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Abstract

This review covers recent experimental progress in probing the electronic properties of graphene and how
they are influenced byarioussubstrates, by the presence of a magnetic &eldlby the proximity to a
supercoductor. The focuds on results obtained using scanning tunneling microscopy, spectroscopy,
transport and magnetoansport techniques.
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A. Introduction

In 2004a Manchestebniversity teamle d by Andre Geimdemonstrated a simple mechanical
exfoliation procedd, 2] by which graphenea oneatom thick 2 dimensional (2D9rystal of
Carbon atoms arranged in a honeycolathice [3-8], could be isolated from graphit&he
isolation of graphene and the subsequemasnrements which revealed kxtraordinary
electronic propertie, 10] unleashed a frenzy of scientific activity the magnitude of which was
never seen. lquickly crossedlisciplinary boundaries and May of 2010the Nobel symposium
on graphendn Stockholm wasbrimming with palpable excitementAt this historic event
graphenewas the centerpieder lively interactions between players who rarehare common
ground: physicists, chemists, biologists, engineers and -fitldorists.The excitement about
graphene extends beyoritd unusual electronigroperties. Everythingabout graphenei its
chemical, mechanical, thermal and optical propetrtigslifferent ininteresting ways.

This review focuses on the electronic properties of single layer graphene that are accessible with
scanning tunneling microscopy and spectroscopy and with transport measur@areAtgjives
an overview starting with a brief histony section Alfollowed by methods of producing and
characterizing graphenm sectionsA2 and A3. In sectionA4 the phystal properties are
discussed followed by a review of the electronic properties in sea&foand a discussion of
effects due teubstratenterferencan sectionA6. PartB is devoted to STM (scanning tunneling
microscopy) and STS (scanning tunneling ssciopy) measurementghich allow access to
the atomic structure and to the electronic density of st&estiors B1 and B2 focus on
STM/STS measurements graphenesupportedn standard Si@andon metallic substrates. B3
is devoted taggraphene suppati dovea graphite substrandthe observation athe intrinsic
electronic propertiescludingthe lineardensity of stated,andau levels, the Fermi velocjtgnd
the quasiparticle lifetimelhis sectiondiscusseshe effects oklectrorphonon interetionsand
of interlayer couplingB4 is dedicatedto STM/STS studies of twisted graphene layeB5
focuses on graphene on chlorinated S#Dbstrates and the transition between extended and
localized electronic states as the carrier density is swesacamdau levels. A brief description
of STM/STS work on epitaxial graphene on SiC andnelBN substrates is given in B6Part C

is devoted to transport measuremer@4. discussessubstratenduced scattering sources in
graphene deposited on SiOSupeconductorGraphene/supercondumt (SGS) Josephson
junctionsarethe focus ofC2. C3 andC4 discusssuspended graphene devices,dhservation of
ballistic transport the fractional quantum Hall effeahd the magnetically induced insulating
phase.

List of abbreviations: AFM (atomic force microscopy); ARPES (angular resolved
photoemission)CNP (charge neutrality point;VD (chemical vapor depositionpOS (density

of states); DP (Dirac pointg-ph (electronphonon);HOPG (highly oriented pyrolitic gdite);

LL (Landau levels);LL (lambda levels);MAR (multiple Andreev reflections NSG (non
suspended graphengpHE (quantum Hall effect)FQHE (fractional QHE);SG (suspended
graphene)SEM (scanning electron microscopyTM (scanning tunneling microscopy); STS
(scanning tunneligp spectroscopy)TEM (transmission electron microscdpy

1. Historical n ote

The story of graphene is both old and new. First postulated in 1947Chy\allace[1]1] as a
purely theoretical construct to help tackle the problem of calculating the band structure of
graphite, thisnodel ofa 2D crystalaranged in a honeyconihttice was now and agaidusted
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Figure A-1. Making exfoliated graphene. a) HOPG graphite flakes are deposited oBcotch tape shown with cm ruler
b) A Si/SiO, substrate is pressed onto flakes on the tape&) Optical micrograph of graphene deposited on Si@showing
flakes with various number of layers. A large flake of single layer graphene, corresponding to the faintest congta is
indicated by the arrow. Image credits: A. Luican-Mayer.

off andreusedover the year§l2-15]. In 198 G. Semenoff{12] resurrected ias a model for a
concensed matter realizationf @ three dimensionahnomalyand in 198 D. Haldane[14]
invoked it asmodel for a Quantum Hall Effe¢dQHE) without Landau Levelsint h e t®0 6 s
modelwasusedas a starting poirfor calculatingthe band structure of Carbon nanotufis§.
But ndoody at the time thought thaine day it would bepossible tofabricate a free standing
materialrealization ofthis model. Tis skepticismstemmed from thafluential MerminWagner
theorem[17] which during the latter part of the last century i@asselyinterpreted to mean that
2D crystak camot exist in naturelndeed one does not find naturally occurring free standihg 2
crystals and computer simulations show that they do not form spontaneoesiuse they are
thermodynamically unstable against out of plane fluctuations andigdiLg]. It is on ths
bacldrop that the realizatiorf free standing graphene came as a huge surj@igeon closer
scrutinyit should not have beeithe Mermin-Wagner theorendoes not preclude the existence
of finite size 2D crystalgts validity is limitedto infinite systems with short range eractions in
the ground stata/Vhile a finite size 2D crystal will bprone todevelop topological defects at
finite temperatugs in line with thetheorem.,it is possible to preparsuch a crystain along
lived metastablstatewhichis perfectlyordered providethat the temperatuie keptwell below
the coreenergy of a topological defect. How to achieve such a metastable Istste®ear that
even though2D crystalsdo notform spontaneously thegan exist and arperfectly stable when
stacked and held together by Van der Waals forces as part oftau@iure such agraphite.The
Manchester group discovered thasiagle graphendayer can be dislodge from its graphite
cocoon by mechanical exfoliation witBcotch tape.This was possible because the Van der
Waals force between the layers in graphite is many times weaker than the covalent bonds within
the layer whicthelpmaintain the integrity of the 2D cryst@iliring theexfoliation.

The exfoliatedgraphendayer canbe supported on a substrate or suspefficed a supporting
structur¢l9] [20-23]. Although thequestion of whether fregtanding graphenis truly 2D or
contains tiny oubf-plane rippleg18] (aswas observed in suspended drape membranest
room temperaturf2Q]) is still under debatehere is naoubt aboutts having brought countless
opportunities to explore new physical phenomenatanmdplementnovel devices.

2. Making graphene

We briefly desciie some of the most widely usatethodsto produce graphen#gether with
their range of applicability



Exfoliation from graphite.

Exfoliation from graphitgillustrated inFig. A-1, is inexpensiveand canyield small (p to 0.1
mm) high quality research gradsmmplegl, 2]. In this method which resembles writing with
pencil on paperthestarting materiais agraphitecrystalsuch asaturalgraphite Kishor HOPG
(highly oriented pyrolitic graphij)eNaturalandKish graphitetend to yieldarge graphene flakes
while HOPG ismore likely to bechemically pureA thin layer of graphite is removed from the
crystal with Scotch tape or tweezers. The layer is subsequently plBsseechanical pressure
(or dry N, jet for cleaner processinginto a substrate, typically highly doped Sisubstrate
capped with 300nm of S¥D which enables detection under an optical microscop as
described in detail in the next section on optical characterizi2iba6]. Often onefollows up
this step with an AFM (atomic force microscope)asarement of the height profile determine
the thickness (~ 0.3nm /layer) and/or Raman spectroscopynform the number of layers and
check thesamplequality. Typical efoliated graphene flakes are sevematrons in size but
occasionally one can fingiger flakeghat can reackeveral hundredm. Since exfoliation is
facilitated by stacking defects, yields tend to be largéen starting withimperfect or
turbostraiic graphitebut at the same time theample sizéends tobe smallerThe small size and
labor intensive production of samplesing exfoliated graphene render them impractitaal
largescale commercial applicationseverthelessexfoliated graphengolds its own niche aa
new platformfor basic researchlhe high quality and large single crystal domaiss, farnot
achievedwith other methods of fabrication, have given access to the intrinsic properties of the
unusual charge carriers in graphemeluding ballistic transport and the fractior@HE, and
opened a new arena of investigation into relativistic clyjwalsparticle$21, 27-30].

Chemical vapor deposition (CVD) on metallic substrates.

ryi
b =
i Exfoliated graphens G'
% FWHM ||‘ L 2em
3
) (1) =3 2l

R

Howmae il e | FWHM 2? C!TI'I

L

Fi

{ AN IS S S
2400 2600 2800 3000

Intensity (a.u.;j

Ed

T T L
1200 1400 1600

Raman Shift (cm™) A

quick and relatively simpgl method to make graphene is CVD by hydrocarbon decomposition on

a metallic substrat¢31]. This method Kigure A-2a) can produce large areas of graphene
suitable, after transfer to an insulatisubstrate, for large scale commercial applications. In this
method a metallic substrate, which plays the role of catalyst, is placed in a heated furnace and is

Figure A-2. Graphene grown by CVD. a) Optical image of single crystal graphene flakes obtained by CVD growth
Copper with Ar/CH4 flow . Scale bar: 56m. (A.M B. Goncalves and E.Y. Andrei unpublished)b) Raman spectrum o
graphene on Copper sample shown in in panel Inset Raman spectrum ofgraphene on SiQ.
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attached to a gas delivery system that flows a gaseous carbon source downstream to the
substrée. Carbon is adsorbed and absorbed into the metal surface at high temperatures, where it
is then precipitated out to form graphene, typically at arounéBBOSC during the cool down to

room temperatureThe first examples of graphitic layers on metaflitdbstrates were obtained
simply by segregation of carbon impurities when the metallic single crystals were heated during
the surface preparation.pflications of this method using the decomposition of ethylene on Ni
surface§32l wer e demonstrated in the 700s. More rec
on various metallic sastrates including B3], P{34-36], Ir [37], Ru[3841], Pd[42] and Cu

foil [43-46]. The latter yields, at relatively low cost, single layer graphene of essentially
unlimited size ad excellent transport qualities characterized by mobility in excess of 7000 cm

IV s [47]. The hydrocarbon source is typically a gas such as methane and ethylene but
interestingly solid sources also seem to work, such as poly(methyl methacrylate) (PMMA) and
even table sugar was recentlgmonstrated as a viable Carbon squ@le

Surface graphitization and epitaxial growth on SiC crystals.

Heatingof 6H-SIC or 4H-SiC crystalsto temperatures in excess of 1200c4lisesublimation
of the Silicon atomsfrom the surfadel9-51] and the remainin@Carbonatomsreconstruciinto
graphenesheetf52]. The number of layers and quality of the graphene depends on whether it
grows on the Si or C termitexd face and on the annealing temperaf{®®. The first Carbon
layer undergoes reconstructioruel to itsinteraction withthe substratéorming aninsulating
buffer layerwhile the next layers resemble graphe@dacegrapheneconsists of many layers
the first few being highly doped due the field effect from the substéat®vth on the Si face is
more controlled and can yieldngle or bilayers By using hydrogen intercalation or thermal
release tafgé4, 55 one can transfehesegraphene layer® other substrategpitaxial graphene
can cover large areas, up 40, depending orthe sizeof the SiC crystal.Due to the lattice
mismatchthese layersdrm terraceseparated by grain boundaries which limit shee of crystal
domainsto severalmicrometerfs6] as shown irFig. A-3a and theelectronicmobility to less
than 3000 crfiV s whichis significanly lower than in exfoliated grapherihe relativéy large
size and ease of fabrication epitaxial graphenenake it possibleto fabricate higkspeed
integrated circuit§57], but the high cost of the SiC cryssahrting materiatenders it impractical
for largescalecommercial applications.

