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carbon nanotubes have “edge” states in transverse magnetic fields

the longitudinal currents from the edge states are quantized

the Hall conductivity is quantized in even steps of

J. González J. González andand

 

E. E. PerfettoPerfetto

he /2 2

more general “edge” states arise in curved graphene strips 



FromFrom
 

thethe
 

tighttight‐‐bindingbinding
 

hamiltonianhamiltonian

CONTINUUM LIMIT OF 2D CARBON LATTICES AND NANOTUBESCONTINUUM LIMIT OF 2D CARBON LATTICES AND NANOTUBES

oror projectingprojecting ontoonto thethe lowlow‐‐energyenergy dispersivedispersive branchesbranches
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thethe continuumcontinuum limitlimit introduces as introduces as manymany fieldsfields as as 
atomsatoms are are presentpresent in in thethe unitunit cellcell..

TheThe hamiltonianhamiltonian in in thethe spacespace ofof subbandssubbands becomesbecomes::
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whichwhich isis thethe hamiltonianhamiltonian forfor 1D 1D massivemassive DiracDirac fermionsfermions



TheThe
 

vector vector potentialpotential
 

has a has a modulationmodulation
 

aroundaround
 

thethe
 

nanotubenanotube
EFFECTIVE FIELD THEORY OF CARBON NANOTUBEEFFECTIVE FIELD THEORY OF CARBON NANOTUBE

ProjectingProjecting againagain ontoonto thethe lowlow‐‐energyenergy subbandsubband spacespace::
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andand thethe continuumcontinuum limitlimit isis obtainedobtained asas
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ThisThis combines combines nicelynicely whenwhen transformingtransforming back back toto thethe realreal‐‐spacespace angular variable  angular variable  
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TheThe effecteffect ofof thethe magneticmagnetic fieldfield entersenters throughthrough thethe usual usual gaugegauge couplingcoupling toto
DiracDirac fermionsfermions ((seesee H.H.‐‐W. Lee and D. S. W. Lee and D. S. NovikovNovikov, Phys. Rev. B , Phys. Rev. B 68,68, 155402 (2003)155402 (2003)))
butbut thethe couplingcoupling isis notnot in general so simple in a in general so simple in a curvedcurved geometrygeometry ((E. E. PerfettoPerfetto, , 
J. J. GonzálezGonzález, F. Guinea, S. , F. Guinea, S. BellucciBellucci and P. and P. OnoratoOnorato, Phys. Rev. B , Phys. Rev. B 7676, 125430 (2007), 125430 (2007))).    .    



WithWith
 

thethe
 

continuumcontinuum
 

fieldfield
 

theorytheory, , oneone
 

can can studystudy
 

thethe
 

developmentdevelopment
 

ofof
 

LandauLandau
 subbandssubbands

 
in in thickthick

 
carboncarbon

 
nanotubesnanotubes. . ForFor

 
R R = 20 = 20 nmnm

 
andand

 
magneticmagnetic

 
fieldfield

 
strengthstrength

 BB
 

= 0, 5, 10, 20 T , = 0, 5, 10, 20 T , wewe
 

getget
 

thethe
 

sequencesequence
 

ofof
 

bandband
 

structuresstructures
 

(E. (E. PerfettoPerfetto
 

et al.et al., , Phys. Phys. 
 Rev. B Rev. B 7676, 125430 (2007)), 125430 (2007))

LANDAU SUBBANDS IN CARBON NANOTUBESLANDAU SUBBANDS IN CARBON NANOTUBES

TheThe
 

magneticmagnetic
 

fieldfield
 

B B = 20 T  = 20 T  correspondscorresponds
 

toto
 

(so (so thatthat
 

thethe
continuumcontinuum

 
limitlimit

 
isis

 
justifiedjustified)  )  andand

 
magneticmagnetic

 
lengthlength

1.0)/(   BRa  ce ≈h

nm7.5/      eBc ≈h



EDGE STATES IN CARBON NANOTUBESEDGE STATES IN CARBON NANOTUBES
TheThe

 
importantimportant

 
pointpoint

 
isis

 
thatthat

 
thethe

 
statesstates

 
in in thethe

 
dispersivedispersive

 
branchesbranches

 
ofof

 
thethe

 
differentdifferent

subbandssubbands
 

are are localizedlocalized
 

atat
 

thethe
 

flanksflanks
 

ofof
 

thethe
 

nanotubenanotube

TheThe
 

“edge” states carry currents in the longitudinal direction, who“edge” states carry currents in the longitudinal direction, whose measurese measure
isis

 
givengiven

 
by by thethe

 
continuitycontinuity

 
equationequation

 
fromfrom

 
thethe

 
DiracDirac

 
operatoroperator::
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CURRENT QUANTIZATION IN CARBON NANOTUBESCURRENT QUANTIZATION IN CARBON NANOTUBES

