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ABSTRACT

We extend previous ab initio calculations on excitonic effects in metallic single-walled carbon nanotubes to more experimentally realizable
larger diameter tubes. Our calculations predict bound exciton states in both the (10,10) and (12,0) tubes with binding energies of approximately
50 meV providing experimentally verifiable changes to the absorption line shape in each case. The second and third van Hove singularities
in the joint density of states also give rise to a single optically active bound or resonant excitonic state.

Single-walled carbon nanotubes (SWCNTs) are quasi-1D
structures made by rolling up graphene strips. The SWCNTs
can be either metallic or semiconducting depending sensi-
tively on the tube diameter and chiral angle.1-3 Additionally,
recent ab initio calculations4,5 using the GW-Bethe-Salpeter
equation (GW-BSE) technique6-8 have predicted that exci-
tonic effects are dominant in the optical properties of single-
walled carbon nanotubes due to enhanced electron-electron
interactions in quasi-1D materials. This was first examined
in a k·p study, employing different strengths of a model
electron-hole interaction on semiconducting SWCNTs.9 The
ab initio calculations showed the existence of discrete
strongly bound exciton states below the two-particle con-
tinuum. Interestingly, these calculations also predicted that
bound exciton states exist and can strongly affect the optical
spectrum of metallic SWCNTs.4,5 However, the previous ab
initio calculations on metallic tubes were limited to tubes
with small diameter, (3,3) and (5,0), and the analysis was
only done for excitons associated with the first peak in the
absorption spectrum. We present here ab initio calculations
showing the existence of excitons in larger metallic SWCNTs
that are experimentally viable, the (10,10) and (12,0) tubes,
together with predicted features that are experimentally
verifiable.

We find that optical absorption spectra of both the (10,10)
and (12,0) tubes are dictated by bound exciton states with
binding energies of 50 meV each. Moreover, the second and
third optical peaks are also composed of narrow resonant
exciton states with similar binding energies. Unlike semi-
conducting nanotubes, where higher energy bound exciton
states exist, we find that metallic tubes possess only a single
optically bright bound or resonant exciton state per van Hove
singularity in the joint density of states (JDOS) because of
metallic screening. The bound or resonant exciton state steals
approximately 50% of the optical oscillator strength from
the continuum part of the transition for the tubes studied.
Thus, the peak in the optical absorption spectrum is derived
predominantly from one Lorentzian and acquires a highly
symmetric line shape, which is very different from that of
an independent particle picture. These are concrete theoretical
predictions that can be tested by experiment.

The excitonic picture for the optical spectra of semicon-
ducting tubes has recently been confirmed by experiments
using two-photon photoluminescence spectroscopy tech-
niques.10,11 However, because metallic tubes do not lumi-
nesce, this particular experimental technique is not applicable
in the metallic case. The signature of excitonic effects in
metallic tubes should however be seen, as discussed below,
in other (such as absorption) measurements.

To compute the optical properties of metallic tubes from
first-principles, we use the method of Rohlfing and Louie.6

We treat the ground state within ab initio Kohn-Sham
density functional theory (DFT) with a plane wave basis
within the local density approximation (LDA) for the
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exchange-correlation potential12,13 and using ab initio
Troullier-Martins pseudopotentials in the Kleinman-
Bylander form.14,15 The quasiparticle energies are obtained
within the GW approximation for the electron self-
energy.7,8,16We then calculate the two-particle electron-hole
excitation energies, wave functions, and optical properties
by solving a two-particle Bethe-Salpeter equation (BSE):6

whereAVck
S is the electron-hole amplitude (or exciton wave

function),Keh is the electron-hole interaction kernel,Ω is
the excitation energy, andEck andEVk are the quasiparticle
energy of the electron and hole states respectively. The
dependence onk in AVck

S represents the contributions from
many vertical excitations ink-space that make up the
correlated exciton state.