Other methods.

The success and commercial viability of future grapHeased devices s&s on the ability to
synthesize it efficiently, reliably and economicallVD graphene is one of the promising
directions. Yet, in spite of the fast moving paxfeinnovation, CVD growthof graphene over
large areas remains challengidge to the need toperate at reduced pressures or in controlled
environments. The recent demonstrationgdphene by open flame synthefis] offers the
potential for highvolume continuous production at reduced cb&iny other avenues are being
explored in the race towatdw cost, efficient and large scale synthesis of graphene. Salution
based exfoliation of graphite witbrganic solvent$59] or noncovalent functionalizatiofi60]
followed by ®nication can be used in mass production of flakesconducting coatings or
compositesAnother promising approach is the use of colloidal suspen$giijs The starting
material is typically a graphite oxide film which is then dispersed in a solvent and reBaced.



example the reduction by hydrazine annealimgigon/hydrogef62] produces large areas of
graphene films for use as transparent conducting coatiaghene paper or filters.

3. Characterization.
Optical.

For flakes supported on Si@ fast and efficient way to find and identify graphene is sipgi

optical microscopyas illustrated inFigure A-1c. Graphene is detected as a faint but clearly

visible shadow in the optical image whose contrast increases with the number of layers in the
flake. The shadow is produced by theerference between lighteams reflected from the

graphene and the Si/SiQnterface [24-26]. The quality of the contrast depends on the
wavelength of the lighand thickness of the oxide. For a ~300 nm thick,$Xide the visibility

isoptimalf or green | ight. Other @ s weTismethpdealiogsd oc cu
to visualize microrsize flakes, and to distinguish between sifigieer, bilayerand multilayer

flakes Optical microscopy is also effective for identifying single layer graphene flakes grown by

CVD on Copper as illustrated FigureA-2a.

Raman spectroscopy

Raman spectroscopy is a relatively quick way to ifiegraphene ando determine the number

of layerg63, 64]. In order to be effective thepatialresolution has to be better thare ttample

size for small sampleshis requires a companion high resolution optical microscogadbthe

flakes.The Raman gectrum of graphendsigure A-2b, exhibits three main featurettie G peak

~1580 cni whichis due to aifst orderprocess involving the degenerate zone center E2g optical
phonon;the2 D ( G6) peak at ~ 2 7 OnBolvingstwoaA';, moeebouimdaty or d e r

optical phonons; anthe D-peak, centered at ~1330 ‘minvolving one A, phonon which is

attributed to disordeinduced firstorder scatteringn pure single layer graphene the 2D peak is
typically ~ 3 times larger than the G peak d@hd D peak is absentVith increasing number of
layers, the 2D peak become®ader and loses its characteristic Lorenzian-singpe Since the
G-peakis attributed taintralayereffects,one finds that itsntensity scals with the number of
layers

Atomic force microscopy(AFM) .

The AFMis a nonrinvasive and nosontaminating mbe for characterizing the topography of
insulating as well as conducting surfac&his makes itconvenientto identify graphendlakes

on any surface and to determine the number of layers in thevidtkeut damage, allowing the
flake to be used ifurther processing or measuremetigh-end commercial AFM machinesn
produce topographical images of swds with height resolution &.03nm State of the art
machineshave even demonstratetomic resolution images of graphefdde AFM image of
epitaxid graphene on SiGhownFigure A-3a clearly illustrates the terraces in these samples.
Figure A-3 shows an AFM imageof a graphene flake oan h-BN substrateobtained with the
Integra Prima AFM by NAVD.
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Figure A-3. a) AFM image d epitaxial graphene grown on SiC shows micron size terraces . (K.V. Emtseval Nature
Materials 8 (2009) 203. b) AFM scan (NT-MDT Integra prime) of single layer graphene flake on an FBN substrate
c)The height profile shows a 0.7nm step between the subsiand the flake surface. The bubble under the flake
7nm at its peak height. Image credits: B. Kim N-MDT.

Scanning tunneling microscopy and spectroscopy (STM/STS)

STM, the technique of choice for atomic resolutionages employs the tunneling current
between a sharp metallic tip and a conducting sample combined wigdbatkloop to a
piezoelectric motor It provides access to the topography with -atdmic resolution, as
illustrated inFigure A-4a. STScangive access to thelectronic density oftates(DOS) with
energy resolutioras low as~0.1 meV. TheDOS obtained with STM g not limited by the
position of the Fermi energy both occupiedand empty states are accessible. In addition
measurements are not impeded by the preseneentdgnetic field which made it possible to
directly observethe unique sequence d@findau levelsin grapheneresulting from its ultra
relativistic charge carrie{$5, 66].

The high spatiatesolution of the SM necessarily limits the field of view so, unless optical
access is availablé,is usually quite difficult to locate small micron size samples with an STM.
A recently developed techniqyé7] which usesthe STM tp as a capacitive anten@aélows
locatingsubmicron size samples rapidly and efficientijthout the need for additional probes
A moredetailed discussion of STETS measurements graphene is presentadpartB of this
review.

Figure A-4. STM and SEM on graphene. a) Atomic resolution STM of graphene on a graphite substrate. (b,c) SI
images on suspended graphene (FEI Sirion equipped with JC Nabity Lithography Systems). bypended graphen
flake supported on LOR polymer. Scale bar frm. Image credits: J. Meyerson. c) Suspended graphene flake (cen
area) held in place by Au/Ti support. Scale bar tim. Image credits A. LuicanMayer.



Scanning electron microsope(SEM) and transmission electron microscope (TEM)

SEM is converent for imaging large areas odnducting samples. The electron bediracted at
the sampldypically has an energy ranging from 0.5 k&/40 keV, and a spot size about
0.4nm to 5nm in diameter.The image, which is formed by the detection of baaksred
electrons or radiatigrcan achieve a resolution of ~ 10nm in the best machHnesto the very
narrow beam, SEM micrographs have a large depth of field yielding a charactimiegc
dimensional appearandéxamples of SEM images of suspended graphene devices are shown in
Figure A-4b,c. A very useful feature available with SEM is the possibility to write-sutron
size patterns by exposing afbeam reist on the surface of a samplkhe disadvantage of using
the SEM for imaging is electron beam induced contaminatioe to he deposition of
carbonaceous materiah the sample surfac& his contamination isalmost always present after
viewing by SEM, itsextentdepenthg on the acceleratingoltage and exposure. Contaminant
depaition rates can be as highafew tens of nanometers per second.

In TEM the image is formed by detecting the transmitted rlestthat pass through an ulthan
sample. Owingto the smallde Broglie wavelengtlof the electrons, TEMs are capable of
imaging at a significantly higheesolutionthan optical microscopes or SEM, and can achieve
atomic resolutionJust as with SEM imaging with TEM suffers froaectron beam induced
contamination.

Low energy electron diffraction (LEED) and angular resolved photoemission
(ARPES).

These techniques provide reciprocal space informaliBED measurs the diffraction pattern
obtained by bombarding a clean crystalline surface with a ailich beam of low energy
electrons, fromwhich one candeterminethe surface structure of crystalline materialfie
techniquerequires the use of very clean samples in ditgh vacuumlt is useful for monitoring
the thickness of materials during growflar exampld_EED is usedor in-situ monitoring of the
formation of epitaxial grapheriég].

ARPESIis used to obtainhe bandstructurein zero magnetic fieléds a function of both energy
and momentumsSince onlyoccupiedstates can be accessed one is limitegrtbing states
below the Fermi energylypical energyresolution of ARPES machines is ~ 0.2&Y toroidal
analzers Recently0.0%5eV resolutionwas demonstratedith alow temperature hemispherical
analyzer athe Advanced.ight Source.

Other techniques

In situ formation of graphitic layers on metal surfaces was monitored in the early work by Auger
electron spacoscopy which shows a carbon pg¢é#] that displays the characteristic fingerprint

of graphit¢70]. In X-ray photoemission spectroscopy, which @so be used during the
deposition, graphitic carbon is identified by a carbon species with a C1s energy close to the bulk
graphite value of 284.5 4V(Q].

4. Structure and physical properties

Structurdly, graphends defined asa oneatomthick planar sheet of ébonded carbon atoms
that arearrangedin a honeycomb crystal latg][3] as illustratedn Figure A-5a. Each Carbon
atom in graphene is bound to its three nearest neighbasgdngplanars bonds that involve
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three of its valence electrons occupying thersgbridized orbitalsin equilibrium theCarbon
Carbons bonds are0.142 nmlong and ard 2@ apart Thesebondsare responsible for the planar
structure of graphene and for its mechan@al thermapropertiesThe fourth valence electron
which remainsin the half-filled 2p, orbital orthogonal tothe graphene plan®rms aweak

p bond by overlaping with other 2p, orbitals. Thesedelocalizedp electronsdetermine the
transport propertiesf graphene.

Mechanical properties.

The covalents bondswhich hold graphenetogether andjive it the planarstructure are the
strongest chemical bonds knowithis makes gaphene one of the strongest materias:
breaking strengtis 200 times greatehanstee| andits tensile strengthl30 GPH19, 71, 72], is

larger thanany measuredo far Bunchet al [72] were able tanflate a graphene ballocend
foundthat t is impermeable to ga4&g], even to helium. They suggest that this property may be
utilized in membrane seoss for pressure changes in small volumes, as selective barriers for
filtration of gases, as a platform for imaging of graph#uie interfaces and for providing a
physical barrier between two phases of matter.

Chemical properties.

The strictly two dimensional structure together with theusual massless Dirac spectrafrthe
low energy electronic excitations in graphene (discussed below) give esgucsitechemical
sensitivity Shedin et al[73] demonstrated that thelall resistivity of a micrometersized
graphene flakés sensitive to theabsorption or desorptioof a single gas molecul@roducing
steplike changes in the resistandehis single molecule sensitivityhich was attributedo the
exceptionally lowelectronic noise in graphemad to its linear electronidOS, makesgraphene

a promising candidate for chemical detectarsl for other applications where local probes
sensitive to external charge, magnetic field or mechanical strain are required.

Thermal properties.

The strong covalent bonds between the carbon atergsaphene are also responsible for its
exceptiorlly high thermal conductivity. For suspended graphene samples the thermal
conductivity reachegalues as high as 5,000 ¥w K [74] at room temperature which 2s5 times
greater than thaof diamond,the recordholder among nairally occurring materialsFor
graphene supported on a substrate, a configuration that is more likely to be fousefuh
applicationsand devices the thermal conductivity (near room temperatuoé)singlelayer
graphene is about 600 M*K™ [48]. Although thisvalue is one order of magnitudmwver than

for suspended graphene, it is stilouttwice thatof Copperand 50 timesargerthanfor Silicon.

Optical properties.

