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Optical measurements on individual 
nanotubes: Band-to-band vs. exciton picture

(n,m)
(9,5)
(7,6)
(8,3)
(6,5)

• Resonance Raman Scattering: Jorio et al., Phys. Rev. Lett. 86, 1118 (2001)

• Photoluminescence: Bachilo et al., Science 298, 2361 (2002)



Band-to-band picture looked ok…

Jorio et al., Phys. Rev. B 71, 075401 (2005)

Experiment

Theory       



… but theorists believed in excitons

E11 (eV) E22 (eV) E22/E11

Theory Exp.a Theory Exp.a Theory Exp.a

(7,0) 1.20 1.29 3.00 3.14 2.50 2.43

(8,0) 1.55 1.60 1.80 1.88 1.16 1.17

(10,0) 1.00 1.07 2.39 2.31 2.39 2.16

(11,0) 1.21 1.20 1.74 1.66 1.44 1.38
aS. Bachilo, et al., Science (2002) .

C. D. Spataru, S. Ismail-Beigi, L. X. Benedict, and S. G. Louie, Phys. Rev. Lett. 92, 077402 (2004)

• Strong excitonic effects in nanotubes: 1D confinement
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2. Symmetry of Excitons
)()(),( h
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• |vc> will belong to the direct product representation of |v> and |c>

Exciton wavefunction:
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(n,0) Zig-Zag Tubes
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k: wavevector

m: angular 
momentum

π: σh parity

E. B. Barros, R. B. Capaz, et al., PRB (to appear) 



Optical activity ∑∑=
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Symmetry of Excitons of Semiconducting CNTs

k: wavevector
m: angular momentum
X = A, B, E, G, depending
on dimensionality & parity with
respect to σv
π: parity under C2



Higher-energy states and implications for one- and 
two-photon spectroscopy
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Weakly allowed transitions: Measurements of 
Bright-Dark Splittings?

Q

Even envelope

Odd envelope

1 photon

2 photons

Q

Chiral Zigzag

1 photon

2 photons

(weakly allowed)

Forbidden

0B-
0

0A-
0

0A+
0

0A-
0

0A+
0

0A-
0

0B+
0

0A+
0



Looking at the exciton wavefunctions

Zig-zag tubes: (10,0)
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“Groundness” and “darkness”: 
same physics (electron and 
hole cannot be found at the 

same position): Low efficiency 
of CNT light emission

),(
||

),(2 :energy Exchange

),( :elementmatrix n  transitioOptical
2

* rr
rr

rrrr

rrr

′′
′−

′=

=

∫ ∫

∫
ψψ

ψμ

eddE

zd

x



Chiral tubes: (4,2) 
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• Ab initio calculations of excitons in SWNTs are restricted to 
small-diameter tubes: Spataru et al., PRL 92, 077402 (’04) 
(achiral) ; Chang et al., PRL 92, 196401 (’04)

• Recent experimental determinations of exciton binding energies 
in chiral tubes:

• Two-photon spectroscopy: Wang et al., Science 308, 838 
(’05); Maultzsch et al., PRB 72, 241402 (’05).

• Raman spectroscopy on electrochemically doped SWNTs: 
Wang et al., PRL 96, 047403 (’06)

The full diameter and chirality
dependences of exciton

properties is needed

3. Diameter and chirality dependence 
of binding energies and sizes

R. B. Capaz, C. D. Spataru, S. Ismail-Beigi, and S. G. Louie, cond-mat/0606474 (2006) 



A variational tight-binding approach
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Energy terms

),()(),(

:EnergyDirect 

heShe
scr
CheShe

d VddSKS rrrrrrrr ψψ∫ −= ∗

),()(),(2

:Energy Exchange

hhSheCeeShe
x VddSKS rrrrrrrr ψψ∫ −= ∗

he mmmm
STS 111    ;

4

:envelope)(Gaussian Energy  Kinetic

2*

2

+== ∗σ
h

ε = 1.846

(fitted to the (11,0) tube)



