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φφ00--Periodic Band StructurePeriodic Band Structure

Ajiki and Ando, J. Phys. Soc. Jpn. 62, 1255 (1993)
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‘‘Regensburg ButterflyRegensburg Butterfly’’ in a SWNTin a SWNT

Calculated by Norbert Nemec and Giovanni Cuniberti
ITP, University of Regensburg, D-93040 Regensburg, Germany
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MagnetoMagneto--Transport in Carbon NanotubesTransport in Carbon Nanotubes

-- Conductance modulations Conductance modulations in 
multi-walled carbon 
nanotubes

- Relative contributions 
between the usual quantum quantum 
interferenceinterference and the 
predicted band gap band gap 
oscillationsoscillations



1.1. Predictions & expectationsPredictions & expectations
• B-field-controlled metallicity
• Aharonov-Bohm-phase-dependent band structure

2.2. Samples & experimental methods Samples & experimental methods 
• Individually-suspended nanotubes in water
• Absorption, PL & PLE, and dynamics
• High-field magnets (DC & pulsed)

3.3. Observations, simulations & conclusionsObservations, simulations & conclusions
• Magnetic alignment
• Magneto-absorption
• Magneto-PL
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SWNT: ChiralitySWNT: Chirality--Dependent Dependent MetallicityMetallicity

Metallic Semiconducting

Ch = na1 + ma2

n – m = 3M + ν

1) M = ν = 0

2) M ≠ 0, ν = 0

3) M ≠ 0, ν = ±1

Metal

Narrow Gap Semicond.

Wide Gap Semicond.

a2

a1Chiral vector:

(n,m) = (4,2)



Band Structure of GrapheneBand Structure of Graphene

Γ

K

K’
M

2D Graphite: zero-gap semiconductor 
(Eg = 0 at K and K’ points)



MetallicityMetallicity Criterion for SWNTCriterion for SWNT

Γ

K

K’
M (n,n) or armchair tubes

(n,0) or zigzag tubes

Quantization slice up k
space of 2D graphite into 
allowed k line segments

Line passing through the 
K or K’ point metallic

quantization axis



Carbon Nanotubes in Parallel Carbon Nanotubes in Parallel BB--field:field:
The AharonovThe Aharonov--Bohm PhaseBohm Phase
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Allowed Allowed kk StatesStates
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Band Structure of an (8,8) TubeBand Structure of an (8,8) Tube

0 T 1000 T

MetalMetal SemiconductorSemiconductor
((EEgg ~ 0.8 eV)~ 0.8 eV)



Predicted AharonovPredicted Aharonov--Bohm Bohm 
Oscillations of Band Gap in SWNTOscillations of Band Gap in SWNT

Metallic SemiconductingSemiconducting
Oscillation 
period = φ0

= h/e

H. Ajiki and T. Ando, J. Phys. Soc. Jpn. 62, 1255 (1993)

Consider a tube 
with d = 1 nm

φ/φ0 = 1 requires 
B ~ 6000 T !!!



Band Gap Shrinkage andBand Gap Shrinkage and
the Kthe K--KK’’ SplittingSplitting
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Relevant Energy ScalesRelevant Energy Scales

Zeeman splitting ~ 
10 meV at 100 T

Eg(0) ~ 1 eV

ΔEK-K’ ~ 100 meV
at 100 T

Linewidth 
~ 20 meV

φ/φ0 ∼ 10−2 at 100 T for d = 1 nm
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IndividuallyIndividually--Suspended SWNTsSuspended SWNTs

2.0

1.5

1.0

0.5

A
bs

or
pt

io
n 

(c
m

-1
)

3.02.52.01.51.0
Energy (eV)

1.5

1.0

0.5

0.0

P
L Intensity (a.u.)

 absorption
 PL

E1H1
E2H2

Metallic

D2O

SDS

SWNT

O'Connell et al., Science 
297, 26 (2002)

Produced by HiPco
Dispersed in 1% D2O 
solution of Sodium 
Dodecyl Sulfate (SDS) 
Sonicated
Centrifuged

H1H2

H3

E2E1

E3
DOS

E

R.E. Smalley’s group (Rice, Chem)



PL Excitation (PLE) SpectroscopyPL Excitation (PLE) Spectroscopy

Each peakpeak
corresponds 
to particular 
((nn,,mm))
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Excitation Energy vs. DiameterExcitation Energy vs. Diameter
S. M. Bachilo et al., Science 298, 2361 (2002)

Experimental 
band gaps
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Tight binding 

band gaps

???



