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record thermal conductivity (outperforming diamond)

highest current density at room T (106 times of copper)
completely impermeable (even He atoms cannot squeeze

through)

highest intrinsic mobility (100 times more than in Si)
conducts electricity in the limit of no electrons
lightest charge carriers (zero rest mass)

longest mean free path at room T (micron range)
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Measurement of the Elastic
Properties and Intrinsic Strength
of Monolayer Graphene

Changgu Lee, " Xiaoding Wei," Jeffrey W. Kysar,* James Hone
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We measured the elastic properties and intrinsic breaking strength of free-standing monolayer THE ROYAL SWEDISH ACADEMY OF SCIENCES
grapl b i fon in an atomic force microscope. The force-displacement
behavior is interpreted within a framework of nonlinear elastic stress-strain response, and yields Appendix, some properties of graphene
second- and third-order elastic stiffnesses of 340 newtons per meter (N m™Y) 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, N
third-order elastic stiffness of D = —2.0 terapasaals, and intrinsic strength of o;,, = 130 gigapascals 0142 nm
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. 0123 nm
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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 Courtesy Of M . M . Fogler
lines indicate the tip radius R and contact radius R..
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Self-Consistent Theory of Polymerized Membranes
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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" —soos oo e ol o an L
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
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image of one membrane,
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edge of the membrane is

about 2.5 nm. (C) Schematic of
a fractured membrane.
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Increasing the elastic modulus of graphene by
controlled defect creation

Guillermo Lépez-Polin’, Cristina Gémez-Navarro"?*, Vincenzo Parente®, Francisco Guinea?,
Mikhail I. Katsnelson?, Francesc Pérez-Murano® and Julio Gémez-Herrero'?
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Out of plane displacements
lead to changes in area

Kinetic Bending
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Two dimensional crystaline membranes are intrinsically anharmonic



PHYSICAL REVIEW B 86, 144103 (2012)

Bending modes, anharmonic effects, and thermal expansion coefficient
in single-layer and multilayer graphene
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FIG. 17. Ab initioc mode Griineisen parameters for graphene.

PHYSICAL REVIEW B 71, 205214 (2005)

First-principles determination of the structural, vibrational and thermodynamic

properties of diamond phite, and derivatives

Nicolas Mounet* a
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Flexural mode of graphene on a substrate

Bruno Amorim” and Francisco Guinea

Substrate

Gapped flexural modes
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N ANO PHYSICAL REVIEW B 87, 214303 (2013)
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Anharmonic properties from a generalized third-order ab inifio approach:

Acoustic Phonon Lifetimes and Thermal Transport in Free-Standing Theory and applications to graphite and graphene
and Strained Graphene

. PEPROR S TR ~ o F -8 # . . .
Nicola Bonini, ™" Jivtesh Garg™ and Nicola Marzari Lorenzo Paulatto,” Francesco Mauri, and Michele Lazzeri
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Figure 1. Upper panel: scattering rates for LA and TA modes alon
the ['=K direction in unstrained free-standing graphene at 300 K T
Lower panel: Contributions to the scattering rates due to decay (soli /Ll

lines) and absorption (dashed line) processes. — 7 37 12
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Theory of elasticity




Fluctuations in membranes with crystalline and hexatic order

D. R. Nelson and L. Peliti (*)

J. Physique, 48, 1085 (1987

VOLUME 60, NUMBER 25 PHYSICAL REVIEW LETTERS 20 JUNE 1988

Fluctuations of Solid Membranes

Joseph A. Aronovitz and T. C. Lubensky

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
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Power law divergences
Self consistent theory, valid in high dimensions
Agrees well with numerical simulaions




infinite mass

vacancies

® \Vacancies localize flexural
modes

® Long wavelength flexural
modes do not contribute to
the screening of the elastic
constants
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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'

/,~20-100nm +

= | o= -—-+-+—__+_+

2x10"% 4x10" 6x10%3x10"4x10
Defects/cm®

13




Membrane 1 | Membrane 2

0,15- . -
. Pristine —~ 0,204 Pristine
£ £ '
Z 0,104 £ 0,15
7)) 7]
O 0,05 & 0,10
= ! Irradiated . ' Irradiated
(D) //.’_// 8 u ’;./_/
o 000{ 3 . a %9 :

40 60 80 100

Temperature (°C)

20 30 40 50 60 70 80 20 120

Temperature (°C)

Thermal Expansion Coefficient: Thermal Expansion Coefficient:

- Pristine: -6.2 x 10 -6 K1
- Irradiated (Lp ~ 5 nm): -1.1 x 10 K1

- Pristine: -9.4 x 10 -6 K1
: Irradiated (Lp ~ 5.5 nm): -1 x 10 ¢ K-

L : Mean distance between defects as measured by Raman



NANO Strain dependent elastic modulus of graphene
LETTERS
4 1.5

Impermeable Atomic Membranes from 2 G. Lépez-Polin,"* M. Jaafar,'>* E. Guinea,”* R. Rol 131 and I. Gémez-Herrero

