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Graphene
~Magic of Flat Carbon
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All Natural-Materials: Are 3D

quasi-2D
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Nature-Utilizes Al Dimensions

400 carbon atoms at 2000 K

GROWTH
®
HIGH
TEMPERATURES
®
VIBRATIONS
MOST VIOLENT
IN LOWD

Fasolino (Nijmege

growthof macroscopic 2D/objects is /= strictly v forbidden

Peierls; Landau;Mermivia gner ; €
(only nrscale flat crystals possible to grow in isolation




No Bottom -Up far2D Crystals

C35

C10 . #

initial 16 d. b,
final 8 d.b.

final 12 d.b,

the FLAT sheetis

least stable configuration
for <24,000 atoms (Don Brenner 2002)
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largest known
flat hydrocarbon:
222atoms/37rings

(Klaus Millen 2002)



ONE-ATOM -THICK OBJECTS
HUGE MACRO-MACROMOLECULES?

(not only graphene)



Can We Get One-Atom-Thick: Materials?

forbidden growth
does not mean cannot be made

just extract
one atomic plane from a bulk crystal



Isolating individual atomic planes

O starting:point
' ' in <<2004
epltaX|a| O suggested in print:
g rOWth Nature Mater 2007
MANY MANY O
DIFFERENT O
EPITAXIAL SYSTEMS O

including graphitic layers
Grant 1970 (on Ru)

Bommel 1975 (SiC)
McConville 1986 (on Ni)

Nagashima 1993 (on Tic§ }  (méndlayer( ( =, chemically,
Forbeaux 1998 (SiC S1¢ . :
de Heer 2004 (SiC) (NI WS like SIN @ C membrane

GOAL: NOT EPITAXIAL LAYERS
but rather
MACROMOLECULES, ISOLATED ATOMIC PLANES



extracting individual-atomic planes

3D LAYERED MATERIAL

extract individual
planes




start with graphite Also: Kurtz' 19%hbese9950hashi 199
need: strongptane bonds Ruoff 199®hilip Kir@005; McEuen 200!

split into-increasingly
tthi-nner ~o0pa

until we found
a single layer
called GRAPHENE

L mr Manchestegcienc004 PNAS2005



extracting atomic planes en masse

SPLIT INTO
ATOMIC PLANES

ANY LAYERED MATERIAL
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WHEN YOU KNOW THAT
ISOLATED ATOMIC PLANES CAN EXIST



Splitting Graphite into Graphene

15 m|n centrlfugatlon

Manchester 'Na no | e
Colemanetal. . Natur e

relevant literature:
INTERCALATED GRAPHITE
TEM observations

of ultrathin graphite/graphene
from Boehm 1962

to Horiuchi 2004

few hours see Dresselhgt
sonication |
in organic RENAISSANCE
(SrC])I|Vel;1t starting witraphene oxide pee o
chloroform, f
DME, etc) RuoffNature006

al so, "Kerno6sh Ka



Chemically Removing Bulk

starting point

In <<2004
suggested in
Nature Mater 2007

epitaxial OO
Lo A L L L L LKL
growth AL
» OOOOOOOOE AN
removal RASARD
substrate AR ANN
b
transfer

making 2D crystals-out of epitaxial layers



Chemically Removing Bulk

startingpoint

carbon poison
ndCusurfaces
H QUALITY
RAPHENE

FIRST DEMONSTRATED

S K Kkbhgre:'Shanbregoee; €091 nc h r a
Ruoff et aSC|enc ooéu i r J



Many Other 2D Materials Possible

2D boron nitride in AFM 2D NbSe , in AFM

x a 1 mn
L ) - . —% e
2D Bi,Sr,CaCyO, in SEM 2D MoS,, in optics

ManchestdPNASS 0O



MESSAGE TO TAKE AWAY

MATERIALS OF ANEW KIND
ONE ATOM THICK

(atomic planes of graphite and other materials
were known before as constituents of 3D systems
but not aksSOLATERD crystals)

2D MATERIALS: not only from naturally layered r
any epitaxially grown monolayerwith strong bt

bits of graphene present in every ppaceil
- Important to isolate, stpdyye they are worth of studyin
and eventually make use ofthem




what Is so special
about graphene?



GRAPHENEOS ASUPE

thinnest imaginable material
St rongest mat er I amoreiabine V

stiffest known material (stiffer than diamond)
most stretchable crystal  (wpt020% etasticany)
record thermal conductivity = (outpertorming diamond)
highest current density at room T

(million times of those in copper)

highest intrinsic mobility = (00 times more than in si
conducts electricity in the limit of no electrons
lightest charge carriers = - e rest mass)
longest mean free path at room T = micron range)

mOSt Impel’meab|Q (even,He atom;c, cannot squeeze through)
e e e



EXCEPTIONAL
MECHANICAL
PROPERTIES



Graphene Membranes
100 pum graphene lattice

‘ . e T In SuperSTEM

r *
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‘e
- . i\ .
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individual SRS
oxygen S
atoms

b

_ one-atom-thick ManchesteNanoleti ONBa;t 'u'r e
single-crystal membranes see Ji Mey@0072009



Unsupported Graphene:

ManchesteNanoleth G

1 l <100nm

" 10%g
graphene crystallites
DO NOT ROLL UP OR BEI

careful studies by AFM
Youngdos modul u:

intrinsic strength 40 N/m
Hone, Science 2008
Van der Zant, APL 2007

les)

graphene slivers are extremely stiff =~

high Youngds modul us as of <cart



EXCEPTIONAL
ELECTRONIC
QUALITY



Our Graphene Devices

U optical imaging




AMBIPOLAR ELECTRIC FIELD ERFFECT

Manchester, Science 2004
the field effect prove
to be a very powerful

SiO),

graphene ELECTRONIC QUALITY

carrier mobility routinely :
upto~15,000cm?/ Vnjs at 3

o
I

intrinsic (phonon -limited) :
>200,000 cm?/ V nj s300K t

(higher thanin-any othermaterial ')
Manchester, PRL2008

resistivity (kW)
N

N
I

(=)