The optical properties ajraphene follow directly from it2D structure and gapless electronic

spectrum discussedbelow). For photon energies larger than the temperahdd-ermi energy
2

. L : : e :
the optical conductivitys a universal constant independent of frequegy - wheree s the

electron charge an@ the reduced Plank constfi®, 75]. As a result all othemeasurable
guantities- transmittancerl, reflectanceR, and absorptancgr opacity)P - are also universal
constantsiIn particular theatio of absorbed to incident light intensftyr suspended grapherse
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2
simply proportional to the fine structucenganta = e; = %7: P=(1-T)° p &23%.Herec
is the speed of lightThis is one of the rare instances in which the properties of a condensed
matter system are independent of material parameters and can be expressed in terms of
fundamental coriants aloneBecause the transmittance in graphene is readily accessible by
shining light on a suspended graphene membja8leit gives direct access in a simple bench
top experiment to a fundamental constantjuantitywhose mesuremenusually requires muc
more sophisticated techniqud$he 2.3% opacity of graphenehich is a significanfraction of
the incident light despite being only one atom thiolakes i possible to see graphene withre
eyes by looking through a glaside covered with graphen&or a few layersof graphene
stackedon top of each other the opacity increases in multipl@s3% for the first few layers.
The combination of many desirableroperties in graphengransparency, large conductivity,
flexibility , highchemical and thermal stabilitjyakeit[77, 78] a natural candidati®r solar cells
and other optoelectronic devices

Figure A-5. Graphene structure. a)Hexagonal laice. Red andgreen colors i\rldicate\ihe two triangular sublattices

labeled A and B. The grey area subtended by the primitive translation vectoréy and &, marks the primitive unit cell
N~

and the vector marked [ connects twoadjacentA and B atoms. b) Brillouin zone showing the reciprocal lattice vecto

G, and G, . Each zone corner coincides with a Dirac point found at the apex of the Dirac cone excitation spectt

shown in Figure A-6. Only two of these are inequivalent (any two which are not connected by a reciprocal latti
vector) and are wusuallv referred to as K and K©o.

5. Electronic properties .

Three ingredients go into producingetunusual edctronic propertieof graphene its 2D
structure,the honeycomb lattice and the fact tladit the sites on its honeycomb lattieee
occupied by the same atoymghich introduces inversion symmetiye note that the honeycomb
lattice is not a Bravais lati. Instead, it can be viewed as a bipartite lattice composed of two
interpenetrating triangular sublattices, AdaB with each atom in the A Blattice having only B
sublattice nearest neighbors and vice versa. In the case of graphene the atoms otmupwmng
sublattices are identical and as we shall see this has important implications to its electronic band
structure.As shown inFigure A-5a, the Carbon atoms in sublattio® arelocatedat positions
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R= rréj+né§, where m,n are integersand zg:l :%(3, J3), 5:2 :%(3,- J3) are the lattice
: : : : C oL
translationvectorsfor sublattice A Atomsin sublatticeB are atR+¢", where £”= (a\; + 5’1)/ 3.

C C
The reciprocal lattice vectarss, :%(LJ@),GZ :%(J,- J/3)and thefirst Brillouin zone, a

hexagorwith the cornersat theso-called K points areshown inFigureA-5b. Only two of tre K

E

Figure A-6. Graphene band structure. a) Three dimensional band structure. Adaped from C.W.J. Beenakker
Rev.Mod.Phys., 80 (2008) 1337. b) Zoom into low energy dispersiah one ofthe K points shows the electrorhole

symmetric Dirac cone structure .

pointsare inequivalent, the others being connected by reciprocal lattice veliterslectronic
properties of graphenare controlled by thew energyconicaldispersion around thesegoints

Tight binding Hamiltonian and band structure.

The low energyelectronic states, whicare determined byelectrons occupyinthe p, orbitals ,
can be derived frorthe tight bindhg Hamiltoniafi11] in the Huckel modelfor nearest neighbor

interactions

1. H:t%ﬂﬁ}@@ﬂﬂﬁxﬁg+ﬂ+‘§><|\ié’;+ﬂ+hc)

. C (- SO (s
Here(ﬁli} =Y, (R- ﬁ is awave function othep, orbital onan atom irsublattice A <FTR+ zg‘>

is a similar state oa B sublattice atomandt is the hopping integrdfom a stateon an A atom
to a state on aadjacent B atomThe hopping matrix element couples states on the A sublattice
to states on the B sublattiemd vice versalt is chosen a$ ~ 2.7 eVso as ® match theband
structurenear the K points obtained from first priple computations Sincethere are two
Bravais sblattices two sets oBloch orbitalsare neededone for each sublatticéo construct

. ., C 1 .. S C 1, S5C
Bloch eigenstates of the Hamlltonlarka> :Wa e ‘R and ‘kB> :WQ e ‘R+z%.
R R

These functionsblock-diagonaize the oneelectron Hamiltonian int® x 2 subblocks, with
vanishing diagonal elements and with  off-diagonal elements given  by:

A k& K ik Mt : : : ooy
<kA‘H‘kB> =-te""(1+e ™™ +e %) 1 gk). The sinde particle Blochenergiese(k) = e(k)‘
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give the band structureplotted in Figure A-6a , with e(lzl):‘e(lzl)‘ corresponding to the
conduction b(k\f)txd‘e(lzl)‘ td tame v alleisn easy tobsaewtkiab(lz’)

vanishes when klies at a K point For exanple at K (§1+25)/3
e(K) = te'k£(1+e & 4 o '262&’3) 0 where we used G (a =2p d For reasos that will

becomec | ear , these point s(DP&fmryMad dlse th-Bpfadetheac po
energy is finite and the splittingetween théwo bands isz‘e(k)‘ .

Linear dispersion and spinor wavefunction.

We now discuss the energy spectrum and eigenfunctions for k clod@RoSince only two of
the K points- alsoknowna s i v a &rd ieegusvalent we need to focus only those two
Fol l OWI ng convention we | ab d&is cohvhnen toKkefirerthd Ko .

(2D)vectorq K- K. Expandingaroundj=0, and substitutingy - -i>(px,|_1y) theeigenvalue
equatiorbecomeg3-5]:

a KAQ KAo
2. =-p>y,

J3at

Where v, —7—0 10°m/s is the Fermi velocity of the quasiparticléEhe two components

Jka and kg give the amplitude of the wave furen on the A and B sublattice$he operator
couplesQka to (kg but not to itself, since nearestighbor hopping on the honeycomb lattice
couples only Asites with B sites. The eigenvaluese linear in thenagnitude ol and do not

depend on its directione(q)=°>vF|c\1( producing the electrehole symmetric conical band

shown inFigure A-6b. The electron hole symmetry in the low energy dispersion of graphene is
slightly madified when second order and higher neighbor overlaps are incligigdthe
degeneracy at thBP remains unchanged even when the higher order corrections areasdded
discussed in the next sectidrhe linear dispersioimplies an energy independent grouglocity

Vgroup = [HE / >UK| =|HE / >l = v, for low-energy excitations (|E| t).

The eigerfunctions describing the low energy excitations near point K are
o 1a e"’“' g i
3. Y (q)= %KA .qq,zo, g, * tan*(q,/q,)
KB =

This two component representation, which formally resembles that of acepiespondso the
projection of the electron wavefunction on each sublattice.

How robust is the Orac Point?

A perfect undoped sheet of gr apamdamigtakihggspin one e
into account, this gives a half filled band at charge newtralherefore, the Fermi level lies

between the two symmetrical bands, with zero excitation energy needed to excite an electron
from just below the Fermi enerdkiole sector}o just abovet (electron sectorat theDPs. The
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Fer mi As ur f alkus @nsists of the twodn al rpaktin the Brillouin zone where

t he ° and ~ Wé&note thairdtse alossenoed the degeneracy at the two K points
graphene would be an insulatdgsually such degeneracies are prevented by level repulsion
opening a gap at crossing points.t Bu graphene the crossing points are protected by discrete
symmetriepr9]: Cs, inversion and time reversap unless one of these symmetries is broken the
DP will remain intact. Density functional theory calculatif®@ show that adding nextearest
neighbor terms to the Hamiltonian removethe electron hole symmetry but leaves the
degeneracy ofhe DPs. On the other hanthe breaking of the symmetrigetween the A and B
sublattices, such as for examjplga corrugated substratis bound to lift the degeneraey the

DPs. The effect of @akingthe (A,B) symmetry is directly seenigpr a p h sisteecdrapound,
h-BN. Just likegraphene B8N is 2-dimensional crystalith a honeycombattice, butthe two
sublattices in BN are occupied by different atonasid the resulting brokersymmetry leags

the DP unprotectedConsequentlyh-BN is a bandnsulatorwith agap of ~ 6eV.

Dirac-Weyl Hamiltoni an, masssles Dirac fermiongsnd chirality
A concise form ofvriting the Hamiltonianin equation 24s
H,=>.s

where p’=>( andthe components of the operatéf=(s,,s,) are the usual Pauli matrices,

which now operate on the sublattice degrees of freedom instead of h&wioe the term
pseudospin Formally, his is exactly the DiaWeyl equationin 2D, so the low energy
excitations are described not by the Schrédinger equation, but insteaadl doyation which
would normally be used tdescribean ultrarelativistic (or massless) particle of spin 1/2 (such as

a masslesnmeutrino),with the velocity of light ¢ replaced by the Fermi velocity which is 300

times smaller. Therefore the low energy quasiparticles in graphene are often referred to as
fimassless Dirac fermioas

The DiracWeyl equationin quantum electrodynamics (QEmMllows from the Dirac equation
by setting theest mass of the particle to zero. This results in two equations describing particles
of oppositehelicity or chilarity (for massless particles theo areidentical andthe terms are
used interchangeably)The chiral (helical) nature of the DiradVeyl equation is a direct

= .0, y
consequence of the Hamiltonian being proportional to the helicity op:ei%io%sgcﬁ where 6‘

is a unit vector in the direction of the momentuBince F commutes with the Hamiltonian, the
projection of the spin is a wetlefined conserved quantity which can be either positive or
negative, corresponding to spin and momeribeing parallel or antiparallel teach other.

In condensed matter pbics lole excitations are often viewed as a condensed matter equivalent

of positrons.However electrons and holes are normally described by separate Schrodinger
equations, which are not in any way connected. In contrast, electron and hole stateseimegraph

are interconnected, exhibiting properties analogous to theesbangugation symmetry in QED.

This is a consequence of the crystal symmefnich requires twacomponent wave functiorte

define the relative contributions of the A and B sublatticethenquasiparticle makep. The
two-component description for graphene is very similar to the spinor wave functions in QED, but
the O0spindéd index for graphene indicates the ¢
This allows one to introducehiality in this problem as therojection of pseudospim the
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direction ofthe momentm i which, in theK valley, is positive for electronand negativeor

holes. Sq jug as in the case of neutrinos, each quasipartcle excitatiggraphene has its

Aan parti cl e ¢antipdrticle gaes ceraspand to ¢élextioole pairs with the same
momentum but with opposite signs of the eneagyl with opposite chiralityl n t he K& t
chirality of electrons and holes is reversas we show below

Suppression of backscattering

The backscattering probability can be obtained from the projection of the wavefunction
corresponding to Borward movingparticle Y ¢ (a’(q)) on thewavefunction of the baekcattered
particleY ¢ (a’(q +p)). Within the same valley we have

R O i U . . +, O P
Y(d@) - Ye(dlg+p) =iYi(dqlg) which gives (Y (A(g))| Y« (d(g))) =0 . 1n
other wordsbackscattering within a valley suppressedThis selection rule follows from the
fact that backsdtering within the same vallagverses the direction tie pseudospin
We next consider backscattering between the two valEEypanding in &: K'-K near the
secondDP yields H . =->vF§’*C'b‘ (* indicates complex conjugationyhich is related to

HK(G) by the time reversalsymmetryoperator s,C* [5]. The sol uti on i n the
2 -igy/2 N

1ge "8

\/E é% e|qq/29

Backscatteringbetween valleysis also disdlowed because itentails the transformation

Y (@)- Ye(g,+p)=iY (q,) which puts the particle in aate that is orthogonal to its

original one This selectionrule follows from the fact that backscattering between valleys
reverses the chirality of the quasiparticle.

obtained by taking p - -p, in egquation 2 resulting in Y,.(q,)=

The selection rules against backscattering irapgene have important experimental
consequencemcluding ballistic transporat low temperaturg¢21, 22] , extremely large room
temperature conductiviy81] and wealantilocalization[82].