Vol. 8, No. 8

Graphene Sheets 2458-2462
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FIG. 1: Panels (A) to (C) display AFM images of a graphene drum-
head of um diameter subjected to different AP. (A) corresponds
o P, P,y ~ 1 atm, (B) to P,y ~ 0 atm, Py, ~ 1 atm, (C)
0 Py ~ 0atm, Pyyr ~ 3 atm. . Panels (D) to (F) are schematic
profiles of the pressurized membrane. Panel (G) shows AFM profiles
taken along a great arc in the AFM images shown in panel (A) to (C) 9500 300 400 500 t00 700 800
£, N
Estimation of Young’s Modulus of Graphene by Raman Spectroscopy )
-Ung Lee, Duhee Yoon, and Hyeonsik Cheong®

University, Seoul 12

ABSTRACT
the strain applied by 3 pressure
Raman spectroscopy. The strain ind
can be estimated directly from the peak shil
comparing the measured strain with numerical simulation, we obtained the
The estimated Young’s modulus values of
1d bilayer grsphene are 2.4 + 0.4 and 20 + 0.5 TPa, respectively
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® monolayer graphene
® monolayer hBN

© graphene on hBN substrate
@ graphene on MoS, substrate

@ monolayer MOSz on hBN substrate







iy (X).F gg(x)

@® 1L MoS2 on BN substrate
—— Fit by 4th order polynom

y = A0 + Al*x
L ADRVAD 4 AR
Value Standard Error

1 [o]
[o] [o]
-0.85674 0.01347
[o] [o]
-0.14698 0.01841

Ty (X).0 gg(x)

G on BN substrate
Fit by relaxed profile

Value Standard Erro
1

(0]
-0.7436

(0]
. . -0.2337
Prototypical model for tensional

wrinkling in thin sheets

Benny Davidovitch®', Robert D. Schroll’, Dominic Vella®, Mokhtar Adda-Bedia®, and Enrique A. Cerda’

PNAS | November 8, 2011 | vol. 108 | no. 45 | 18227-18232
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Graphene kirigami

Melina K. Bl Arthur W. Barnard?, Peter A. Rose', Samantha P. Roberts', Kathryn L. McGill', Pinshane Y. Huar
Alexander R. Ruyack?, Joshua W. Kevek', Bryce Kobrin', David A. Mulle & Paul L. McEuen™*

0.1038/nature14588
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PHYSICAL REVIEW X 4, 041019 (2014)

Random Strain Fluctuations as Dominant Disorder Source
for High-Quality On-Substrate Graphene Devices

Nuno J. G. Couto,’ Dd\ ide Costanzo,' Stephdn Enuels Dont!—Keun Ki,' Kenji Watanabe,’
Takashi TdI]lULl(.hl Christoph Stampfer,” Francisco Guinea,’ and Alberto F. Morpmool

® Study of dc electronic transport in high
qguality samples

® \Weak localization measurements

® Correlation between results at the neutrality

point and at high carrier concentrations
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Scattering is due to intravalley processes
Interference processes (weak localization) are suppressed

L

L

® Puddles and transport are correlated

® Strains are the likely origin of puddles and scattering
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The structure of suspended graphene sheets

Jannik C. Meyer', A. K. Geim?, M. . Katsnelson’, K. S. Novoselov?, T. J. Booth® & S. Roth'

® Quenched (non thermal) ripples in suspended
samples

®Lateral scale ~10° — 10°A

® Vertical scale ~10A

Instability due to the coupling to
low energy electron-hole pairs?

PHYSICAL REVIEW B 89, 125428 (2014)

Wfl(x/p)' A7)

Collective excitations in a large-d model for graphene

Francisco Guinea,' Pierre Le Doussal,” and Kay Jorg Wiese> 0.005 0010 0015 0020

q/A

PRL 106, 045502 (2011) PHYSICAL REVIEW LETTERS 5 IRy Sor1

Electron-Induced Rippling in Graphene
P. San-Jose,' J. Gonzilez." and F. Guinea®
PHYSICAL REVIEW B 80, 161406(R) (2009)

Correlation between charge inhomogeneities and structure in graphene and other electronic
lline membranes
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Also: wrinkles induced by absorbates



Strain engineering in graphene
Strain'lndUCEd Pseudo—Magnetic F. G., M. |. Katsnelson, A. K. Geim, Nature Phys. 6, 30 (2010)
Fields Greater Than 300 Tesla in nezezin

Graphene Nanobubbles physics

N. Levy,“2*t S. A. Burke,*t K. L. Meaker,® M. Panlasigui,® A. Zettl,*? F. Guinea,? F -S4 gy M
A. H. Castro Neto,” M. F. Crommie’?§ sflack slagirech

30 JULY 2010 VOL 329 SCIENCE www.sciemcemag.brg
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opposite sign at the two corners of the

Brillouin Zone.
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a term which modifies the momentum:;

A modulation of the hoppings leads to
an effective gauge field.




Lattice frustration as a gauge potential.