Figure 1 shows the LDA band structure for the (10,10)
and (12,0) SWCNTs. Because only light polarized along the
tube axis gives a strong optical response,4,5,17this polarization
is taken for all the optical properties presented below. In
this case, the optical perturbation operator transforms under
the identity representation in the group of thek-vector,
assumingqb (the wave vector of the incident photon) is
vanishingly small. Therefore, the optical transitions obey
well-defined selection rules determined by the representations
of the group of thek-vector.18,21This is a result of the quasi-
1D nature of nanotubes (where everyk-point lies along the
same high-symmetry direction), causing optical transitions
to obey well-defined selection rules across entire bands. We
find that the first allowed optical transitions in the (10,10)
tube occur between the second and third valence subbands
(the bands are degenerate) and the second and third conduc-
tion subbands (shown by the solid red transition line drawn
in Figure 1). The second and third allowed transitions occur
between the subsequent sets of valence and conduction
subbands.

For the (10,10) and (12,0) tubes, we find the slope in the
dispersion relation of the quasiparticle bands increases by
approximately 25% when compared to the LDA result. This
represents a renormalization of the energy scale for the
quasiparticle excitations due to self-energy effects.

Figure 2 shows the optical absorption spectra for the (12,0)
and (10,10) tubes over the energy range of the first three
optically allowed interband transitions. One can see that each
feature is dominated by a single Lorentzian peak followed
by a smaller tail characteristic of a 1D van Hove singularity
located at the position of the peak in the noninteracting
spectrum. To better understand the effect of bound excitons
on the absorption line shape, the optical absorption spectra
for the first allowed transition (denotedE11) in the (10,10)
tube is shown in Figure 3. The actual quantity presented is

Figure 1. (10,10) and (12,0) SWCNT LDA band structure: The zero of energy is set at the Fermi energy. The solid red arrows indicate
the first two allowed optical transitions for light polarized along the tube axis.

(Eck - EVk)AVck
S + ∑

k′V′c′
〈Vck|Keh|V′c′k′〉 AV′c′k′

S ) ΩSAVck
S (1)

Figure 2. Calculated absorption spectra for the (a) (10,10) and
(b) (12,0) tubes for the first several transtions with 20 meV
Lorentzian broadening.
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R ) Im{A(ε - 1)/4π}, whereε is the calculated supercell
dielectric function, andA is the cross-sectional area of the
supercell perpendicular to the tube axis. The quantityR is
the polarizability per tube and, to get a measured polariz-
ability, one should multiply this quantity by the density of
tubes per unit area. For each nanotube studied, excitonic
effects qualitatively change the spectrum due to the existence
of bound exciton states. In the (10,10) tube, the bound exciton
associated with the first singularity in the JDOS has a binding
energy of 50 meV. In parts a and b of Figure 3, we see that
the optical peak arises almost entirely from the single exciton
state, showing a profile that is significantly different from
the interband transition case. As a comparison, Figure 3c
shows the noninteracting spectrum scaled and shifted to
match the peak height in the interacting case. We see that
the two lineshapes are distinctly different, which should be
distinguishable in experiment. For the (12,0) tube, as seen
in Figure 2, the first transition is due to a similar bound
exciton state with a binding energy of also approximately
50 meV. Although, due to the large screening in metallic
tubes, these binding energies are an order of magnitude lower

than the typical binding energies in semiconducting SWCNTs
of similar diameter, they are still surprisingly large.

The physics behind why bound exciton states exist at all
in the presence of carriers and metallic screening is due to
the relative ease of forming bound states in one-dimensional
quantum wells and of the existence of optical symmetry gaps
in the two-particle spectrum. In one dimension, it has been
shown that any potential (other thanV ) 0) that satisfies
∫V(x) dx e 0 (i.e., is negative on average) is guaranteed to
have at least one bound state.19,20 In metallic achiral tubes,
electron-hole pair excited states formed from the crossing
bands are from a different representation of the group of the
k-vector21 than those of optically allowed electron-hole
pairs; there is no mixing between those states and the bound
exciton states formed from the first optically allowed
transitions. Thus, as long as the repulsive exchange term in
the electron-hole kernel is weak, a bona fide bound state
as calculated is expected. Unlike the case in similar diameter
semiconducting tubes, however, our calculations predict only
one bright bound exciton state per van Hove singularity and
not a series of exciton states.