Berry Phase

Considering thequasparticle wavefunction in equatio3, we note that it changes sign under a
2p rotation in reciprocal spacer(;(qq) =- Y,‘;(qq +2p). This sign change is often used to
argue that thevavefunctions irgraphenénave a Berryphasepfp . A nonzeroBerry phasg83]
which can arisén systems that undergo a slow cyclic evolutioparameter spacean have far
reaching physical consequences that cafobed in diverse fields including atomic, condensed
matter, nuclear and elementararticle physics, and optics. In graphene the Berry phageisf
responsible fothezero energy Landau level and the anomal@ti& discussed below.

On closer inspection howevéne definition of the Berry phasa terms of the waveiction
aloneis ambiguoudecausehe sign changeliscussed abovean be made to disappear simply by

|qq
multiplying the wavefunion by an overall phase facfor €%'?Y k(@) = % 8 For a

less ambiguous resutine shoulduse a gauge invariant definiticior the Berry phad&4]
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9=/ <y (i wﬁ}y(/ )> wherethe integration is over a closed path in parameter space and
C
the wavefunctiony (/) has to besingle valued. Applying this definition to the single valued

'qq 2:0
form of the wavefundaon, ie y (q) = —% O and taking/ - ¢, f) - [fg over acontour
C 0

that encloses one of tixdPs we findthat the gauge invariant Berry phase in graphemge=ip .

Density of statesand ambipolar gating.

Thelinear DOSIn grgphene is a direct consequence of the conical dispeasidrihe electron
hole symmetry It can be obtained bgonsidering), () =q°/2p, the number of statem

reciprocal spacwithin a circle of radiugg| =|€|/>v. around one of th®Ps, sayK, and taking

into account the spin degenera@de DOS associated with this point i

>v. dq
are 2DPs the totaDOS per unit areas:
2 dng
4. r(e)= =

The DOS per unit cell is therv () A, where A, =3/3a%/2 is the unit cell areaThe DOS in

graphenediffers qualitatively fromthat in nonrelativistic 2D electron systemkeading to
important experimental consequencés.is linear in energy, electrofmole symmetric and
vanishes at thBP - as opposed to a constant valun the norrelativistic caseavhere the energy
dispersion is quadratid@his makes it quite easy to domgaphenewith an externally applied
gate At zero doping, the lower half of tHeand is filled exactly up to thBPs. Applying agate
voltage inducea nonzero chargevyhich is equivalento injecting (depending on the sign of the
voltage) electrons in the upper half of Dirac cones or holes in the lwifeDue to the electron
hole symmetrythe gating is ambipolawith the gate induced charge changing sign at the DP.
This is why the DP is commonly labeled as the charge neutrality point (CDP).

Cyclotron mass and Landau levels

Considemg such adoped graphene device with carrinsityper unit arean,, at alow enough

temperatureso that theelectrons form a degenerate Fermi,s@ee can then defina f Fer mi
surfaceo (i n 2Kng ato hcconndthe .spinAahd \alteydegeneraciesthe

corresponding Fermi wave vectog i§ ¢ = (pn )1’2/2,0 One can now define anfieffective
1/2

_p
F
measuring m* isthrough the specific heat, but a 2D system such as graphehis is not
practical. Insteacdne can use the dathat for an isotropic system the masgsasured in a
cyclotron resonance experimenty,is identical to ni defined above. This is bagsein the

1 euSg , whereS(e) = pg°(e) = ,0 & , I1s the k spaceraa

20 Buet], >y ”

ma s s*dn tha usual waynv* =>q. /v, n’?. In a 3D solid, the most direct way of

semiclassical limit m_ =
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Figure A-7. Low energy dispersion and DOS. a) Zerfield energy dispersion of low energy excitations illustrating th
electron (red) hole (blue) symmetry. b) The zerdield DOS is linear in energy and vanishes at the Dirac point. ¢) Fini
field energy dispersion exhibits a discrete series of unevenly spaced Landau levels symmetrically arranged abou
zero-energy level, N=0,at the Dirac point. d) DOS in finite magnetic field consists of a sequence df E y)Eunctions
with gaps in between, All peaks have the same height, proportional to the level degeneracyf4g/ .

enclosed by an orbit of energyso m, =>g. /v, =m*. Cyclotron resonance experiments on
graphene verifghat m* is indeed proportional td’A[9].

The energy spectrum of 2D electron systemééngresence of a magnetic field,r®rmalto the
plane breaks up into a sequencelistrete Landau level&or the nonrelativistic case realized in
2D electron system on heliy8d] or in semiconductor heterostructur@$] the Lardau level
sequence consists of a series of equally spaced Isweisr to that of a harmonic oscillator
Ey =>w. (N +1/2) with n, =eB/m* the cyclotron frequencgnd a finite energpffset of 1/2

>w,. This spectrum follows directly from theemiclassicalOnsager quantization conditi¢87]

a B
for closed orbits in reciprocal space:S(e) =§ﬁgN +/); N=0l.. and
g -
[/ =1/2- g/ 2p, wheregis the Berry phasé@he magnetic field introduces a new length scale,

>
the magnetidengthl; = 1/53, which isroughly thedistance between the flux quanfa= 2.

The Onsager relation is equivalent to requiring that the eweclobrbit encloses an integer
number of flux quanta.
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Forthe case of norelativistic electrong = 0 resulting inthe ¥2sequenceffset In graphene, as

a resultof the linear dispersion and Berry phasep which gives/ =0, the Landaulevel
spectrum is qualitatively diffent. Using thesamesemiclassical approximatiothe quantization

2

of the reciprocal space ortdrea pg? gives S(e) = gz = , Which produceghe

Landau level energy sequence

5 Ey=>.0.=°/2evBN|; N=0°1....

Here the energy origin is taken to be ti@P and +/ refer to electron and hole sectors
respectively.

Compared to the nerelativistic case the energy levels are no longer equally sptuedield
dependence is no longimear and the sequerccontains a level exactly at zero enengych is
adirect manifestatiof the Berry phase in graphgaég].

We note that the Landau levels are highly degenerate, the degeneracy/ps¥aubéingqual to

4 times (for spin and valley) the orbitddgeneracythe densityof flux lines): 4fE.
0

The exactfinite field solutionsto this problencan beobtained[88-91] from the Hamiltonian in
\ A\ \ ¥

equation 2, by replacing ib- -ib+eA, wherein the Landau gaugeéhe vectormpotentialis

— \ - \ )

A=B(-y,00 and B=D3 A. The energy sequence obtihin this approach is the same as
above, but now one can also obttkia explidt functioral form ofthe eigenstates

From bench-top quantum relativity to nano-electronics

Owing to the ultrerelativistic nature of its quasiparticles, graphene provides a platform which for
the first time allows testing in bent¢bp experiments somd the strange and counterintuitive
effects predicted byguantumrelativity, but often not yet seen experimentalily a solidstate
context.One example isthe socallé@dk| ei n paradoxo which predict s
relativistic particles throughigh[92] potential barriersln graphenehe transmission probability
for scattering through a higlpotential barrier[93, 94] of width D at an angleg, is

_ cos'(q)

1- cos(q,D)sin’(q)
corresponding tperfect tunnelingKlein tunneling isone of the most exotic and counterintuitive
phenomenalt was discussed in many contexts includimgparticle, nuclear and astghysics,
but direct observationn these systems hae far proved impossiblén grapheneon the other
hand it may be observe [95. Other examples of unusual phenomena expectdde tothe
massless Diratike spectrum of the quasiparticles in graphemude electronic negative index
of refractiorj9¢], zitterbewegung@ndatomic collapsg7].

In the forward direction the transmien probability is 1

Beyond these intriguing singlearticle phenomendeztron-electron interactiofiandcorrelaton

are expected tplay an important role in graphef@8-104 because of its weak screening and
2

AV e = . .
largeeffectivein f isnta uct ur @ =4>:Ve°n2$31 la additon, the interplay between spin
F
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and valleydegrees of freedons expected to show SU(4) fractior@H physicsin the presence
of a strong magre field which is qualitatively different from that in the conventional 2D
semiconductor structurgld4, 105.

The excellent transpoand thermatharacteristicof graphenanake ita promising material for
nanoelectronics applicationdts high intrinsic caier mobilityf10€6, which enabls low
operating power and fast time resporisgarticularly attractivefor high speed electroni¢s7].
In addition, he fact thatgraphenedoes not lose itglectronic properties dowto nanometer
length scales, is an invaluable asset in the qoedtwnscée devices for advanced integration.
These qualitieshavewon graphene a prime spot in the raowvards finding anaterialthat can
be used toesolve the bottleneck problems currently encounteresi-bgsed VLSI electronics.

Amongst the most exciting rent developments is the use of graphene in biological applications.
The strong affinity of biematter to graphene makes it an ideal interface for guiding and
controlling biological processes. For example graphene was found to be an exceltsrisoio
camble of differentiating between single and double straridié [107]. New experiments
reportthat graphene can enhance the differentiationuofian neural stem cells for brain repair
[108 andthat it accelerates the differentiation of bone cell from stem[&68k Furthermore,
graphene is a promising material for building efficient DNA sequencing machines based on
nanopores, or functionalized naodlaannelg11Q.

I's graphenespecial?

The presence of electrdole symmetric Dirac cones in the band structure of graphene endows it
with extraordinary propertiesuch as ultrdnigh carrier nobility which is extremely valuable for
high speed electronickighly efficient ambipolar gating and exquisite chemical sensitivity.

One may askvhy graphenas special After all there are many systems with Dirac cones in their
band structure. Examplésclude transition metal dichalcogenites below the charge density wave
transitiorj111], cuprates below the superconducting transitidt?] and pnictidedelow the spin
density wavetransitiorj113. However in all theother caseghe effect of theDP on the
electronic properties is drowned by states frother parts of the Brillouin zonenhich, not
having a conical dispersiomake a much larger contribution to th®S at the Fermi energyn
graphene on the other hatite effect of theDPs on the edctronic properties is unmasked
because theglonecontribue to theDOS at the Fermi energy. In fact, as discussed above, had it
not been for th®Ps, graphene would be a band insulator.

6. Effect ofthe substrate on the electronic properties of graphene.

The isolation of single layer graphene by mechanical exfoliation was soon followed by the
experimental confirmation of the Dirdike nature of the low energy excitatio8, 81].
Measurements of the conductivity and Hall coefficient on graphene FET devices demonstrated
ambipolar gating and a smodttansition from electron doping at positive gate voltages to hole
doping on the negative side. At the same tiheeconductivityremained finiteeven at nominally

zero doping consistent with the suppression of backscattering expected for massless Dirac
fermions. Furthermore, magnetimansport reasurements in high magnetic fieldhich revealed

the QHE confirmedthat the system is 2 dimensiorsald provided evidence for the chiral nature

of the charge carriers through the absence of a plateau at zero (@dhmagnalous QHE).
Following these remarkable initial results, further attempts to probe deeper into the physics of
the DP by measuring graphene deposited on,Sbstrates, seemed to hit a hard wall. Despite
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Figure A-8. Effect of substrate on electronic properties. a) DOS map of grajgime on an SiQ substrate shows the effect
local gating due to the random potential.b) Schematic illustration of local gating leading to spatial fluctuation of th
Dirac point and to the formation of electron-hole puddles. ¢) Electrorhole puddles introduce midgap states in the DO
which lead to smearing of Dirac point. d) STS measurement for graphene on SiGhows smearing of the Dirac poir
due to electronhole puddles. e) Conductivity versus gate voltage curve shows saturation due to electron hmiddles
f) Same as panel (e) on a logarithmic scale.

the fact that the QHRvas readily observedt was not possible in these devices to approach the
DP andto probe its unique properties such as ballistic trangf@t 114, specular Andreev
reflectionsexpected 63, 115 at graphene/superconducting junctigdd6 117 or correlated
phenomena such as the fractional QHES. FurthermoreSTS measurementdid not show the
expectedinear DOS or itvanishingat thecharge neutrality poinGNP)[119, 120.

