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QHE in Graphene

Introduction: Graphene devices
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MANCHESTER

Graphene
Novoselov et al., 2004

QHE in Graphene

Carbon allotropes

0D

Fullerenes

Curl, Kroto, Smalley 1985
Nobel prize 1996

1D

Carbon
Nanotubes

Multi-wall 1991
Single-wall 1993
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QHE in Graphene

MANCHESTER

o first truly 2D system
(that should not exist !!)

A monolayer of graphite
on SIMOX is visible
under an optical microscope

Other truly 2D systems
Novoselov et al., PNAS 2005

Graphene

e mono-atomic layer of carbon

e unique elecronique properties
(zero-gap semiconductor with
massless chiral Dirac fermions)
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QHE in Graphene
Making graphene devices

* Mechanical cleavage
of natural graphite

“peel off down to a single layer”

« Identification of
single-layer flakes
under optical microscope

« Contacting with Au contacts

« Mesa etching

Novoselov et al., Science 2004
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QHE in Graphene

Ambipolar field-effect transistor

holes 4K Field effect doping in a MOSFET

electrons
6 ] \

[~ Saturating at ( h/4e?)
In charge-neutrality point

4 A
graphite | Ay contacts
2 = SO,
—_— gate insulator
Si backgate
0—80 ' _210 | (') ' 4'0 | 80 Novoselov et al.,
Science 2004, PNAS 2005
Ve (V)
conducting without any charge carriers !!!
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QHE in Graphene

Introduction: Quantum Hall effect

» Introduction 304
» Graphene devices I 1

»Quantum Hall effect = n=2 :
101 i
» Single-layer graphene i /ﬁrd—
» Bandstructure of graphene - l 11

Ry (KQ)

» Half-integer QHE
» Room-temperature QHE

» Bilayer graphene
» Bandstructure of massive chiral Dirac fermions
» A new type of integer
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QHE in Graphene
Landau levels

Parabolic Dispersion Landau gquantisation
21,2
e _ [ 7 k* A E, =+ho,(N+%)+A/2]
2m 2
EA
electrons Level-degeneracy:
eB eB
k N =0.0,- -=4--
2 {
e = v=-¢
independent on
=g dispersion !
holes > D (E)
localised and extended states
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QHE in Graphene

Magnetotransport

sweep magnetic field
= successively depopulate Landau levels
= 1/B-periodic oscillations in R, (IS S oud 110 0
— quantized plateaus in R, = (h/ne?) B (T)

= R,, — 0in quantum Hall plateaus
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QHE in Graphene

Conventional qguantum Hall effect

. . Insulating at
. qugntlzed Hall conductl\{lt_y Sharge T
at integer Landau level filling point
2
A 3] ny (gs)
2|
elettrons
1__

s 2 o LUl
VEVEL 2 2o [ -0l

Hall conductivity
w
N
|_\

geB
holes ol k—w
_3__
4
electron/hole concentration D |
& HFML
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QHE in Graphene

Single-layer graphene

» Introduction
» Graphene devices
» Quantum Hall effect
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> Bilayer graphene
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> Conclusions
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Bandstructure graphene

QHE in Graphene

n-c{oped E(k)=xc7 Kk E=chk c~10%m/s

zero-gap semiconductor
linear dispersion

(relativistic particles)

Fermi energy
exactly on Dirac point

Wallace, 1947
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QHE in Graphene

Dirac equation in a magnetic field

Schrodinger Dirac
1 . , (c(p-eA))y =Ey
-(p- v=Ey
2m 2
(c? (B-eA)? )y =E*y
E: =2cheB (N + )
heB
e =$(N +7) E, = i\/ZC neB (N + %) integer QHE |
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QHE in Graphene
Chirality

honeycomb lattice:
2 triagonal sublattices (+/-)  w=sin¢ |+> +c0s¢ |—>

DA A AL A
'ié{i{ig

o

Chiral superposition of
sublattice wave functions
(pseudospin)
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QHE in Graphene