J. Gonzalez, F. 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.

]
A eY o - o o

NG e T

The flux @ is determined by the total rotation induced by the defect.
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>
Programmable Extreme Pseudomagnetic Fields in Graphene by a Uniaxial Stretch NANO TERD

3 1 . 2 1
Shuze Zhu,” Joseph A. Stroscio,” and Te Local Strain Engineering in Atomically Thin MoS,
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Bending Rules in Graphene Kirigami

Bastien F. Grosso'” and E.J. Mel

arxiv:1509.01182,
Nano Lett., in press
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Inducing strain: experimental methods
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piezoelectric substrate



Inducing strain: experimental methods

10P Publishing Journal of Physics: Condensed Matter

J. Phys.: Condens. Matter 27 (2015) 313201 (18pp) doi:10.1088/0953-8984/27/31/313201

Topical Review

Strain engineering in semiconducting
two-dimensional crystals

Rafael Roldan', Andrés Castellanos-Gomez’, Emmanuele Cappelluti’
and Francisco Guinea’*

Straining technique Type of strain Max. strain ~ Material Reference

Bending of a flexible substrate Uniaxial Homogeneous MoS;
MoS,
MoS;
WSe,

Elongating the substrate Uniaxial Homogeneous 4.0% WS,
Piezoelectric stretching Biaxial Homogeneous MoS,;
Exploiting the thermal expansion mismatch Biaxial Homogeneous 0.23% MoS;
Controlled wrinkling Uniaxial Inhomogeneous MoS,
) ReSe,
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Physics Reports

journal homepage: www.elsevier.com/locate/physrep

Gauge fields in graphene
M.A.H. Vozmediano?, M.I. Katsnelson®, F. Guinea **

10P Publishing Journal of Physics: Condensed Matter

J. Phys.: Condens. Matter 27 (2015) 313201 (18pp) doi:10.1088/0953-8984/27/31/313201

Topical Review

Strain engineering in semiconducting
two-dimensional crystals

Rafael Roldan'~, Andrés Castellanos-Gomez’, Emmanuele Cappelluti’
and Francisco Guinea™*

Novel effects of strains in graphene and other two dimensional materials.

arXiv:1503:00747, Phys. Rep., in press
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Scanning tunnelling microscopy and spectroscopy
of ultra-flat graphene on hexagonal boron nitride
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Commensurate-incommensurate transition in
graphene on hexagonal boron nitride
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Spontaneous strains and gap in graphene on boron nitride
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Domain boundaries in
bilayer graphene

Strain solitons and topological defects in
bilayer graphene

Jonathan S. Alden®, Adam W. Tsen®, Pinshane Y. Huang®, Robert Hovden®, Lola Brown®, Jiwoong Park™<,
David A. Muller™, and Paul L. McEuen“®!

=
e i

o

energy [meV/atom]
o B

-15 -1 05 0
position [a]

NANOL s
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Square ice
Filtration by monoatomic
membranes
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Square ice in graphene nanocapillaries

G. Algara-Siller’, O. Lehtinen', F. C. Wang?, R. R. Nair®, U. Kaiser', H. A. Wu?, A. K. Geim® & I. V. Grigorieva®
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Sieving hydrogen isotopes through
two-dimensional crystals

M. Lozada-Hidalgo,"* Marshall,’ A. Mishs nko,' A. N. Grigorenko,'
R. A. W. Dryfe,? B. Radha,’ I. eva,! A. K. Gei
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Quenching of the Quantum Hall Effect in Graphene with Scrolled Edges
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Electronic 2D hydrodynamics

Negative local resistance due to viscous electron backflow in graphene

Graphene NEMs

D. A. Bandurin’, I. Torre’”, R. Krishna Kumar™*, M. Ben Shalom'?, A. Tomadin®, A. Principi’, G. H. Auton’,
E. Khestanova'”, K. S. Novoselov®, I. V. Grigorieva®, L. A. Ponomarenko™*, A. K. Geim®, M. Polini*®

Graphene Nanoelectromechanical Systems as Stochastic-Frequency
Oscillato

Tengfei nd Marc Bockrath®"
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Observation of the Dirac fluid
and the breakdown of the Wiedemann-Franz law in graphene
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Tuning strain in flexible graphene nanoelectromechanical resonators
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Fracture strength:

i Also: graphene NEMs in the quantum limit, A.
Graphene can WIthStand Bachold, private communication
stresses of up to 15%
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Anharmonic properties of graphene

® Anharmonic effects in membranes

® Negative thermal expansion coefficient

® Screening of the in plane stiffness _o_
® The elastic response of graphene depends on the

experimental setup (size, temperature, defects, pre existing
strain, ...)

Other topics

QuenChed rlpples Strain engineering in semiconducting
Structure and electronic properties: strain engineering

Random strains and conductivity

Other 2D materials: dichalcogenides, black phosphorus, ...
Moiré structures: 2D Frenkel-Kontorova model

Domain walls in bilayer and multilayered graphene

2D electron hydrodynamics, NEMs, strains and spins (in arXiv:§503:00747, Phys. Rep., in press
dichalcogenides), ...
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