The failure to probe th®P physics in graphene deposited 810, substrates wasnderstood

later, after applyingsensitive local probesuch asSTM [119124] and SET (single electron
transistor) microscop$29, and attributed tahe presence of a random distributioncbfarge
impurities associated with theubstrate The eletronic properties ofgrapheneare extremely
sensitive to electrostatic potential fluctuations becausedtreess are at the surfacend because

of thelow carrier densityat theDP. It is well known that insulating substrates sucl8#3, host
randomly dstributed charged impurities, so that graphene deposited on their surface is subject to
spatially randomgaing and the DP energy (relative to the Fermi levet)isplays random
fluctuations as illustrated irFigure A-8b. The randm potential causes the charge to break up
into electrorhole puddles: electron puddles when the local potential is below the Fermi energy
and hole puddles when it is above. These puddles fill out the DOS ndaP {frégure A-8c,d )
making it impossible to attain the zero carrier density condition aDEhéor any applied gate
voltageas seen in the STS image showrFigure A-8e. Typically for graphenelepositedonto

SiO, therandompotential causeDP smearingover anenergyrange DE; © 30- 100meV. When
the Fermi energys within DE; of the DP, a gate wltage changé&ansforns electronsnto holes
and vice verséut it leavesthe net carrier densitglmostunchangedAs a resultclose to thedP
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the gate voltageannot affecsignificantchanges in the net carridensity.This is directly seen
as a broadeningf order 1-10V in the conductivity versus gate voltageurves Figure A-8ef,
which correspond$o a minimum total carrier densityin these samplesf ns ~10"* cmi® The
energy scale defindaly the randonpotential also defines a temperatled ~ DE; below which
the electronic properties such as the conductivity are independent ofatunge

Integer and fractional quantum Hall effect

The substrate induced random potential which makeBkhimaccessible in graphemieposited

on SiQ, explains the inability to observe in these samples the linear DOS and its va@ishing
the CNPwith STS measurement8s we show below this aldwelps understand why the integer
QHE is readily observed in such samples but the fractional QHE is not.

To observe the QHE in a 2D electron system one measures the Hall and longitudinal resistance
while the Femi energy is swept through the Landau levels (LL), by changing either carrier
density or magnetic fielflLl26]. The Fermi energy remains within a LL until all the available
states, 4B/ £, per unit area, are filled and then jumps across the gap to the next level asjless

usually the casethere are localized impurity states available withedglap which arpopulated

first. In homogeneous samples the LL energy is uniform in the bulkli@edyes upwards

(downwards) for electrons (holes¢ar the edge#s a result, when the Fermi energy is placed

within a bulkgap betweetwo LLs, it must intesect all the filled_Ls at the edge. Thigroduces

one dimensional ballistic edge channaiswvhich the quasiparticlesn opposite sides of the

samplemove in opposite directionasshown inFigureA-9a. These hllistic channels lead to a
2

vanishing longitudinal resistance and to a quantized Hall conductﬁmﬁ.”ﬁwheren is

t he #Af i I.hdountgbefnamber of ocoupied ballistic channelsichis the number of
filled LLs multiplied by tie (non-orbital) degeneracy 4 in the case of grapheriédhe N=0 level
is special because half of its states ar e

that its contribution consists of only 2 states for each species. Therdfenéhe Fermi energy
is in between leveIN and N+1the number of occupied states is 4N+2, corresponding to
n=4(N +1/2). The % offsetabsent in the case of noglativistic electrons, is a direct
consequence of thehiral symmetry of the low emgy quasiparticles in grapherfes a result the
series of QH plateaus graphene:

2

€
6. 5, =4N+U2— N=0°1.

lacks the plateau at zero Hall conductawbéch in the norrelativistic case is associated with a
gap at zero energy

The ballistic edge channelghich are necessary to observe the Qati&destroyed by excessive
disorder.This is becausdarge random potentiafluctuations mayprevent the formation of a
contiguous gap across the entire sangvid then the Fermi energy cannot be placed in a gap
between two LL as illustrated irfFigure A-9b. This couldallow thecreaton of a conducting path
that connects the two edges resulting in bscktteringthe destruction of the ballistic channels
and the loss of thguantized plateausn graphengthe condition foto placingthe Fermi energy
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DE. 2 30mel between the N=0 and N=1 LLs, and thus to observe at least one QH pilsiteau,
_ > /2
E, - B =35meVQB[T])"* > DE:. KsT- For a typical graphene sample on §iO

where this implies that the integ€HE can already be seen in fiells* 1T | consistent with
theearlyexperiments.

Figure A-9. Landau levels and quantum Hall effect. a) Landau levels in the bulk showing their upward (downward f
holes) bendhg at sample edges indicated by dashed lines. The Fermi energy (green line) lies in the gap between th
and N=2 levels in the bulk and at the edges it intersects both filled LLs. The 4 intersection points define ballistic
dimensional edge channeli which the electrons move out of the page (right edge marked by circles) or into the pi
(left channels marked by crosses). b) In the presence of a random potential the Fermi energy cannot always be plac
a bulk gap. This may destroy the quantum H4 effect as discussed in the text.

The condition for observing the fractional QHE27] is more stringentThe fractional QHE

occurs when as a result of strong correlations the system can lower its energy for certain filing
factors by fomi ng Acomposite fermionsod which consi st
even number of flux line§128. These composite fermiosgnse the remnant magnetic field left

after havingfiswallowed the flux lines,and as a result their energy spectrum breaks up into

i Lambda LILewhiehl asedhe équivalent dfLs but forthe composite fermions ithe

smaller field. Just as the electrons display an integer QHE whenever the Fermi energy is in a gap
between LLsso do the composite fermions when the Fermi energy is in a gap beheddrs.

The  filling factos  for  which this occurs take  fractional values

n= 5 po 1 p=12.;m=°1°2. The characteristic spacing betweakal Lsis controlled by

mp
the Coulomb energy, and is much smaller than the spacing between LLs:

2 1/2

E O.1Z—~5mev@ where e is the dielectric constant of the substraféwus the
criterion  for decoupled edges in the fractional QHE  casbecomes
E, >DE, 2 30meVY B>é&50T, which is larger than any dc magnetic field attainable to date.
In other words, the fractional QHE is ndiservéle ingraphene deposited on SiO

Thereforein order to access the intrinsic properties of graphene and correlation effect it is
imperativeto reduce the substrateduced randonpotential. The remainder of this review is
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devoted to the exploration of w& to reduce this random potential and to access the intrinsic
electronic propertiesf graphene

B. Scanning Tunneling Microscopy and Spectroscopy

In STM/STS experiments, one brings a sharp metallic tip very close to the surface of a sample,
with a typical tip-sample distance of ~1nm. For posititip-sample bias voltages, electrons
tunnel from the tip into empty states in the sample; for negative voltages, electrons tunnel out of
the occupied states in the sample intolhghe Bardeetunneling formalisn [129 thetunneling

current is given by

7.0 —, Q0 Q&7 Q0 [ " 0 Qof" O f $sOf

wherei e is the electron chargé(x) is the Fermi functionEr the Fermi energyy the sample
bias voltage,st and rs represent thdOS in the tip and sample, respectively. The tunneling
matrix M depends strongly on the sample distance. When the tip DOS is constant and at
sufficiently low temperatures the tunneling current can be approximated by
eV @
1(r,zV) " &fy<(r,e)degexp " where k ~ /2mf /> is the inverse decay length ahds the
[ a
local barrier height or average work function. The exponential dependence on height makes it
possible to obtain high resolution topography of the sertt a giverias voltageThe image is
obtained by sanningthe sample surfac&hile maintainng a constant tunneling currentth a
feedback loopwhich adjuss the tip heightto follow the sample surfac&/e note that an STM
image not only reflects togoaphy but also contains information about ltteal DOS which can
beobtaineddirectly[130] by measuring thdifferential conductance
Q0, o 0 ¢ Qg
Ban® @
HereEris set to be zerdn STS the tipsample distance is held fixed by turning off the feedback
loop while measuing thetunneling currentgs a function obias voltage. Usually one can use a
lock-in technique to mease differential conductance directly by applying a small ac modulation
to the sample bias voltage.

In practice, finite temperatures introduce thermal broadening through the Femi functions in
Eq.(7), leading to reduced energy resolution in STS. For exaraph.2K the energy resolution
cannot be better than 0.38meV. Correspondingly, the ac modulation of the sample bias should be
comparable to this broadening in order to achieve highest resolution. The condition of flat tip
DOS is usually considered satexf for common tips, such as-PPt W or Au, as long as the
sample bias voltage is not too high. Compared to a sharp tip, a blunt tip typicallylatisra

DOS. In order to have reliable STS, one should make sure a good vacuum tunneling is achieved.
To this end, one can check the spatiatitemporal reproducibility of the spectra and ensure that
they are independent of tgample distancgl3(.
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1. Graphene on SiQ

As discussed in part A, the insulating substrate of choice and the most conv@itdgrguffers

from large random potential fluctuations which make it impossible to approach the DP due to the
formation of electron hole puddld425. STM topographyon thesesubstratesioesshow a
honeycomb structure for single layer graphand a triangular lattice for mullayers[121, 131]

with very few topological defects which is testimony to the structural robustness of graphene.
However, in contrast tthe case ofjraphene on graphitfg5], these sampleshow significant
corrugation on various length scales ranging from32hm due to the substrate, wrinkling
during fabrication[10(0 and possibly intrinsic fluctuationsThese corrugationscan lead to
broken suHattice symmetry affeatg both transport and the STM imagasd canlead for

1.7 nm b
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400 200 0 200 400
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Figure B-1. STM/STS of graphene on chlorimated Si0O, . a) STM topography image of a typical 300x30Gim graphene

area. Tunneling current 1,;=20pA, and bias voltageVi,s=190mV. Legend shows height scale. b) Differential conductanc

map over the area in pane(a) taken close to the Dirac point (340mV), marked E; in (d). Legend shows differential
conductance scale. ¢3TM atomic resolution image (|=20pA, V4,ias=300mV) shows honeycomb structure. d) Differential
conductance averaged over the area shown i(b). . Adapted from A. Luican et al Phys. Rev. B, 83 (2011)

example to the appeance ofa triangular latticeinstead of the honeycomb structure in
unperturbed graphen#31, 132,.

In the presence of scattering centers, the electronic wave functions can interfere to form standing
wave patternsvhich can be observed by measuring the spatial dependence of di/dV at a fixed
sample bias voltagdy using these interference patterns, it was possibiiscern mdividual
scattering centeri; the dl/dV mays obtainedat energiedar from the CNP when the electron

wave length is smal[133. No correlatios were foundbetweenthe corrugations and the
scattering centers, suggesting the latter play a more importaninréthe scattering process
When the sample bias voltage is close to@NP, the electron wave length is so large that it
covers many scattering centarsdthe dfdV maps show coarse structufesigure B-1b) which

are attributed telectronhole puddles

The Fourier transform of thmterferencepattern provides information about the energy and
momentum distribution of quasiparticle seatg, which can be used to infer band structure
[123. While for unperturbed single layer grapheties patternsshouldbe absent or very weak
[134], for graphene on Sifclear irerference patternarise [133 due to strong scattering
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centers whichare believed to be trapped charges. The dispersion E(k) obtained from the
interference patteris linear with ve = 1.5+0.2x16 and 1.4+0.2x1%n/s for electron and hole
states, respectively. It should be noted thatehealuesare for states with energies signifidgnt

far from the Fermi level and th€NP. At lower energies, transport measurements yielded
ve=1.1x10°m/s[9, 10].