Chiral Dirac fermions in a magnetic field

relativistic Landau levels (a) graphene | o2+ o3
B 5 1.1 | el+, e2-]
Ey.=+y2c%eB(N+1+3) il
. / S
chirality index 2
. ho+, e0-
Landau level at zero energy  |—"| o N
shared between electrons and holes -200 s ’ 1 ]
-, +-
h3-, h2+
traditional Landau levels < (b) GaAs e3
o 200
= e2
= = - el
E, =2hiaw,(N+%) L Rig
0 ! I : |
0 20 40
" HFVL =
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QHE in Graphene

Landau levels in graphene

Level-degeneracy:

B eB_4eB
D (E) nL_gvgsT_ i

<-v=-(1/2)g v =0 Landau level at zero energy

half-filled with electrons and holes

= half-integer QHE
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Prx (KQ)

QHE in Graphene

Half-integer quantum Hall effect

Novoselov et al, Nature 2005
Zhang et al, Nature 2005

n (1012 cm-2)
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QHE in Graphene
Berry’'s phase

y=sing |+> +cos¢ |—>
u:*z

‘z

Chiral superposition of
sublattice wave functions

= Topological
Berry’s phase &
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QHE in Graphene

Room Temperature QHE

> Introduction

A mi ! c |
> Graphene devices & M\
£ 1.00 - g—g- - -
> Quantum Hall effect AN
45T
= 0.98
» Single-layer graphene 2 )
» Bandstructure of graphene o B 300 K
» Half-integer QHE 4 | =1 |,
g 2l 2
»Room-temperature QHE %[, oy
P— 2=
> Bilayer graphene 10f M[ |l
» Bandstructure of massive E | 5
chiral Dirac fermions w0 @ 0 ® e
V, (V)
» A new type of inteher QHE (
s Conclusions K.S. Novoselov et al.,

Science 315, 1379 (2007).
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Pux (KQ)

300 K

Vg (V)

4

previously only
below 30K !

Novosolov et al.,
Science 2007
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R,, (h/2€2)
H
o
o

0.98

QHE in Graphene

Room Temperature QHE at 45 T

GH MAGNETIC FIELD LABORATORY
FLORIDA STATE UNIVERSITY - LOS ALAMOS NATIONAL LABORATORY - UNIVERSITY OF FLORIDA

R,, quantized
within 0.1 %

2.5 3.0

With:

Z.Jiang," Y. Zhang, H. L. Stormer,
G. Boebinger,” and P. Kim,

Columbia University, New York, USA —

*National High Magnetic Field Laboratory,

norp (1013 ém'z) Tallahassee, USA

Novosolov et al., Science 2007
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QHE in Graphene
Gaps in graphene

Ey.. =SgN(N)y/2c%eB | N +1+1|

AE, =c.~/2erB (41 —vk) B=30T

AE,,
D (E) ‘ I
» E
T
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16’ QHE in Graphene

... more than just gaps!

« single-layer graphene:

E,, =+V2hc’eB ~2300K at30T

we do observe room-temperature QHE !

e conventional semiconductors:

AE,, =ZLB* ~600 K for GaAs no QHE at 77 K I!
m

~3000 K for InSb no QHE at 300 K I

chirality of edge states ?
mesoscopic samples ?
non-local transport ?
localization in graphene !?

 peculiar zero-energy level !?
¢ .....777
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holes electrons

E

4 K

o extremely robust
guantized Hall plateau
around v = 2

e survives high temperatures |

p =10 cm

10

20 30
B (T)
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Robustness of the QHE
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QHE in Graphene

Bilayer graphene

» Introduction
» Graphene devices
» Quantum Hall effect

» Single-layer graphene
» Bandstructure of graphene
» Half-integer QHE of chiral Dirac fermions
» Room-temperature QHE & activation gaps

» Bilayer graphene

» Bandstructure of massive chiral Dirac fermions
» A new type of inteher QHE

> Conclusions

with: Ed McCann and Vladimir Fal'ko
Department of Physics, Lancaster University,UK

DPG-Regensburg, 29.3.2007 ﬁ F M L

Science in High Magnetic Fields




Bandstructure in bilayers

QHE in Graphene

A-B stacking

. Inter-layer couplin > e
Y e e E(p)=i(%71+\/%71 +¢°p )
c. particle velocity

McCann, Fal’ko, PRL 96, 086805 (2006)
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20 QHE in Graphene