Binding Energies: Ab initio vs. Model

E11 E22
Tube

BSE (eV) TB (eV) BSE (eV) TB (eV)

1.13 1.61

0.92

1.09

0.75

0.86

0.95

0.72

(7,0) 0.89 0.87

(8,0) 0.99 1.03

(10,0) 0.76 0.68

(11,0) 0.76 0.76
(fitted)

(n-m) Mod3 = 1 or 2 oscillation (chirality dependence) is 
captured by the TB model

Very localized 
wavefunction: 
breakdown of 
envelope function 
approximation



Diameter and Chirality Dependence of Exciton
Binding Energies

TB
Analytical fit

(2n+m) 
familiy • Leading decay ~ 1/d 

• Chirality spread ~ 20%

• Family Behavior
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Exciton Sizes

TB
Analytical fit
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• Family Behavior



Bright-Dark Splitings
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Open symbols:  zigzag (n-m) Mod3 = 1
Closed symbols: zigzag  (n-m) Mod3 = 2

Exciton Binding Energy: 
Influence of Dielectric Medium

intrinsic

1.846

Eb ∝ ε -1.4 Perebeinos et al. (2004)



Comparison with experiment

Tube This work 
(ε = 2.559)    

(eV)

Raman (E22)  
Wang et al.               

(eV)             

(7,5) 0.54 0.62

(10,3) 0.55 0.49

Tube This work 
(ε = 3.208) 

(eV)

2-photon (E11) 
Maultzsch et al. 

(eV)

(6,4) 0.42 0.42

(9,1) 0.40 0.42

(8,3) 0.39 0.38

(6,5) 0.37 0.37

(7,5) 0.36 0.31

(9,4) 0.33 0.38

Tube This work  
(ε = 3.049) 

(eV)

2-photon (E11) 
Dukovic et al.       

(eV)

(8,3) 0.42 0.42

(6,5) 0.40 0.43

(7,5) 0.38 0.39

(10,2) 0.37 0.34

(9,4) 0.35 0.34

(7,6) 0.34 0.35

(8,6) 0.33 0.35

(11,3) 0.32 0.31

(9,5) 0.31 0.33

(8,7) 0.30 0.29

(9,7) 0.29 0.30

(12,4) 0.29 0.27

(11,6) 0.27 0.27

Dukovic et al., Nano Lett. 5, 2314 (2005)

Maultzsch et al., PRB 72, 241402 (2005)

Wang et al., PRL 96, 047403 (2006)



•Lifetime of excited 
tubes ≈10 ps

•Quantum efficiency of 
luminescence > 10-4

⇒

τrad =10-100 ns⇒

Luminescence decay is 
dominated by non-
radiative processes

4. Radiative lifetimes



Calculating the lifetime
Molecules
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Ingredients: Perturbation theory, Fermi 
Golden rule, dipole approximation, sum 
over all final photon states satisfying the 

conservation laws

3D Solids: Exciton-polaritons – Lifetime is infinite!

How about 1D solids???
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Ab initio intrinsic radiative lifetime of bright excitons:

• Temperature and dark-exciton effects:

Calculated radiative lifetime of bound excitons

Δ<<kBT

Q
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E ħcQ
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Spataru, Ismail-Beigi, Capaz and Louie, PRL 94, 247402 (2005).
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Only excitons with energy above the 
photon line can decay: Momentum 

conservation



Temperature dependence of the lifetime



Conclusions

• For each bright exciton in nanotubes, there are other 3 
dark ones, separated by a few meV

• The lowest excitonic state is always dark (symmetry): 
Low efficiency of SWNT light emission

• We calculate diameter and chirality dependence of 
exciton properties

• We calculate effective radiative lifetimes of ~ 10 ns 
once temperature and dark-exciton effects are taken into 
account

• Luminescence decay is dominated by non-radiative
transitions to dark exciton states
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