2. Graphene on metallic substrates

As detailed in the introductory section epitaxial growth of graphitic layers can be acbreaed
wide range of metal substratdsy thermal decomposition o hydrocarbon or by surface
segregation of carbon atoms from the bulk ni288 136. Graphene monolayers are relatively
easy to prepare on metal surfaces, anth the right metal and growth conditigrike size of the
monolayer flakes is almost unlimited. STM seslof graphitic flakes on metallic substrates
have focused mostly on the structure. On Ir(J48) , Cu(111)[46, 137, 13§ and onRu(0001)

[139 (Figure B-2a) they revealed structurally highuality monolayer graphene and continuity
which is not limited by the size of terraces in the substedtieough the overall structure is often
strongly modulated by the mismatch with the latticethef underlying metawhich leads to

Moire super structres (Figure B-2 ¢). The electronic properties of these graphitic layers are
strongly affected by the metallic substrates leading to significant deviations from the linear
dispersion expected for free standing grapfE3@(Figure B-2b). Thus, in order to access the
unique electronic properties of graphene while also taking advantage of the high quality and
large scales achieved on metallic substrates it is necésssggarate the graphitic layer from its
metallic substrate.

0B 03 0o 03 08
At Sample Bias (V)

Figure B-2. STM/STS on graphene on Ru(0001) and Cu(111). a) Atormiesolution image showing graphene
overlayer across a step edge on the Ru substrate. b) Differentiamnciuctance spectrum of graphene layer on F
substrate. Adapted from Pan et al, Adv. Mat21 (2009) 2777c) Atomic resolution STM topography image of
grapheneon Cu showingthe Moire”pattern and the honeycombstructure. Adapted from Gao et al Nano Lettes,
10 (2010) 3512

3. Graphene on Graphite

The choice of a minimally invasive substrate for gaining access to the electronic properties of
graphends guided by the following attributes: flat, uniform surfacetgmtial, and chemically

pur e. Going down this Ilist, the substrate tha
Afof graphene. Because it is a conductor, pot e
readily accessible to STM and STiBdies.
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Almost ideal graphene seen by STM and STS

During exfoliation of a layered material, cleavage takes place between the least coupled layers.
Occasionallywhencleavage is partiah region in which the layers are separated be found
adjacento one where they are still coupled. This situation in showfignre B-3a where partial
cleavage creasethe boundary seen as aiagonaldark ridge- between the decoupled region
marked G and a less coupled region marked ’e. layer separation in these regions is obtained
from height profiles along linea andb shown in the figure. In region Whe layer separation,
~0.34nm is close to the interalyer pacing 0.335nm of graphite, but region G the larger
separation,~0.44nm, meanthatthe top layer is lifted by ~30%. Atomic resolution STM images
showa honeycomb structure in regionlgbit a triangular one in region \Whe triangular lattice

in regionW is consistent with the stllttice asymmetry expected for Bernal segtlgraphiteln

this stacking, which is the lowest energpnfiguration for graphd, the atomsbelonging to
sublattice Ain thetopmost layeiare stacked above B atoms in the second layer, while B atoms
in the topmost layer are above the hollow sites of the carbon hexagons of the secomblayer.
initio band structure calculatioid4d show thatin the presence of interlayer couplitigs site
asymmetry leads to a strong asymmetry in the Ideakity of states at the Fermi level with the

B atoms having the largeDOS. This leads to STM images in whithe B atoms on graphite
appear more prominent than the A atoresulting in a triangular latti¢240 141]. In the
absence of interlayer coupling the DOS is symmetric between the two sublattices and one would
expect to observe a honeycomb structure as seen in regidre ®bservation of the honeycomb
structureprovides an important first clue in the search for decoupled graphene flakes on graphite
but it is not sufficient to establish decoupling between the layidris isbecausgeven though

the atomic resolution topography of the surface of HOPG was one dirshto be studied by

STM, its interpretations not unique and depends on other factors such as the bias véhage
triangularstructure discussed above is commonly seen in atomic resolution topographic images
of graphiteat low bias voltagesbut there are also many reports of the appearance of a
honeycomb structure under various circumstances which are often not reprofiLéibldd.
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Figure B-3. Graphene flake on the surfae of graphite. a) Large area STM topography. Atomic steps are clearly visit
at edges of graphene layer#\ diagonal ridge separates a region with honeycomb structure (regio®), from a triangular
structure (region B) below The region marked C representghe surface of graphite surrounding the flake.(b,c) Height
profiles along aoss sectional cus marked a and b. (d,e) Atomic resolution images show the honeycomb structure i
region G and the triangular lattice in region W.
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As we show belw in order to establish the degree of couplofghe top layer to the layers
underneath it is necessary to carry out spectroscopic measureandniis particular Landau

level spectroscopyn the earlier works only topographic measurements were repd2&d 32|

and therefore it was not possible to correlate the structure seen in STM with the degree of

coupling between the layers.
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Figure B-4. Identifying a decoupled graphene layer. a) Atomic resolution topography in region C of Figure-Ba, show
a triangular lattice. b) STS in zero field and at T=4.2 K in region C. c) Finite field spectra ( B=3T) in region C sk nc
LL peak sequence. d) Atomic resolution topography in region G shows honeycomb structure. b) STS in zero field an
T=4.2 K shows the AV shapedod density of states tha
The Fermi enemgy is taken to be at zero. c) LL are clearly seen in region G. Spectra at T=4.2K and B=4T .

modulation: 2mV, junction resistance ~6@\V) .
We start in region C dfigureB-3 where atomic resolution topograplmagesshow a triangular

lattice for bias voltage in the rangelOOmV - 800mV and for junction resistances exceeding
1GWas seen ifrigureB-4a. Zero fieldSTS FigureB-4b, shows finitedifferential conductance

at the neutrality point, consistent wite finite DOSexpected for bulk graphite. The finite field
spectra shown irFigure B-4c are again consistent with bulk graphite Landau levelexyuence

is observed consistent with the energy dispersion normal to the surface. In summary the data in
region C presents the characteristic features of bulk graphite.
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Figure B-5. Landau level spectroscopy of graphene a) Evolution of Lnadau levels with field at 4.4 K and indicatel
values of field b) LL energiesplotted against the reduced parameter (NBY? collapse onto a straight line indicatng
square-root dependence on level index and field. Symbotepresent thepeak positions obtained from (a) and the solic
line is a fit to EQ.(9).

The situation is qualitatively different in regidd, wherethe atomic resolution sp&oscopy
image FigureB-4d) showsthe honeycombstructurein the entire regionwhich extends over ~
400nm, with no visible vacancies or dislocationSTSin this regionin zero field,Figure B-4e,
showsthat theDOS is V-shaped and vanishes at tB® which is ~16meV above the Femi
energy( taken as zerodorresponding tainintentionalhole doping with a concentration ok~
2x10%n?. In the presence of a magnetic field the DOS develops $hapeaks(Figure B-4f).
Thethreeresultsin Figure B4d,e,fare consistarwith intrinsic grapheneln order b verify that
the sequence opeaks inFigure B-4c does indeeaorrespondo masslesPirac-fermions,Li et
al. [65, 66] measurd thedependence of theeak energiesn field and levelindexand compare
themto the expetedvalues(Eqgn. 5)

B0 © COL D N=0, p8 B
whereEp is the energy at thBP. TheN=0 level is a consequence of the chirality of the Dirac
fermions and does not exist in any other kndawo dimensional electron systerhhis field-
independent state at tHaP together with the squai®ot dependence on bofield and level
index, are the hallmark of massless Dirac fermionghey arethe criterionthat is usedor

identifying graphene electronically decoupled from theviemmment or for determining the
degree of coupling between coupled layassdiscussed below

The field dependence of the STS spectra in region G, shofigune B-5, exhibits arunevenly
spaced sequence of peaks flanksiyghnetrically, in the electron and hole sectors, a peak at the
DP. All the peaks, except the o theDP, which is identified with the N= O LL, fan out to

higher energies with increasing field. The peak heights increase with field consistent with the
increasing degeneracy of the LLs. To verify that the sequence is consistent with massless Dirac
fermionswe plot the peak positions as a function of the reduced para(nlNetByl’z as shown in
FigureB-5b. This scaling procedure collags all thedata unto a straight lin€omparing to Eqn.

9, the slope of the line gives a direct measure of the Remiity, ve = 0.79x16m/s This value
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is ~ 20% below that expected from single particle calculations and, as discussed later, the
reducton can be attributed to electrphonon(e-ph) interactions.

We conclude that the flake marked as region G is electronically decoupled from the substrate

Landau Level Spectroscopy

The technique described above, also known as LL spectroscopy, was dewsidped al [65,
66] to probe the electronic properties of graphene on graphite. They showed.Lthat
spectroscopyan be used to obtainformation about the intrinsic properties of graphehe:
Fermi velocity, the quasiparticle lifetime, treeph coupling andthe degree of coupling to the
substrate LL spectroscopyis a powerful technique whiclgives access tdhe electronic
properties of Diradermionswhenthey define the surface electronic propertésa materiabnd
whenit is possible to tunnel into the surface states t€ohnique wasdopted anduccessfully
implemenéd to probe massless Dirac fermions other systems includinggraphene on
Si0[120, epitaxial graphene on Si{150, graphene on Atl5]] and topological insulators
[152 153.

An alternativemethod of accessing the LLs is to probe thevedid optical transitions between
the LL by using cyclotron resonance measurements. This was demonstrated in early experiments
on SiO,y[154, 155, epitaxial grapherié56 and more recently on grapHil&7].

Finding graphene on graphite

The flake in region Gof Figure B-3, exhibits all the characteristics ahtrinsic graphenei
honeycomb crystal structure, V shaped D@ich vanishes at thBP, a LL sequence which
displaysthe characteristic square root dependence on field and level emiéxontains an N=0
level. Onecan se these criteria to develop aipecfor finding decoupled graphene flaken
graphite For a successful search one needs the followingdTM with a coarse motothat
allows scanning large areas search oftacking faults or atomisteps Decoupled graphene is
usually found covering ueh faults asshownin Figure B-4. 2) A fine motor to zoom into
subatomic length scales after having identified a regfonterest If the aomic resolutiorimage

in this region shows a honeycomb structure dsignre B-4a one continues to the next step. 3
Scanning tunneling spectroscopy. If the region is completely decoupled from the substrate the
STS will produce a V shaped spectrum ag-igure B-4b. 4) The kst and cruciastep isLL
spectroscopy. A completely decoupled layell exhibit the characteristic single layer sequence
and scalingas shown inFigure B-4c. In the presence of coupling to the substrate the LL
sequence is modifiedmportantly LL spectroscopycan be usedo quantify the degree of
coupling to the substratas discusseldter in the section on muliayers

Landau level linewidth and electronrelectron interactions.