For the (10,10) tube, the absorption onset is calculated to
be at 1.84 eV. The experimental onset has been reported to
be 1.7522 and 1.89 eV.23,24For the (12,0) tube, the calculated
absorption onset is at 2.25 eV, whereas experimental
measurement gives a value of 2.16 eV for the onset.22,23

Environmental effects like the dielectric screening of the
medium are expected to be less important in metallic
nanotubes than in semiconducting tubes because of the
already comparably high intrinsic dielectric constant of
metallic tubes.

Figure 4 shows again the optical absorption spectra for
the second and third allowed optical transitions in the (10,10)

Figure 3. Calculated first absorption peak in the (10,10)
SWCNT: with (a) 20 meV and (b) 80 meV Lorentzian broadening.
The solid lines include excitonic effects whereas the dashed lines
were calculated without the electron-hole interaction included.
Only one optically bright bound exciton state is derived from the
corresponding van Hove singularity in the JDOS. Panel (c)
compares the two spectra each with 80 meV broadening but with
the noninteracting spectrum scaled and shifted to match the peak
in the interacting case.

Figure 4. Calculated optical absorption peaks for the (10,10)
tube: in the energy range of the (a)E22 and (b)E33 van Hove
singularity in the JDOS. The spectra are arbitrarily broadened by
Lorentzians with line widths of 80 meV.
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tube but with a Lorentzian broadening of 80 meV. We find
that a narrow resonant exciton state is responsible for each
peak. TheE22 exciton is a narrow resonance because the
electron-hole states from theE11 continuum, being of the
same symmetry, will mix withE22 electron-hole states.
However, due to the relatively low value of the JDOS of
theE11 continuum when compared to that at theE22 van Hove
singularity, we find that the resonant exciton state is
composed of only∼15% from theE11 continuum, making
it a very narrow resonance. Thus, we can still identify the
binding energy of the resonant exciton states, which is 60
and 50 meV for the second and third transitions, respectively,
very similar to that of theE11 exciton arising from the first
van Hove singularity. For the (12,0) tube, we find a binding
energy forE22 of 120 meV, more than double the binding
energy ofE11, due to a significantly greater effective mass,
as seen in Figure 1. The binding energy is smaller than that
of similar E22 bound exciton states in semiconducting tubes
but still yields significant effects on the absorption lineshapes.

From the computed electron-hole amplitude,AVck
S , it is

found that the bound exciton states for the tubes studied are

dominated by a set of degenerate valence and conduction
band pairs and peaked ink-space with a width of ap-
proximately 1/50 of the Brillouin zone. The electron-hole
amplitudes in real space can be determined by expanding in
the quasiparticle basis:

The squared magnitude,|Ψ(rbe,rbh ) const)|2, of this function
is shown in Figure 5 for the lowest optically bright bound
exciton state of the (10,10) tube with the hole position fixed.
The axial spatial extent (analogous to the exciton radius) is
approximately 30 Å. This is large compared to an extent of
approximately 10-20 Å for similar diameter semiconducting
tubes, which is indicative of the smaller exciton binding
energy in metallic tubes.

In summary, we confirm the earlier prediction that bound
excitons exist in metallic SWCNTs and that excitonic effects
are very important in describing the optical properties of
metallic nanotubes.4 In particular, we show that bound
excitons exist in the experimentally realizable (10,10) and
(12,0) tubes, with binding energies of 50 meV. These exciton
binding energies are smaller than those found in semicon-
ducting tubes due to the enhanced screening in metallic tubes.
Although the binding energies are small, the calculations
show that the optical excitation spectrum is qualitatively
altered in character by the excitons and predict several
distinct characteristics that may be tested by experiment.
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