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The quantum Hall effect.
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Renormalization of the Coulomb interaction.

RPA summation:

( which can be analytically
extended to g > 1)




Measurements of the effective mass

7 (10" cm?)
30-10 0 10 30

[u—
.
o

2

Suspended
samples.
Very high
mobility

SdHO aomplitude
wn

v, (10°m/s)

<
o

40 20 0 | 21)2 40 60
n(10"cm?)

““h‘“‘“- LETTERS
p ySl‘CS PUBLISHED OMLINE: 24 JULY 2011 | DOE10.1038/NPHYS2049

Dirac cones reshaped by interaction effects in
suspended graphene

D. C.Elias’, R. V. Gorbachev', A. 5. Mayorov', 5. V. Morozov?, A. A. Zhukov?, P. Blake?,
L. A. Ponomarenko', I. V. Grigorieva', K. 5. Novoselov', F. Guinea** and A. K. Geim"?

Fits to Renormalization Group
calculations
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Early eXperimentS Nature Materials 6, 183 (2007)

PROGRESS ARTICLE

The rise of graphene

A. K. GEIMAND K. S. NOVOSELOV

Vol 438[10 November 2005/dol:10.1038/nature04233 nature

LETTERS

@ Annealing

Two-dimensional gas of massless Dirac fermions in
graphene

K. S. Novoselov', A. K. Geim', 5. V. Maorozov?, D. Jiang', M. |. Katsnelson®, I. V. Grigorieva', 5. V. Dubonos®

& A. A Firsov’

4,000 8,000
p(em2V-151)

Flgure 5 Minimum conductivity of graphene. Independent of thelr carrier mobility g,
ditterent graphene devices exhibil approxi the same ivity al the
neutrality point {open circles) with most data clustering around =4&% i indicated
for clarity by the dashed line (A K.G. and K.5.N., unpublished work; includes the
published data from ref. 9). The high-conductivity tail is altributed o macroscopic
inhomogeneity. By improving the homogeneity of the samples, o, generally
decreases, moving doser to =42/, The green amow and symbols show one of the
devices that initially exhibited an anomalously large value of ., but after thermal
annealing at =400 K its a,, moved closer to the rest of the statistical ensemble.
Most of the data are taken in the bend resistance geometry where the macroscopic
inhomogeneity plays the least role.




Recent experiments

How Close Can One Approach the Dirac Point in Graphene
Experimentally?

“and Roman V. Gorbachev ™
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LETTERS

PUBLISHED ONLINE: 9 OCTOBER 2071 | DOI: 10,1038/ MPHYS T4

Tunable metal-insulator transition in double-layer
graphene heterostructures

L. A. Ponomarenko', A. K. Geim"?, A. A. Zhukov®, R. Jalil®, 5. V. Morozov'?, K. 5. Novoselov',
I. V. Grigorieva', E. H. Hill, V. V. Cheianov*, V. I. Fal'ko®, K. Watanabe®, T. Taniguchi®
and R. V. Gorbachev®*

Insulating behavior at the nentrality point in single-layver graphens

F. Amat. ! J K. Williams,? K. Watanaba ® T . Taniguchi® and D). Goldhaber-Gordon?

arXiv:1209.6364
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PHYSICAL REVIEW B 86, 165413 (2012)

Conductivity of suspended graphene at the Dirac point

I. V. Gornyi."* V. Yu. Kachorovskii,"** and A. D. Mirlin'**
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Flexural modes ] ]
Electron-electron interaction

See also: L. Fritz, J. Schmalian, M.
Muller, and S. Sachdev, Phys. Rev. B 78,
085416 (2008).

| \. Juricic, O. Vafek, and I. F. Herbut,
n (10" em™) PhyS Rev. B, 82, 235402 (2010)

FIG. 8. (Color online) Resistivity as a function of electron con-
centration at n; = 5 % 10°cm~? and different temperatures (T/1K =
5,40,90,150,230) increasing from the bottom to the top at large n.
Within the grey area temperature dependence is “insulating,” while
outside this region it is “metallic.”