Comparing the LL spectra igureB-4c with the idealized sequence ejual heightelta peaks

in FigureA-7, it is clear that thepectrum is strongly modified by fanite linewidth. The data in
Figure B-5 is resolution limited so irorde to access the intrinsisroadening of the LL high
resolution spectrare obtainedby decreasing the ac modulatiomtil the spectrum becomes
independent of the modulation amplituddne peculiar V shaped lower envelope of the spectrum
is a direct conseaunce of the square root dependence on energye ahowbelow. Similarly,

the downsloping of the upper envelopds a direct consequence of tlieear increase in
linewidth with energy.
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Figure B-6. Quasiparticle lifetime in graphene a) Landau level spectrum at 4.4K and 4T. (ac modulation 2mV, setpo
53pA at 300mV). b) High resolution pectrum on the hole side (symbols) together with fit with sequence of.orentzian
peaks(solid line). The inset represents the rergy dependenceof the peak widths. ¢) Simulated overall density of state
including the energy dependence of the linewidth.d) Individual peaks used to obtain the spectrum in c.

The sharpness anthrge signato noise ratioof the LL peaks mkesit possible to extract the
energy dependence of the quasiparticle lifetirom the spectrumThe level sequence can be fit

to high accuracyvith a sum of peak functions centered at the measured peak erzargieish
theline width of each pealeft asfree parameter€omparing fits with various linghapesi.i et

al found thatLorentziars give far better fits thaiGaussiaa This suggestghat the linewidth
reflects theintrinsic quasiparticldifetime rather than impurity broadeningrom the measured
energy dependence of thieewidth (Figure B-6b) they found that the inverse quasiparticle

lifetime is

whereE is theLL energy in units of eV,g~9fs/eV, ando~0.5ps at thé-ermi level.Thelinear
energy depender of thefirst termis attributed to the intrinsic lifetimef the Dirac fermion
quasiparticleslt was shown theoreticallj15§, that graphene should displayarginal Fermi
liquid characteristis leading toa linear energy dependence of the inveygasiparticldifetime
arising from electrontelectroninteractions as opposed to the quadratic dependence in Fermi
liquids. Theoretical estimatesf the life timein zero field giveg~20fs/eV.Since he electron
electron interactions amenhancedn magnetic field,t is possible that the agement would be
even better ifcalculations were made in finite fieldhe energy independetgrmin Eqn. 10
corresponds toraextrinsicscattering mechanismvith characterist mean free path ok

0 t*x 1 mMEnd8This is comparable to the sample size indicating that extrinsicscattering is
primarily due tathe boundariesandthat inside the sample the motioressentiallyballistic. Note
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that had this been a diffusive sampleith the samecarrier density( n_ =33 10°cm? ) and
mean free pattits transpat mobility wouldbe: 777=evl . /E; = 220Q000cnT /V (3ec.

Line-shape and Landau level spectrum

Several factors contribute to produce the envelope otthspectraFig. B-2c: the finite
lifetime of the quasiparticles which is inversely proportional to the linewidduneven spacing
of theLL and the energy dependence of the linewidtngure B-7 illustrateshow theV shaped
lower envelope of the spgum builds up as the individuadlL s getbroaderwheneach level has
the same width and the same degeneracy (or peak area). Since the peaks are uneveily spaced
Egn. 9), the overlap between peaks increamdsigher energiedience the increasing backgnal

Figure B-7. The origin of the V-shaped bakground in the DOS.Left panels:illustration of the levelsand their increasec

overlap as the linewidth is increased from the top to the bottom panel. The area under each peak is kept the cons

Right panels: overall density of statesThe un-evenly spaced peaks overlap to produce the-8haped background. Energ

unit E.=  @o. |.

in the overall DOS with increasing energy away from t@NP (which here coincides with the
Fermi energy) Comparingto the spectrum irfrigure B-4c we note thathat theN=1 peak is
higher than th&=2 peakwhich is not the csein the simulated spectrén order to simulatéhe
downtturn of the uppeenvelog away from zero energy seen in the high resolution spectra of
FigureB-6aone has to require the peak width to inseewith energy, as shown kigure B-6d.

Electron-phonon interaction and velocity renormalization

The single-electronphysics ofthe carriers irgraphene is captured in a tighihding model[11].
However, mambody effects are often not negligibl&b initio density functional calculations
[159 showthat electrorphonon (eph) interactions introduce additional features in the electron
selfenergy, leading to a renormalized velocity at the Fermiggne 0 p _ , where

Vro IS the bare velocity and is the eph coupling constant. Away from the Fermi energy, two
dips are predicted in the velocity renormalization factor, 0 70 , at energie®©® 9] ,
wherewp, is the characteristic phonon energy. Such dips give rise to shoulders in the zero field
DOS at the energy of the relevaphonons and can provide a clear signature of thepk
interactions in STS measuremenife tunneling spectra measured owlexaipled graphene
flake on graphiteexhibit two shouldes that flankthe Fermi energyare seenaround +150meV
(Figure B-8) which are independent dip-sample distarefor tunneling junction resistansen

the range3.8-50GW.
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Figure B-8. Zero field tunneling spectraat 4.4K. Thick line is the DOS calculated according to Eq.4). Thin lines are
tunneling spectra taken with different tunneling junction settings. Circles highlight the shoulder features signalin

deviations from the linear density of states

Further analysif these featuregequires a calibration of the zero fidDS. This is done B
usingthe information obtained fromL spectroscopyo ascertairmassless Dirac fermiomature

of the excitations in this areandto obtainthe average value of for energies up to 150meV.
The next step is to compaitee expectedOS per unit cellwith the measured spectrum in order
to calibrate the arbitrary units of dl/d%ince dl/dV is proportional tthe DOS r (E), the linear
spectra at low energies ngureB-8 together with Eqn. 1gjive:

® TP Os

T
” s
pB” O —=

For an isotropic banda good approximation for the relevant energies 150meV) the
dispersion is retad to theDOSby

P8 Q0 s

"7 Qrst

The resultpbtained by integrating the spectrumiFigureB-8, is shown inFigureB-9a. Now the
shoulders inFigure B-8 appear as kinks in the dispersiofhe energy dependent velocity

obtainedfrom the dispersion:

pa& v

plottedin FigureB-9b resembleshat obtained by density functidrtheory: it exhibits two dips
at the energy othe optical breathingphononA;§ ~° 150meV, suggesting that this phonon,

which coupl es

t he K

velocity renormalizationlncidentally, this same phonon is involved in producing the D and 2D
peaks inthe Raman spectt graphene.

The A phonon

has very |

arge

ne

wi dt hphf or

coupling. However, the line width decreases signitigafor bilayer graphene and decreases

even more for graphitg160, 161]. Therefore eh coupling throughthe A6

phonon

suppressed by interlayer coupling and thghenduced velocity renormalization is only observed
in single layer graphermdecoupled from the substratéonsequentland paradoxicallyhe Fermi
velocity in multilayer grapheneill be closeto the bare value, as discussedhenext section
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Figure B-9. a) Energy-momentum dispersion of graphenebtained from the data in Fig. B8 as described in the éxt. b)
Energy dependent Fermi velocityobtained by differentiating the dispersion ina . ¢) Schematicdiagram of inter-valley
scattering mediated bythe A6 phonon.

Multi -layers - from weak to strong coupling

Unlike in conventional layered materials, interlayer couplinggraphenes relatively easy to
tune. For example, ifrigure B-3a, the from region G to region W turns on the interlayer
coupling which breaksthe sublattice symmetry Therefore the atomic resolution STM
topography appears differemt the twodecreas in graphensubstrate spacing when crossing
regions: triangular in W Figure B-3e) and honeycomb in GF{gure B-3d). The effect of
coupling onthe electronic structures illustrated by comparing STS of the two regions in

FigureB-10.
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Figure B-10. Effect of interlayer coupling on STS spectra corresponding to the graphene flake shown in Figure-B. a,b)
Zero field STS in region G and W c) LL spectrum at 4T in region G.d) LL spectrum at 4T in region W.
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In zero field we note that the DOS vanishes atGh# in regionG, but remains finite iregion
W, as seen ifrigureB-10 (a)b). The difference irLL spectroscopy is even mgoeonouncedthe
simpleLL sequence in region,&igure B-10c, evolves intothe more complicatedspectrumin
region W, FigureB-10d.

Stacking faults and other defects in HOPG cause decoupling of the layers. Therefore, one often
observe strongLL spedra in some regions of the surface of HOPG after cleavage, but usually
more than one sequence is obseinelitaing coupling to thesubstratg66]

For an AB stackedvilayer the interlayer coupling t. , the two-banddispergon of the single
layerevolves intdfour band4162:

pB 0 -st, t. 1To0 Qs

We note that the single layénear dispersion is recovered in thienit of zero coupling.For
finite interlayer couplingthere are still two bands touchir(&igure B-11) at the CNP, but
becausehe bands areo longer linearthe DOS does not vanish at theCNP. The other two

bands are separatdry an energy gapt2, leading toDOS jumpsat * t.. Such jumpsare

difficult to resolve inthe STS A more accurate and diregteasureof the couplingbetween the
layerscan be obtained fromal spectroscopy.
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Figure B-11. Simulated dspersion ¢op row) and density of stategbottom row) for graphene bilayer for indicated
values ofinterlayer coupling strength t.
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Energy (meV)

Distance

Figure B-12. Effect of interlayer coupling onLLs for graphene bilayer. a) Topography of flake showing the boundar
between decoupled region G and weaklgoupled region W. LL spectra at 4T as a function of position were record:
along the | ine marked fAdo. b) Evol uti on o fashols asqpattative
change occurring across the ridge between the two regions nkad by the dashed line. Intensity represents the
amplitude of dI/dV. Typical tunneling spectra are shown in Figs. 9 ¢ and &) Comparison of spectra in region G wit|

calculated sequence using eqn. 15 as a function of interlayer coupliy for B=4T. The sequence matches t|

positions of LL corresponding to zero coupling. d) Same as in region W. The sequence matches the positions of
corresponding to finite interlayer coupling of 45 meV.

In the presence of magnetic field, interlayer coupling modifies the simple sequence of massless
Dirac fermions of Eq.14) into [167]:

c-
C:
e

pB8O O 'Q)Uéfp —cb p p —cO p —0

wheredo t. — Once interlayer coupling turned on, the single layer sequence splits into

two, onebendingtoward E, and the other away from itL crossings occuwith increasing
coupling whichleads tonewpeals as seelin FigureB-10d. The evolutiom of LLs from region G
to region Wis shown inFigureB-12. Comparing the LL spectria region Wto the theoretical
model for a bilayer with finite interlayer couplingre obtain as shown inFigure B-12d, an

estimateof t,~45meV in this region[163 which is about one order of magnitude below the

equilibrium coupling valueAlthough the simple model discussed above captures the main
features ofFigure B-12, some subtle details, e.g. elecHtumle asymmetry, have not been
addressed.

In the limit of equilibrium interlayercoupling, t. = 400meV (the standard bilayer cas#)e

spectrum consists ahassive qasiparticles Theseare qualitatively different from those in
conventional two dimensional electron systeamsl are described ashiral massive fermions

carrying a Berry phase @p [164]. TheLL sequencén the bilayer is ‘O al 00 p
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where] — the cyclotron frequencym* is the effective band mas%he energy levels in this
sequence are linear in field and te0 LL has double the degeneracy of the otlies.

For trilayer graphene with Bernal stacking, massless Dirac fermions and massive chiral fermions
coexist[66, 165. As the number of layers increases, the band structure becomes more complex.
However, for ten layers or lessgetimassless Dirac fermions always show up in odd number of
layers[166]. Furthermore, changing the stacking sequences away from the Berkihgcan

strongly modify the band structuf@67, 168. The massive sequence can vary from sample to
sample as it is controlled by interlayer coupliitg]. However, the massless seqce is quite

robust, showing very weak sample dependence. For graphene multilayers, i.e. when sequences of
LLs coexist, the massless sequence gives a Fermi velocity of 1°8¥s1®&hich is close to the
unrenormalized value. This supports theoretichexpectation thag-ph coupling through A’is
suppressed by interlayer coupling as discussed in the previous section.

