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量子ホール効果・Laughlinの議論
Mother of topological phases
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Topol. char. by edges

R. Willett et al.
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Conventional QHE 
Landau Level and Integer QHE
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QHE of Semiconductors 
Landau Level of Valence band (Holes)
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QHE of Semiconductors 
Landau Level of Conduction band (Electrons)
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Edge states are topologically stable Topol. char. by edges

Edge states are chiral 

One way going !!

Cyclotron motion  by Lorentz force F = �ev ⇥B

Currents are canceled in the bulk but induces a boundary current

Edge states

Cannot stop !

No back scattering

Stable for impurities !!

X Topological stability 
of 

Chiral edge states



One-way edge modes in gyromagnetic photonic crystals

Levinson’s theorem to the Friedel’s sum rule
Surface states of Semiconductors & polarization

Solitons in polyacetylene

Edge states in quantum Hall effects

Local moments in integer spin chains near the impurities

Zero bias conductance peaks of the d-wave superconductors

Zero energy localized states of graphene

Quantum Spin Hall Edge states

Edge states in 2D cold atoms in optical lattice

Spin Ladder with ring exchanges

Everything started from here
discuss laterテキスト



Stability of the quantized Hall Conductance
Edge states and Hall conductance �xy Halperin ‘82

Landau gauge in yE
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Laughlin’s undetermined       : # of Landau Levels below n EF

Edge states are essential in the QHE !
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2 states are carried from L to R

Topol. char. by edges



Stability of the quantized Hall Conductance
Gauge invariance and quantization of    
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Bloch Electrons in a magnetic field ( Hofstadter problem )
Graphene & 2D gapless superconductors

Universality for the Zero modes of Dirac fermions
Bulk--Edge correspondence of topological ordered states

Dirac Fermion & Zero modes

Quantum Hall effects, especially of Graphene
Lattice gauge fields in a parameter space

Non Abelian gauge structures in condensed matter

Ripples as Random gauge field in graphene

Realization of exact fix point of random Dirac fermions

Random Dirac ferimion & “real” Gauge field

Emerging Dirac Fermions in condensed matter



Energy spectrum of Bloch Electrons in a magnetic field
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�

�ij⇥

c†ie
i�ij cj + h.c.

ci : electron annihilation operator

Electrons in a 2D  periodic potential

Hofstadter ’76

The spectrum is fractal as a function of magnetic flux per plaquette

It might be realized by cold atoms?

+ magnetic field



Hofstadter’s Butterfly

Fractal in condensed matter

Self-similar

C. Albrecht, J.H. Smet, K. von Klitzing, D. Weiss, V. Umansky, H. Schweizer: 
Evidence of Hofstadter's Fractal Energy Spectrum in the Quantized Hall Conductance. 
Phys. Rev. Lett. 86(1), 147-150 (2001). 