00 50 0 50 100 ballistic transport
gate vollage (V) on submicron scale
under ambient conditions



suspended devices

— Y.
y p

r(k W

20 [0

SdH oscillations start < 100G

(
1
\ NG5 K level degeneracy lifted < 600G
10

o mobilities > 1,000,000 cm 2/ V- nj s
remnant doping < 10° cm-?
charge inhomogeneity < 108 cm-?

n (1010 cmr?)



suspended devices

—

/,/‘ 16
121 T=2K 14+
zero B
§ 8l NO GAP
~
( METALLIC
down to 0.3K
4 -
A
r (k W 1 0 1 1 1
-2 -1 0 1 2
20" n (10%cnr?)
\ charge inhomogeneity < 108 cm-?
\ 5 K less than ONE DIRAC FERMION
101 N per micron -sized device
@QQ} (no electron -hole puddles)
&Q)
. | 200K - can probe the Dirac point

10 -5 0 5 10 within <0.1 meV or ONE particle
n (1010 cmr?)



EXCEPTIONAL

ELECTRONIC

STRUCTURE
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Finding Electronic Structure

B (T)
0 4 8 12

10K A 140K

12T
V, = -60V

80K
two spins & two valleys BT

degeneracy f =4
0 25 50 75 100

Manchestebcienc® 0 MNatused O |

Mo (KW

0.4

D s, (L/KW)

V
T g (V)
Dn =4B/§, '
o -
Al 8T c:é +10V
T | w
a)
h;é o +90V
, O.Y =const 0-
- 0 150
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Finding Electronic Structure

mass of charge carriers strongly
depends on concentration

0.06

0.02

-6 -3 0 3
n (1012cm?)

B-=(k/2" e)Sand m.=(k¥/2") & B
experimental dependences
B~ nand m_~ nt?
necessitates S ~ E(k)? or E ~k

Ve AF
-

ZERO REST MASS:
effective mass
E = m.vg2
Ve = 10° m/s °5%

in agreement with theory:

Wallace 1947, McClure 1956, Semenc



massive & massless Dirac fermions

half -integer QHE . .
relativistic analogue of integer QHE oracncooma lo-u s Q
M (KW S,y (4€2/h) S,y (4e2/h) I (KW)

T °° P N—-— 12T
-+ 25 3 b\ |

12T

101 - 15 2

— 0.5
----------------- - -0.5

o 1| R - 1.5

{1 Sk E EEEEEEEEE R - 2.5

SIS AWAVAY,

0 2 4 -4 -2 0 2 4

n (1012 cm2) n (1012 cm-)

E° °vBON E° °B,/N(N-1)

Manchestddatured 05 ;0 - (Natbré@ @ b1 a , Manchester+Lancasteture Phy® 0 6




massive & massless Dirac fermions

half -integer QHE . .
relativistic analogue of integer QHE craomooma liio-u s C
M (KW S,y (4€2/h) S,y (4e2/h) I (KW)

127 T 32

AN 12T
-+ 25 3 b N |

10

- 15 2

— 0.5
----------------- - -0.5

o 1| E—— 1.5

{1 Sk E EEEEEEEEE R 2.5

DIl RWRVAY, -3.5

-4 -2 0 2 4

n (1012 cm-?)

- ¢ -+
Hr=v_&e. . %

F%_iy

Manchestddatured 05 ;0 - (Natbré@ @ b1 a , Manchester+Lancasteture Phy® 0 6




EQUATION UNIVERSE BEFORE AND AFTER

ASichor © d ultnagglativistic massless massive

f ermi on spartlcles Dirac fermions chiralfermions
Hr= &2 /2m’ HE=c Gk HE=v SGE HF= S°GB2 /2m’
E

monolayer graphene bllayer graphene

metals neutron stars S e
and and 20006 e TP
semiconductors accelerators LT U DE



NEW PHYSICS

ACCESS TO RELATIVISTIC -LIKE PHYSICS
IN CONDENSED MATTER EXPERIMENT



EXAMPLE #1:
Klein Tunnelling



Klein Tunnelling

90°

I ) [rE—

Klein 1929 0
Katsnelson + Manchester 2006

0

N
1.0
-9Gorbachest al] Nanoleth 0 8

Standeet a| PRL6'0 9
Younget al Nature Phys 0 9



EXAMPLE #2:

conductivity
owhotthout O
charge carriers

Manchestadatured O



Minimum Quantum Conductivity

N 6 -
E =0 4 no localization
-— =3 In the peak
= down to 30mK
2 and
| for-millionn-range
mobilities
ZerO'gap O T T T
semiconductor 80  -40 0 40 80

Vg (V)



Minimum Quantum Conductivity

0 g u a n tconcuetidtyp

o data from 2007
2k NOT conductance
S (~€?/ h per spin and valley)
N
(;)E 1_----@%%9 ----- ooy o samples
with million mobility
1pl—o- when le leftmmy
O0 4,OIOO 8,600 12,(I)OO
m(cm?/Vs)
ROBUST METALLIC STATE
with high resistivity ~h/e: -2
Fradkin 1986; Lee 1993; Ludwi g 1994;
Peres 2005 Gusynin 2005; Katsnelson 2006;



EXAMPLE #3:

2rneavy nu clen

Shytowet al PRROO7
Castro Nett al PRR0OO7

K«