4, Twisted graphene layers

Graphite consists of stacked layers of graphene whose lattice structure contains two
interpenetrating triangal sublatticesA and B. In the most common (Bernal) stacking, adjacent
layers arearrangedso that B atoms of layer 2 (B2) sit directly on top of A atoms of layer 1 (Al)
and B1 and A2 atoms are in the center of the hexagons of the opposing layergidphene
layers are rotated relative to each other by an angieaway from Bernal stackinga
commensuratsuperstructure, also known a€ patternis producedThe condition leading

to Moiré patters can be obtained from elementary  geonj&69
cos@ ) =(3*+3+1/2)/(3*+3i +1), with i an integeriE0, g = 60 corresponds AA stacking

andi- @, g=0 to AB stacking) and lattice constant of the superlattieexay3? +3 +1 where
as ~ 2.46A is the atomic lattice constant. In a continuum approximativs,period L

Figure B-13. Moiré pattern corresponding to a twist angle of 1.790btained by STM topographyon a graphite surface
a) Large area image showing the supdattice. Scale bar: 50nm.b) High resolution image showing the atomic lattic
Scale bar: ®0Opm. c) Zoom into abright spot in panela. Scale bar: 200pm.d) Zoom into a dark spotin panela. Scale
bar: 200pm. Insets: Fourier transforms of the main images.
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corresponding to a twist angéds given by:
&
¢OE t—’—
An alternativeway to understanéq.(16) is to note that whetwo graphene layers rotatgainst

each other, the two hexagarBrilouin zoneslso rotate KigureB-15a) around the5 point As a
result the K points of the two lattices sepatate displacemeridK:

pPe o

o . T L L
PXx U 0I7IG(1')O Eé
These displacementgtors form a new hexagon, which corresponds to the Fourier transform of
the Moiré pattern. Eq.@) can be deriveffom Eq.(17) by usindK= 2p/L. The new hexagon is
rotated by 30-¢g/2 relative to the original onfor small anglesas seen experimentally Figure
B-13.

The freedom of stacking between graphene layers is so large that twisting away from the
equilibrium Bernal stacking ipossible for avide range of rotation angles resulting in a variety

of Moiré patterns Thesepatternswere observed very soon after STddcame widely available
andmadeit possible to explore the topography of graphite surfaté$ 170. An example of a

Moiré patternon the surface HOP@ shownin Figure B-13. The highly orderedtriangular
patternhasa period of ~ 7.7nm, much larger thametlattice constant of graphen® better
understanding of the pattern is gained by zooming into the bright and dark spots with atomic
resolution Figure B-13c,d. For the bright spotsof the patterrthe underlyingattice structure is
triangular,indicaing Bernalstacking. In between the bright spatiess ordered honeyconiilie
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Figure B-14. Twist angle dependence of moire patterns and van Hove singularities. Top row: Moire pattern f
decreasing twist angles, a) 20.8 b) 3.94&) 1.78 and d) 1.18 . Scale bar: 1nm for panek and 2nm for the rest. Botton
row: density of states showing van Hove singularities for indicated twist angles. e) Differential conductance for b
large twist angles and untwisted regionshows no VarHove singularities.. (fh) As the twistangle decreases from 3°
to 1.16 the period of the moiré pattern increases and the separation between van Hove singularities decreases.
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structureis seenndicaing lost registry between layers due to twistifitpe connection between
twist angle and the Moiré pattern period is directly revealed by comparing the patteita and
Fourier transform shown iRigure B-13. The evolution of the pattern with twiahgle (Figure
B-14) illustrates the decrease in period with increasing twist angle.

While twistinduced Moiré patterndiave been known and understood for many years, the
surprising discovery that the twist between layers also has a profound effect on the electronic
band structure came only recenily’1]. This realization has led to a flurry of research into the
connections between interlayer twist and electronic propdti&s187. Compared to the nen
twisted case where the DOS increases monotonically with distance from thé-igheB-14e,

Li et al.[17]] found that twisting away from Bernal stacking produces two pronounced peaks in
the DOS which flank the CNP on both sidegyure B-14f,g, and thattheir separation increases
with the angle of rotationTo understand the origin of the peaks in the DOS we consider two
adjacent Dirac cones belonging to the different layefSganreB-15a. It is immediately obvious

that the caes musintersect at two points at energieo0 Y0 in the hole and electron sectors.

At these points and not at the DP as is the case in Bernal stacked layleestwo layers can
couple toeach other with coupling strengfiorderd6  T&0 [169. Here,0 is the interlayer
hopping for unrotated layer#t the intersections of théwo Dirac conestheir bands will
hybridize(if the coupling between layers is finit&igureB-15b, resulting in saddle poisin the
dispersion These giverise totwo Van Hove singularities which symmetrically flank t6&P

and are seen as peaks in the D[Q%], 18§. It is important to realize that in the absence of
interlayer coupling the/an Hove singularitieswill not appear.The separation between Van
Hove singularities is controlled by the twist angjeFor angles Zg<5 , the separation

is

p® YO 0 Y0 ¢o

Das

Figure B-15. Twist angle dependence of band structure and density of states for a twisted graphene bilayer. a)
Bril louin zones of the two layers (green and red) are rotated with respect to each other by the same angle as their re
rotation in space b) Saddle points in the band structure, marked sp, occur at positive and negative energies correspon
to the intersection of the Dirac cones calculated fog=1.79, ty ~ 0.27eV. c¢) The density of states exhibitsvan Hove
singularities at the saddlepoints.
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Figure B-16. a)Twist angle dependence of energy separation between Van Hove singularities for experimental da
compared with theory. b) Twist angle dependece of the Fermi velocity. Comparison between theory (solid line) a
experimental data (symbols). The question mark at small angles corresponds to a band structure where merging of
Van Hove singularities precludes analysis based on a LL sequence.

A comparison between the measured peak separation and the theoretical calculation is shown in
Figure B-16a. As the Van Hove singularities separate from each oth#r increasing twist

angle, the low energy sector of the Dirac cones in each layer are less disturbed. Therefore, for
sufficiently low energiestheelectrons in twisted layers can behave like massless Dirac fermions

in a single layef169 172177]. However, the slope of the Dirac cone, i.e. Fermi velocity, still
reflects the influence of the Van Hove singularitiegadiag to a renormalized Fermi velocity
which depends on twist andl&69:

— o]
; p W ——=
L 20 Yu

0
p @

The velocity renormalization can kbabserved experinmally by using LL spectroscopy on
twisted layers ira magnetic field18§. In FigureB-17 weillustratetheseresults in two adjacent
regions, one of whichM, is twisted.In region M;, a Moiré pattern with period 4.0nm is
resolved, while in regioM,, the pattern is not resolved indicatiag unrotated laygor a much
smallerperiod. In zero field, STS reveals Van Hove singularities in rediarbut not in region
M, even for biasvoltages up to +500meYfFigure B-17b,c). In both regionsSTS in magnetic
field (Figure B-17f,g) shows LLs of massless Dirac fermions witkermi velocities of
0.87x16m/s and1.10x16m/s for regionsvl; andM, respectively.

The velocity renormalization is significant only for twist angles smaller than ilgreement
with theay (Figure B-16b). At large angles, the Dirac cones for different graphene layers are
well separated so thathe low energy electronic propertieend the Fermi velocityare
indistinguishable from thosia a single layef12Q. At very small angles less than 2lenoted
as a question mark iRigure B-16b, the van Hove singularities become so domirthat the
description of the low energy excitations in termassless Dirac fermions no longgplies For
example &g ~1.79 individual contributions to that spectrum froohs and from van Hove
singularitiescan no longer be identified:rror! Reference source not found. Eventuallythe
van the Hove singularities themselves show-miwnal field dependencg12(. Moreover,a
strong spatial modulation is obseniadhe DOS mapsat small angles, indicating the formation
of a charge density wayé&71, 17§.
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Figure B-17. Velocity renormalization in twisted graphene. a) STM images show region Mwith a twist angle of ~3.48
and region M, with no twist. b) Zero field tunneling spectra show van Hove singularitis , mar ked as |
M. ¢) Tunneling spectra in a field of 6 T show indexed Landau levels. d, €) LL maps shows evolution with magnetic
in the two regions. The apparent discontinuities are the result of using discrete field points to genezahe maps. f,g) LI
peak positions plotted against reduced field show collapse of the data. Fit to Eqn. 9 gives the Fermi velocityov87x16
m/sin M; and vg=1.16x16 m/s in M.

It is important to note that the mechanism of downward velocity renormalization in twisted
layers is distinctly different from that in isolated grapht&yers discussed in previous sections

In the twisted layers the renormalization only occurs in the presence of coupling between layers
and its magnitude is a senséivfunction of the twisangle. By contrast the velocity
renormalization observed in the depled graphene layer supported on grap(fitgure B-5b) is

due toe-phinteractiors. If the 20% renormalization of the Fermi velocity seen in tluzga was

due to coupling between twisted layetse twistanglewould have to b~3.2° accordingto Eqgn.

19. Such a twistvould result inhardto-miss features: Moiré pattern witha periodof 2.54nm

(18 lattice pecing) in STM topographyand two Van Hove singularity peaks in the STS
~400meV apartThe absence of these features suat twistinduced decouplingn the partially
suspendegraphene layeshown inFigure B-3. In the previous section ehaveshown that the

e-ph coupling via the A’ phonon is strongest in decoupled single layer and that it ectess
important as the coupling between layers increa@sswe show inFigure B-16b the twist
induced renormalization becomes negligible for angles exceedthd-a@0 example the Fermi
velocity corresponding to the 26.8vist-angle,ve=1.1%10° m/s is almost identical to that in
multi-layers with Bernal stacking, suggesting tlegih coupling via A°is also suppressed in
twisted layers
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Figure B-18 Field dependence oBTSfor atwist angleof 1.79". LLs ride on the van Hove singularitiesThe STS show strong
spatial dependence across the oiré pattern. The positions where the spectra were takenirfdicated by arrows) correspond to a
bright spot (left panel) and dark spot (right panel). The vertical scales in the right panels is magnified compared to the left par

to compensate for the lower sianal intensitv in the dark spots.
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therefore of great interest.

dl/dV(a.u.)

Figure B-19. Low temperature (4.4K) STS of graphene on a chlorinated Si© a) DOS map shows the evolution of LL peal
which fan away from the Dirac point and become better resolved with increasing field. b) LL spectra show well defined pe
above 7T. Adapted fromA. Luican et al Phys. Rev. B, 83, 041405 (R), (2011). Evolution of LL across the sample at 12T <
well separated strips, corresponding to LL peaks (bright regions) separated by gaps (dark regions). The STS trace in
illustrates the correspondence between LL peaks anbright regions in the map. The spatial uniformity of the spectri

Graphene on chlorinated SO

The existence of electramle puddles strongly modiethelLLs in graphengl119, 120, 189
prevening thar observation with ST$190. One way to overcome ¢hsubstratdimitation

without sacrificing the ability tagateis to use suspendeshmples As discussed irpart C,
transport measurementé suspended samplbave shown that in the absence of the substrate
the intrinsicDP physics includingnteraction effects is revealg¢@l, 27]. However,due to their
fragility, small size and reduced range of gatimg use of suspended samples is limitgdding

a minimally invasive insulating substrate on which graphene can be gated and also visualized is
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indicaties that it is possible to place the Fermi energy within a gap between LLs.












































































































