

2 2
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The density of states diverges for sufficiently large
disorder.

Short range interactions become relevant.
A gap, A, can be induced
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Ordered phase at low temperatures.
The transition is first order, leading to electronic phase separation




Midgap states and electronic instabilities.
Models.

the upper edge belong to one
ge belong to the other. Bot-
ex plane that can be used o

K. Harigaya and T. Enoki, Chem. Phys.
Lett. 351, 128 (2002)

Y.-W. Son, M. L. Cohen, and S. G. Louie,
Nature 444, 347 (2006)

(spin) densities, and ® indic.
of each circle denotes the magnitude

K. Harigaya, A. Yamashiro, Y. Shimoi, K. M. A. H. Vozmediano, M. P. Lopez Zlgzag CdgGS, revisited
Wakayabashi, Y. Kobayashi, N. Kawatsu, Sancho, and F. G., Phys. Rev. B 72,
K. Takai, H. Sato, J. Ravier, T. Enoki, M. 155121 (2005)

Endo, Journ. Phys. Chem. Sol. 65, 123
(2004)

Cracks, voids

Zigzag edges
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P. Esquinazi, A. Setzer, C. Semmelhack, Y.
Kopelevich, D. Spemann, T. Butz, B.
Kohlstrunk, and M. Losche, Phys. Rev. B 66,
024429 (2002)
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Midgap states and electronic instabilities.
Experiments.
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J. Martin, N. Akerman, G. Ulbricht, T.
Lohmann, J. H. Smet, K. v. Klitzing, and A.
Yacoby, Nature Phys. 4, 144 (2008)

Photon Energy [eV] H Ohldag, T Tyliszczak, R H6hne, D

FIG. 2 (color). Carbon K-edge absorption spectrum (bottom)

Spemann, P. Esquinazi, M. Ungureanu, and T.

obtained from the sample prepared at room temperature (black) ButZ Phys ReV Lett 98 18720 4 (2007)
, . . . 5

and at 560 °C substrate temperature (red). The arrows indicate

the photon energies for which the STXM images (top) in the

corresponding columns were acquired for a spot irradiated at
m? in sample A, The he o) of the x rays was

sed between the first and the s

third row the direction (u) of the applied field w

well so that both polarization and applied field are opposite to the

situation in the first row. Images acquired at the 7* resonance

284.0 eV) exhibit a clear XMCD signal.




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).
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. 1. Katsnelson, ArXiv: 0807.3165

® The graphene layer is
deformed by the applied electric

field, slack, ...
® Stresses lead to effective

gauge potentials

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. 1. Katsnelson, ArXiv: 0807.3165

Cox100 3101 3x10! 6x10!]

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




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.
_ Olog(t) #* s h’

O = ~
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.

® 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)

® The orbits in a real magnetic field are modified.

Midgap states and charge instabilities in corrugated graphene, F. G., M. 1. Katsnelson, and M. A. H. Vozmediano, Phys.
Rev. B 77, 075422 (2008)

Gauge field induced by ripples in graphene, F. G., B. Horowitz 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. 1. Katsnelson,
ArXiv:0807.3175

The electronic properties of graphene, A. H. Castro Neto, F. G., N. M. R. Peres,..A. K. Geim, K. S. Novoselov,
ArXiv:0709.1163, Rev. Mod. Phys., in press