ExcitonsExcitons

• Huge binding energy extremely stable
• Lineshape: 1-D VHS (asymmetric) 1-D 

excitons (symmetric)
• Sommerfeld factor < 1 (collapse of 1-D VHS)
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Exciton Binding EnergiesExciton Binding Energies

T. G. Pedersen, Carbon 42, 1007 (2004).



ManyMany--Particle EffectsParticle Effects
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single particle Eg

⇓

Exchange 
correction

Exciton 
correction

T. Ando, J. Phys. Soc. Jpn. 66, 1066 (1997); C. Spataru et al., PRL 92, 077402 (2004)

Net
blue shift



Excitons in Carbon NanotubesExcitons in Carbon Nanotubes

• T. G. Pedersen, Phys. Rev. B 67, 073401 (2003)
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(2004)
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Recent theory papers:



Ultrafast Optics in Carbon NanotubesUltrafast Optics in Carbon Nanotubes
G. N. Ostojic et al., Phys. Rev. Lett. 92, 117402 (2004).
G. N. Ostojic et al., Phys. Rev. Lett. 94, 097401 (2005).
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Exploration of Ultrahigh Magnetic FieldsExploration of Ultrahigh Magnetic Fields

1 10 102 103 104
B (T)

1 Tesla = 104 Gauss
100 Tesla = 1 Megagauss

Permanent magnets (< a few T)

Superconducting magnets (< ~23 T)

Hybrid magnets (< 45 T)

Earth’s magnetic field (= 0.5 x 10-4 T)

Non-destructive pulsed magnets (< ~100 T)

Single-turn coil method (< ~200 T)

EM flux compression method (< ~620 T)

Explosive flux compression method (< ~2800 T)



DC Magnetic Fields:
• B < 10 T  Superconducting magnet (Rice)
• B < 33 T  Resistive magnets (NHMFL, Tallahassee)
• B < 45 T  Hybrid magnet (NHMFL, Tallahassee)

Pulsed Magnetic Fields
• B < 75 T (non-destructive, ms) Toulouse, France
• B < 75 T (non-destructive, ms) NHMFL, Los Alamos
• B < 150 T (destructive, μs) Humboldt Univ., Berlin

HighHigh--Field MagnetsField Magnets
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Observation 1Observation 1

Magnetic AlignmentMagnetic Alignment



Magnetic AlignmentMagnetic Alignment

Metallic Tubes

χ < 0, |χ//| << |χ⊥|

Semiconducting Tubes

χ// > 0, χ⊥ < 0, |χ//| >> |χ⊥|

χ⊥

χ//

Alignment Energy
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Ajiki & Ando (1993); Lu (1995)

D. A. Walters et al., Chem. Phys. Lett. 338, 14 (2001)



Magnetic Alignment ofMagnetic Alignment of
an Ensemble of SWNTsan Ensemble of SWNTs
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PolarizationPolarization--Dependent Dependent 
Absorption in the Voigt GeometryAbsorption in the Voigt Geometry

• The Voigt geometry: k ⊥ B

• Two polarization 
configurations:  

B || P or  B ⊥ P

• B-field aligns the tubes  
optical anisotropy
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Dynamic Magnetic AlignmentDynamic Magnetic Alignment
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Probing Relaxation Time Probing Relaxation Time 
(55 T, 100 ms pulse)(55 T, 100 ms pulse)
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Observation 2Observation 2

Splittings in AbsorptionSplittings in Absorption
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BB--induced Peak Broadening (< 45 T)induced Peak Broadening (< 45 T)
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Observation 3Observation 3

RedRed--Shifts in Shifts in 
PhotoluminescencePhotoluminescence



BB--induced Red Shifts of PL Peaksinduced Red Shifts of PL Peaks

All peaks red shift
with increasing B !!!

50 meV

S. Zaric et al., Science 304, 1129 (2004); Nano Lett. 4, 2219 (2004)



Nonlinear Nonlinear BB DependenceDependence

- 790 nm (1.57 eV) 
excitation, RT

- Peaks broaden
and red shift with 
increasing B

- Nothing happens 
until B reaches 
20-25 T
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Magnetic Alignment of a SWNT Magnetic Alignment of a SWNT EnsembleEnsemble
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PL SimulationsPL Simulations

• Peak positions calculated from Ajiki-Ando 
theory

• Multiple Lorentzian peaks

• Zeeman splitting with g = 2 included ( 5.22 
meV at 45 T)

• Carrier population taken into account according 
to Pi ∝ exp(-Ei/kT) (Boltzmann factor)

• Incomplete magnetic alignment angular 
distribution of nanotubes



Nonlinear Nonlinear BB--Dependence of PLDependence of PL
Experiment Simulation
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Accomplished:
Magnetic alignment (induced large optical 
anisotropy)
Absorption peaks show broadening and splitting

PL peaks show significant red shifts with B
Simulation taking into account carrier 
population and angular distribution shows 
agreement Evidence of AB phase 2πφ/φ0 in 
optical spectra of SWNTs
Estimated χ anisotropy: χ// − χ⊥ = 1.4 x 10-5

emu/mole

SummarySummary
HighHigh--Field MagnetoField Magneto--Optics in SWNTsOptics in SWNTs



Current & Future WorkCurrent & Future Work
• Higher field necessary to see band band 

gapgap collapsecollapse and oscillationsoscillations
experiments with destructive pulsed 
magnets in progress (< 300 T300 T:  ) and 
in preparation (< 2800 T2800 T:  )

• Wider-diameter nanotubes 
preferred doubledouble--walledwalled
nanotubes

•• Low temperature PLLow temperature PL on filmsfilms
narrower line widths & no need to 
consider alignment dynamics

• Metallic nanotubes should show 
band gap openingband gap opening with B
FIR/THz spectroscopy in B
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