QED in a pencil trace

E(p)= J_r(moc2 +\/m§c4 + pzcz)

/ /

Inter-layer Intra-layer High energy physics
In a pencil trace

massive
relativistic Dirac fermions
chiral

DPG-Regensburg, 29.3.2007 ﬁ F M L

Science in High Magnetic Fields



QHE in Graphene

A new type of integer QHE

> Introduction

> Graphene devices K.S. Novoselov et al.,

> Quantum Hall effect Nature Physics 2, 177 (2006).
» Single-layer graphene ge’
st %y Cp)
» Bandstructure of graphene
» Half-integer QHE of chiral Dirac fermions 21
» Room-temperature QHE & activation gaps \ ‘\ ‘\ ‘\ ‘
1 2 3nh

i - . . eB
> Bandstructure of massive chiral Dirac fermions g

» Bilayer graphene / W \]/ \]/ \

» A new type of integer QHE b

> Conclusions
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Py & Py (KQ)

QHE in Graphene

QHE in bilayer graphene

hiae* e = re-establishment of integer QHE

(four-fold degenerate Landau levels)

= towards a conventional QHE
with a parabolic dispersion ?

G

10
B (T)

20 30

Novoselov et al, Nature Physics 2006
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QHE in Graphene

Unconventional integer QHE

N T=4K
\ « guantum Hall plateaus
k \ (of four-fold degenerate Landau levels)
\ 20T at integer filling factors
\\ N=+1, £2, £3, ...
121\ \\
| | | A N=0 plateau missing !

-2 0) 2 4
n (102 cm)
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QHE in Graphene

Landau levels in a bilayer

E, =+ho,/N (N -1)

B 0 forN =0
|+hw,(N+Y) for N -

8-fold degenerate Landau level
at zero energy shared equally /

between electrons and holes

topological (Berry) phase 2r
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23' QHE in Graphene

Three types of integer QHE

conventlonal relativistic unconventional
integer QHE half-integer QHE integer QHE
(semiconductors) (single-layer graphene) (bilayer graphene)
Loy (5 o o (5 oy ()
FY Ve 7 im YV} = Ak
(P:O 3 =T =3 (|)=27'C3

Eq =*ho (n+%)  E, =+ 2hc’eB(n+i+1) E, =Zho,/n(n-1)

von Kilitzing et al. Novoselov et al., Novoselov et al.,

PRL 45, 494 (1980) Nature 438, 197 (2005) Nature Physics 2, 177 (2006).
Zhang et al., McCann, Fal’ko,
Nature 438, 201 (2005) PRL 96, 086805 (2006)
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QHE in Graphene

QHE today

T =50mK; | =500 nA

=S
Q
T
N
[<+]

i
[
2
nfxd
(A

L o
some Ry = 25812.807 O
electronics
and magnet
To

DPG-Regensburg, 29.3.2007 ﬁ F M L

Science in High Magnetic Fields



QHE in Graphene

Future of QHE

B 300 K

2T

g 0o
E: &
NSl -2
-4
. N6
0 30 60
Vg (V)
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QHE in Graphene
Conclusions

Conclusions

 Graphene: a real two-dimensional crystal !

* single-layer graphene:
— relativistic electrons with a half-integer QHE
— room-temperature QHE
— towards a room-temperature quantum metrology ?

* bilayer graphene: a third type of QHE with
chiral, massive relativistic Dirac fermions

o after 25 years QHE is still alive

* high magnetic fields can help a lot
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QHE in Graphene
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News from the QHE in Graphene

Kostya Novoselov, S.V. Morozov,” D. Jiang, BEIAN@2125020
F. Schedin, and Andre Geim Lot
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Review: A.K. Geim and K.S. Novosolov, The rise of gaphene,
Nature Materials 6, 183-191 (March 2007).
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QHE in Graphene

Room-temperature QHE in graphene

300k 4 N\ -
45T %
| \
25 3.0
n (102 cm#)
B 300 K
sor 29T
F 3 E
=] 9
i 20 5 <
'-fu ] Ey %
} .2 —
I K.S. Novoselov et al.,
| _, 6 Science 315, 1379 (2007).
) 30 60

Vi, (V)
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