PHYSICAL REVIEW B 85, 195451 (2012)

£

Disorder by order in graphene

At the neutrality point the conductivity R
increases as the temperature decreases




Theory Il

The pseudodiffusive regime

THE EUROPEAN
PHYSICAL JOURNAL B

Zitterbewegung, chirality, and minimal conductivity in graphene

ML Katsnelson®

'S1C 7 ; 3 eek ending
PRL 96, 2468 5) PHYSICAL REVIEW LETTERS 2\3€T€UN€£2|8M

Sub-Poissonian Shot Noise in Graphene

1. Two zy‘dlo.1 B. Trauzettel,” M. Titov.> A. Rycerz..z'4 and C. W. . Beenakker”
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Tunneling and interactions

PHYSICAL REVIEW el o Py
LETTERS 4 1 Volume 149, 2

lume 149, Issue 2, September 1983, Pages 374-456

LUME 46 26 JANUARY 1981 NUMBER 4

Quantum tunnelling in a dissipative system

A.O Caldeira

Influence of Dissipation on Quantum Tunneling in Macroscopic Systems
Instituto de Fisica “Gleb Wataghin" Universidade Estadual de Campinas, Cidade Universitaria, Barao Geraldo, 13-100 Campinas,

School of Mathematical ane ysical S

® Semiclassical analysis
® The excitations of the environment are
treated as a set of independent bosons




The Caldeira-Leggett model
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Graphene as a dissipative environment
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Why are there two dimensional crystals?

STATISTICAL PHYSICS

by . .
L. D. LANDAU axp E. M. LIFSHITZ ered). It is easy to see, however, that the thermal fluctuations “smooth

G RAR. ACKDEAY OF SCIENCES out™ such a crystal, so that p = tonstant is the only possibility: the mean
Volume 5 of Course of Theoretical Physics

PART |
THIRD EDITION, REVISED AND ENLARGED
by E. M. LIFSHITZ and L. P. PITAEVSKII

Thermal fluctuations:

Byraphene =22 €V A2 =352 N/m
Biamong X d=52.4 N/m

T=300K
L=1Km

(@L)E(0)) ~ 0.03A2



Elastic properties of graphene

Measurement of the Elastic
Properties and Intrinsic Strength
of Monolayer Graphene

Changgu Lee,'* Xiaoding Wei," Jeffrey W. Kysar,™* James Hone™>**

We measured the elastic properties and intrinsic breaking strength of free-standing monolayer
graphene membranes by nanoindentation in an atomic force microscope. The force-displacement
behavior is interpreted within a framework of nonlinear elastic stress-strain response, and yields
second- and third-order elastic stiffnesses of 340 newtons per meter (N mY) and 690 N m™?,
respectively. The breaking strength is 42 N m™* and represents the intrinsic strength of a
defect-free sheet. These quantities correspond to a Young's modulus of £ = 1.0 terapascals,
third-order elastic stiffness of D = —2.0 terapasals, and intrinsic strength of o;,, = 130 gigapascals
for bulk graphite. These experiments establish graphene as the strongest material ever measured,
and show that atomically perfect nanoscale materials can be mechanically tested to deformations
well beyond the linear regime.

Fig. 1. Images of sus-
pended graphene mem-
branes. (A) Scanning
electron micrograph of a
large graphene flake span-
ning an array of draular
holes 1 pm and 1.5 pm
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 um. (B)
Noncontact mode AFM
image of one membrane,
1.5 pm in diameter. The
solid blue line is a height
profile along the dashed
line. The step height at the
edge of the membrane is
about 2.5 nm. (C) Schematic of nanoindentation on suspended graphene membrane. (D) AFM image of
a fractured membrane.

Load (nN)

* Experiment
—Eq.(2)
20 40 60 80 100 120 0. . 4 0
Indentation Depth (nm) r/a

Fig. 2. (A) Loading/unloading curve and curve fitting to Eq. 2. The curve approaches cubic behavior at
high loads (inset). (B) Maximum stress and deflection of graphene membrane versus normalized radial
distance at maximum loading (simulation based on nonlinear elastic behavior in Eq. 1). The dashed
lines indicate the tip radius R and contact radius R..

KUNGL.
VETENSKAPS-
AKADEMIEN

OF SCIENGES
Appendix, some properties of graphene

N

0123 nm

CLAIM #1: GRAPHENE

CAN HOLD AN ELEPHANT

“...graphene as the strongest material
ever measured, some 200 times
stronger than structural steel. ... If a
sheet of cling film (which typically has
a thickness of around 100 pm) were to
have the same strength as pristine
graphene, it would require a force of
over 20,000 N to puncture it with a
pencil,".”

Jim Hone, Columbia U
physicsworld.com
Graphic: Sci. Am., 11/2011

courtesy of M. M. Fogler




VOLUME 69, NUMBER 8 PHYSICAL REVIEW LETTERS 24 AUGUST 1992

Self-Consistent Theory of Polymerized Membranes

Pierre Le Doussal @
Institute for Advanced Study, Princeton, New Jersey 08540

Leo Radzihovsky

Lyman Laboratory, Harvard University, Cambridge, Massachusetts 02138
(Received 18 May 1992)

y a nontrivial fixed point, but with anomalous
stants A(g)~u(g)~q™, n,>0, with n,

Graphene

Carbon in Two Dimensions

of the order of ¢! to make A dimensionless. One can assume also a
renormalization of effective Lameé constants:

/r(q), nr(q) ~ g™, (9.103)




EXpeI’I mentS C. Gomez-Navarro, J. Gomez, G.

