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Two-dimensional gas of massless Dirac fermions in Experimental observation of the quantum Hall effect
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Graphene Landau Level and Half Integer QHE

l. I. Rabi, Z. Phys. 49, 507 (1928); McClure, Phys Rev. (1957), Haldane, Phys. Rev. Lett. (1988)
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What is the role of electron-electron
Interaction in graphene?
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Splitting of Landau Levels in High Magnetic Fields
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How to break sub-lattice symmetry?

Spontaneous Symmetry Breaking
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Quantum Hall Insulator OR Quantum Hall Ferromagnet?

Low magnetic field High magnetic field degeneracy break: two scenarios
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Quantum Hall Ferromaget!

Spin or Pseudo Spin Splitting? et
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Graphene QH Edge States for Quantum Hall Ferromagnet
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We expect metallic states all gate voltages!  avanin, ctat. phys. Rev. Let. 98, 196806 (2007)



Resistance Maximum for v =0 Quantum Hall State
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Metallic temperature behavior Insulator like behaviors for clean samples
P <A0KkQ @30T at high magnetic field 30 T.



Probing the Nature of v=0 QH state : Energy Gap
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Zhang, et al, PRL (2007)

Activation Energy Measurement
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Transport Gap Measurement at the Dirac Point

Hall Bar Measurement
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In the Quantum Hall regime

Filling factor
v#0: R,=V,/1=0
v=0: R,¥0

(only in graphene, see Abanin et al.)

Corbino Measurement

In the Quantum Hall regime

Oyx — | /Vbias =0

‘ Graphene Corbino

* Dielectric layer deposition

» Contact via fabrication

* Inner electrode
contacted by a ground plane




Quantum Hall Effect in Graphene Corbino Device
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Transport Gap in v= 0 state
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Degeneracy Lifting: Spin or Pseudo Spin?
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=0 Quantum Hall Splitting: Tilting Angle Adjustment
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Brief History of LL Symmetry Breaking Hierarchy

PRL 96, 136806 (2006)

PHYSICAL REVIEW LETTERS

Landau-Level Splitting in Graphene in High Magnetic Fields
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Quantum Hall States near the Charge-Neutral Dirac Point in Graphene
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8000 ‘
We investigate the quantum Hall (QH) states near the charge-neutral Dirac point of a high mobility
6000 v=1 - graphene sample in high magnetic fields._ We find that the QH states at filling factors » = *1 depend only
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Energy Gap Measurement: Cyclotron Resonance
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Landau Level Spectroscopy with IR Measurement
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Stormer, Phys. Rev. Lett 100, 087403 (2008).
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v=0 Gap Measurement by IR Spectroscopy
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Symmetry Breaking of v=0 QH state in Bilayer graphene

Bilayer QHE: Novoselov et al., ' ' ' '
Nature Physics 2, 177-180 (2006). 4
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Nature of Symmetry Breaking

Tilted Field Measurement
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Quantum Hall Effect in Suspended Graphene
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Fractional Quantum Hall State in graphene
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Magnetic field [T]

Landau Fan Diagram : additional FQH states (?)
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Insulating State at v = 0: Size of Gap
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Summary

Symmetry breaking of zero energy LL in ‘bulk’ graphene
SU(4) symmetry breaking hierarchy

Pseudo Spin (v = 0); Spin —manybody enhanced (v = +/-1)
Insulating bulk state at high magnetic field

IR gap Measurement
Magnetic field dependent ‘Bulk Gap’ v =0 QH state

SU(8) Symmetry breaking in bilayer graphene sample
Spin degeneracy lifting at the charge neutrality point

Fractional Quantum Hall Effect in Suspended Graphene
v = 1/3 FQH state observed

Potential other FQH states 1/3< v<1

Large gap in the insulating state at v =0
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