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Anatomy of the Hofstadter butterfly ! Iy !
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Energy levels and wave functions of Bloch electrons
In rational and irrational magnetic fields
Douglas Hofstadter, Phys. Rev. B 14 (1976) 2239
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Tight -binding electrons on a square lattice + magnetic field
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Weak field
Low energy expansion

E= 2tcosk, @ cok, —=#-tK

Landau quantization
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Self -similarity
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Self -similarity
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Self -similarity
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Self -similarity Density of states
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Large g: the bands are almost d peaks

r(B)=24 ¢ E)

Application : calculation of quantities
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Application : total energy for band filling
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Self -similarity  ¢jose to P effective field f =/
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Landau levels linearin f =/ -5
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Honeycomb lattice : graphene Rammal, 1985
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Graphene
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Low energy : 2D Dirac equation
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Square lattice
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2D Dirac Fermion in a magnetic field
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Reminder: massive 2D gas
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Graphene 2D gas

Doubly (valley) degenerate levels

Zero energy level
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Square lattice

Square half -flux quantum= graphene low field
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Square lattice half -flux quantum
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Motion and merging of Dirac points
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graphene Square lattice half -flux quantum

P. Dietl, F. Piechon, G.M., PRL100, 236405 (2006)

G. M., F. Piechon, J.N. Fuchs, M.O. Goerbig, Eur. Phys. J. B 72, 509 (2009)
Phys. Rev. B80, 153412 (2009)

P. Delplace, G.M., Phys. Rev. B82, 035438 (2010)



Tight -binding problem on honeycomb lattice Y. Hasegawa et al., 2006
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Motion and merging of Dirac pointsc
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Hybrid 2D electron gas : a new dispersion relation

Schrodinger Semi-Dirac Dirac

e= 5|2 &g
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P. Dietl, F. Piechon, G.M., PRL100, 236405 (2006)
G. M., F. Piechon, J.N. Fuchs, M.O. Goerbig, Eur. Phys. J. B 72, 509 (2009)
Phys. Rev. B80, 153412 (2009 )



« universal Hamiltonian » ) D-icq, +%
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The parameter [drives the topological transition
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This Hamiltonian describes the topological transition, the coupling between valleys
and the merging of the Dirac points
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Square lattice + staggered uniaxial potential 4
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Gap structure and topology
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Gap structure and topology LL degeneracy 9 eB
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Q : Where do the states come from ?



Berry curvature
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Berry connection
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Gap structure and topology LL degeneracy q= eB
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Q : Where do the states come from ?



A: from the edges !!!

- Finite square lattice 20*20

.

~

States in the gap : edge states Bulk-edge correspondance :
Chern number = number of edge states
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diamag/netic

paramagnetic

« skipping orbits »




z paramagnetic
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Finite size graphene