Lopez-Polin, F. Perez-Murano

Measurement of the Elastic
Properties and Intrinsic Strength
of Monolayer Graphene

Changgu Lee,"* Xiaoding Wei," Jeffrey W. Kysar,* James Hone™>**

We measured the elastic properties and intrinsic breaking strength of free-standing monolayer
graphene membranes by nanoindentation in an atomic force microscope. The force-displacement
behavior is interpreted within a framework of nonlinear elastic stress-strain response, and yields
second- and third-order elasti- === -# 24" —oosoo- oo e oo a1
respectively. The breaking stre  Fig. 1. Images of sus-
defect-free sheet. These quant pended graphene mem-
third-order elastic stiffness of { branes. (A) Scanning
for bulk graphite. These experi eledron micograph of a
and show that atomically perf la_rge grapheneﬂake_ span-
well beyond the linear regime "ing an array of draular

holes 1 ym and 1.5 pm
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 um. (B)
Noncontact moede AFM
image of one membrane,
1.5 um in diameter. The
solid blue line is a height
profile along the dashed
line. The step height at the
edge of the membrane is
about 2.5 nm. (€) Schematic of nanoindentation on suspended graphene membrane. (D) AFM image of
a fractured membrane.
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Anharmonic effects:
thermal expansion coefficient in

graphene and graphite

PHYSICAL REVIEW R 86, 144103 (2012)
The flexural modes of graphene on a substrate
Bending modes, anharmonic effects, and thermal expansion coefficient
in single-layer and multilayer graphene Bruno Amorim' and Francisco Guinea!

P. L. de Andres,' F. Guinea,' and M. I. Katsnelson®

Arxiv:1304.6567

g=30meV/A2
d= 3.3A 1/qc*z5-5A_l

A+2u=22eV/A2




Vacancies and flexural modes

1
pa’ —xq’ —2(q, ®)

G(g, ®)=

T-matrix app

N, v kKp@’
Z(a)) ~

Koo’

nV—
K
Iog( -
a’ pw i , \
Vacancies localize flexural
modes
® Long wavelength flexural
modes do not contribute to
the screening of the elastic

constants

localization length



geometric factor percolation

intrinsic localization length

PRL 105, 266601 (2010) PHYSICAL REVIEW LETTERS
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Limits on Charge Carrier Mobility in Suspended Graphene due to Flexural Phonons

Eduardo V. Castro,' H. Ochoa,' M. 1. Katsnelson,” R. V. Gorbachev,” D. C. Elias,” K. S. Novoselov,”
A.K. Geim,” and F. Guinea'
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Minimal conductivity+interactions
F. G., M. |. Katsnelson, arXiv:1307.6221

I The pseudodiffusive regime is highly sensitive to interactions I

Elastic properties of graphene with defects

Defects (%)
00 03 06 09 12 15 1.% 8

A

® Flexural phonons
modify the elastic

\ properties
P ® The value of the Young
o o 0 s 1 modulus depends on the

experimental setup




PHYSICAL REVIEW B 86, 144103 (2012)
First-principles determination of the structural, vibrational and thermodynamic
properties of diamond, graphite, and derivatives

Bending modes, anharmonic effects, and thermal expansion coefficient
Nicolas Mounet Nicola Marzari’ in single-layer and multilayer graphene

W B 7L 205214 (2005) P L. de Andres,' F. Guinea.' and M. 1. Katsnelson®

1000 1500
Temperature (K)

B

arnmeters for graphene.
. While not visible i the figure,

aphite

PHYSICAL REVIEW B 82, 195436 (2010)

First-principles investigation of graphene fluoride and graphane
perties from a generalized third order ab initio approach: theory and
applications to graphite and graphene 0. Leenaerts,"* H. Peelaers,"" A. D. Herndndez-Nieves,'>* B. Partoens,"S and F. M. Peeters!)

Lorenzo Paulatto,* Francesco Mauri, and Michele Lazzeri

-1,
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for the chair configurations ) £

i 245 Nm™ and 2 ane and fluo-
@ 1M performed

a nanoindentation experiment on fluorographens and mea-

sured a value of 100%30 N m™ for Ef;. This value is ap-

proximately half the theoretical value. Because the theoreti-

cal values are trustworthy, ie. th with earlier

thecretical calculations, and this kind of calculs

lieved to be accurate (as in the case of graphen

gests that the experimental samples contain an a

Frequency (cm
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