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why graphene:

high quality

Electric Field Effect

3

Au contacts

Si 2D crystal

O =neu =gg,uV,/d

Q
’é 2D NbSe, & MoS.:
0

0.5 to 3 cm?2/Vs
as in bulk at 300K

graphene: currently
up to 6,000 cm?/V-s at 300K

ballistic transport
on submicron scale



Quantum Oscillations in Graphene
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Band Structure of Graphene

cyclotron mass strongly depends concentration

Be=(h/21me)S and m_=(h%/21m)0S/0E cyclotron mass
experimental dependences E= m.ve?
Be~ nand m_~ n'?
necessitates S ~ E(k)? or E ~k Ve = 1.05x10° m/s



Quantum Hall Effect in Graphene

quadruple degeneracy:
plateaus are expected at h/4Ne?

Proc (KQ) Py KQ) o (KQ) o, (4€2h)
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half-integer QHE
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half-integer quantum Hall effect

o, (4€2/h)
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graphene |
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3/2
', fj relativistic analogue
'ly 7 _ of the integer QHE
_3/2
b
_7/2 1

0 n Nature 438,197 (2005)
also Zhang et al, ibid 201 (2005)
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QHE in bilayer graphene
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metallic state at v=0
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chiral QHE in bilayer graphene

N\
\ 12T 12T
N\ 6
- g
X 4
AN 2 i
- 1
1 1 1 1 O 1 1 l: \l/\/\
4 2 0 2 4 4 2 0 2 4
n (101zcm-2) n (1012 Cm-2)
n n
<> <+ <> <+

An  2xAn An  2xAn



- 1L “ole"‘

| c. .l'“l'

t z!di'uz;
Mmm

5




ILL a
zero

[t

Il
3 £
& N

2
2

r

ypes ofi:

B-integer”

li
| I{
|

f
|
|



pes of;

§-integer”

h ‘\ (.'{
‘ n
j B
| metalli
ra
z'




Minimum Quantum Conductivity

6 - —
Pmax 10K
no femperature
a4 dependence
5 in the peak
,. between 3 and 80K
0 .
80  -40 0 40 80
Z?I"O- Gp Vg (V)
semiconauctor
0.8 .
magnhetoresistance
— at the peak
a
\x_, 04— . . . .
3 NO field-induced localization

(classical magnetoresistance)




Minimum Quantum Conductivity

12

hl4e?

pmax

O \ I I
0 4,000 8,000 12,000
u (cm2/Vs)

quantized resistivity NOT resistance
(h/e? per spin and valley)
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Minimum Quantum Conductivity
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all theories predict
n-times larger value

O I I \
0 4,000 8,000 12,000
u (cm2/Vs)

is still missing



Minimum Quantum Conductivity
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annealing
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macroscopic inhomogeneity
leads to lower measured p,,

hl4e?+15%

h/4e2

network of

h/e2-resistors
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