TheThe
 

longitudinal longitudinal currentcurrent
 

isis
 

givengiven
 

byby

ItIt
 

can be can be shownshown
 

thatthat
 
isis

 
proportionalproportional

 
toto

 
thethe

 
slopeslope

 
ofof

 
thethe

 
dispersiondispersion

 
forfor

eacheach
 

branchbranch, , thatthat
 

isis
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ForFor
 

thethe
 

firstfirst
 

subbandsubband, , ifif
 

oneone
 

establishesestablishes
 

a a differencedifference
 

in in thethe
 

chemicalchemical
 

potentialpotential
betweenbetween

 
thethe

 
leftleft

 
andand

 
thethe

 
rightright

 
dispersivedispersive

 
branchbranch,,
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TheThe
 

HallHall
 

voltagevoltage, as , as wouldwould
 

be be measuredmeasured
 

in in thethe
 

flanksflanks, , isis
so so thatthat
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QUANTIZATION OF THE QUANTIZATION OF THE HALLHALL
 

CONDUCTIVITYCONDUCTIVITY

In In thethe
 

case case ofof
 

a linear a linear HallHall
 

voltagevoltage
 

dropdrop
 

aroundaround
thethe

 
nanotubenanotube, , oneone

 
may may stillstill

 
observe observe stepssteps

 
in in thethe

measuresmeasures
 

ofof
 

thethe
 

HallHall
 

conductivityconductivity:  :  

ForFor
 

thethe
 

firstfirst
 

subbandsubband
 

thethe
 

quantizationquantization
 

ofof
 
has has toto

 
be be accurateaccurate, , butbut

 
forfor

 
thethe

 
nextnext

subbandssubbands
 

itit
 

willwill
 

dependdepend
 

onon
 

thethe
 

profileprofile
 

ofof
 

thethe
 

HallHall
 

voltagevoltage
 

accrossaccross
 

thethe
 

nanotubenanotube.  .  
xyσ

E. E. PerfettoPerfetto
 

et al.et al., , Phys. Rev. B Phys. Rev. B 7676, , 
125430 (2007)125430 (2007)
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FROM CARBON NANOTUBES TO CURVED GRAPHENE STRIPSFROM CARBON NANOTUBES TO CURVED GRAPHENE STRIPS

ToTo
 

understandunderstand
 

thethe
 

transitiontransition, , wewe
 

can can cutcut
 

longitudinallylongitudinally
 

thethe
 

carboncarbon
 

nanotubenanotube::

QuantizationQuantization
 

ofof
 

thethe
 

HallHall
 

conductivityconductivity::
 

carboncarbon
 

nanotubesnanotubes
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CORRUGATED GRAPHENE SURFACESCORRUGATED GRAPHENE SURFACES

In general, In general, thethe
 

curvaturecurvature
 

ofof
 

thethe
 

graphenegraphene
 

surfacesurface
 

may may leadlead
 

toto
 

newnew
 

dispersivedispersive
branchesbranches

 
andand

 
newnew

 
edgeedge

 
statesstates::



dispersive branches are expected from the regions where the normdispersive branches are expected from the regions where the normal al 
component of the magnetic field vanishes, leading to diffecomponent of the magnetic field vanishes, leading to different forms rent forms 
of “edge” states                                           of “edge” states                                           

This shows that in general                                      This shows that in general                                      
the degeneracy of the Landau the degeneracy of the Landau subbandssubbands will depend on the topology will depend on the topology 
of the carbon lattice                                           of the carbon lattice                                           

graphenegraphene

carbon carbon nanotubesnanotubes he n  xy /)42(2 2+≈σ
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