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We report the observation of cross-polarized transitions of single-walled carbon nanotubes �SWCNTs� iso-
lated with aromatic polymers. The use of photoluminescence excitation mapping allows the identification of
the transitions of individual species of SWCNT. Comparing experimental observation with theory yields an
estimate for the Coulomb interactions, which is dependent on the nanotubes’ diameter and environment. Values
for the single-particle energies are deduced and found to be in good agreement with the predictions of
tight-binding models.
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Single-walled carbon nanotubes �SWCNTs� display re-
markable electronic and mechanical properties, such as high
mobility one-dimensional �1D� transport and high mechani-
cal and thermal stability,1 and they have attracted enormous
interest across several research fields. The electronic proper-
ties of SWCNTs depend critically on the structure of the
nanotubes,2 defined by the chiral indices n and m. Detailed
studies of the optical properties of nanotubes have been
made possible by the successful isolation of SWCNTs using
surfactant wrapping techniques, which allow the observation
of photoluminescence �PL� from semiconducting SWCNTs.3

PL spectroscopy, in conjunction with photoluminescence ex-
citation �PLE� spectroscopy, allows the identification of the
first and second van Hove optical transitions �E11 and E22�
for individual nanotube species. Over the past few years,
PLE mapping has not only become an important tool for
measuring nanotube transition energies4–7 and
characterization8–10 but also for understanding the role of
many body interactions,11–13 which strongly affect the optical
properties of SWCNTs. The theoretical properties of excitons
have long been predicted14,15 and are very significant owing
to the one-dimensional nature of the nanotubes. This was
recently confirmed by two photon absorption
experiments.11,12 However, the full Coulomb interaction pic-
ture is more complex as pointed out by Ando et al.14 who
showed that electron-electron interactions are larger than the
electron-hole coupling of the excitons and the total Coulomb
interaction needs to be considered when describing the elec-
tronic transitions of SWCNTs.

Advances in sample preparation techniques such as mul-
tiple density gradient ultracentrifugation16 and the use of
DNA �Ref. 17� as a dispersive agent, as well as suspending
SWCNTs over trenches,18 are now allowing PL observations
for single species of SWCNTs. A particularly effective
method has recently been reported, using highly selective
aromatic polymers with a variety of different solvents19,20 to
disperse SWCNTs. These solutions contain far fewer nano-
tube species and fewer impurities compared to the surfactant
wrapped samples and are also simple to prepare. As a result
it is possible to identify a number of weaker features in the
PLE spectra, which would otherwise be overwhelmed by PL

signals from other nanotube species. By using different com-
binations of starting material, polymer and solvent, detailed
studies of PLE spectra can be performed for a range of dif-
ferent SWCNT species.

In this paper, we report a study of the E11, E22, and in
particular a perpendicular polarized optical transitions as-
signed to E12, which allow us to deduce the magnitude of the
Coulomb interaction effects. This perpendicularly polarized
transition is weak and was first observed only recently.21,22 It
is allowed by interband selection rules and is observed most
strongly for light polarized perpendicular to the tube axis,
where it is least suppressed due to depolarization effects.23

This transverse transition originates when an electron ab-
sorbs a photon, which excites it from the first �second� va-
lence band to the second �first� conduction band leaving a
hole behind. The electron �hole� then decays nonradiatively
to the first conduction �valence� band where recombination
happens, emitting a photon of energy E11. The Coulomb in-
teractions influence the transition energies for both the ab-
sorption and emission processes. In a simple single-particle
picture, assuming electron-hole symmetry, these two transi-
tions would be identical, situated in the middle of E11 and
E22 given by �E11+E22� /2. In practice, however, a small
asymmetry exists between the conduction and valence band,
possibly causing a splitting between the two transitions.1,24

Furthermore, electron-electron interactions mix these two
states, creating a weak dipole-forbidden transition, which is
redshifted with respect to the central state, and a dominant
dipole-allowed transition �E12�, which is blueshifted25 and is
measured here. This blueshift was calculated by Uryu et al.26

for all three transitions, and using their theory the strength of
the Coulomb interactions can then be compared with experi-
ment.

The polymers used in this study were poly�9,9-
dioctylfluorenyl-2,7-diyl� �PFO�, poly�9,9-dioctylfluorenyl-
2,7-diyl�-alt-co-�1,4-benzo-2,1’,3-thiadiazole�� �PFO-BT�,
and poly��9,9-dioctylfluorenyl-2,7-diyl�-co-�1,4-phenylene��
�PFO-P� purchased from American Dye Source Inc.
SWCNTs grown by both HiPCO and CoMoCAT processes
were purchased from Carbon Nanotech. and Southwest
Nanotech., respectively. Laser vaporization grown samples
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were provided by Björn Hornbostel of the Max-Planck-
Institut für Festkörperforschung, Stuttgart. The solvents used
were o-xylene and toluene. The nanotubes were dispersed in
solutions in the ratio 5 mg SWCNTs:6 mg polymer:10 ml
solvent. Surfactant wrapped nanotubes were prepared by
adding 20 mg of nanotubes to 1 wt% sodium dodecylben-
zene sulfonate �SDBS� in D2O, sonicated for 30 min then
ultracentrifuged for 4 h. PLE mapping was carried out using
an automated custom built system consisting of a 75 W xe-
non lamp focused into a monochromator, which then illumi-
nated the sample in a quartz fluorescence cell using a 5-nm

wavelength steps. The photon flux was normalized using a
silicon photodiode. Luminescence from the sample was col-
lected at 90° to the excitation beam and focused into a spec-
trograph fitted with a liquid nitrogen cooled 512 element
InGaAs photodiode array. Polarized PLE spectra were taken
with both the excitation and emission light, appropriately
polarized.

An example of a PLE false color contour map is presented
in Fig. 1�a� for the cross-polarized configuration, and a PLE
spectrum of a �7,5� nanotube, corresponding to a vertical
slice of the contour plot represented by the black dotted line,
are shown in Fig. 1�b�. As well as the prominent E22 resonant
feature, several weaker features such as phonon-assisted
transitions and resonant Raman features can be seen in Fig.
1�b�. The main point of interest, however, is the feature la-
beled as the transverse peak, which corresponds to preferen-
tial absorption of light perpendicular to the nanotube axis, as
expected for E12. This feature is almost entirely absent if the
emitted light is of the same polarization as the excitation
light and the spectrum is dominated by the stronger E22 tran-
sition, as demonstrated by the red graph in Fig. 1�b�. Thus
confirming that the E12 feature is due to transverse excitation.
In contrast to the results of Miyauchi et al.21 �where two
transverse peaks are seen� only one transverse peak is ob-
served, consistent with the model of Zhao et al.25 and the
results of Lefebvre et al.22 We therefore label this peak E12,
which we were able to observe for a total of nine nanotube
species using different combinations of nanotube samples
and polymers, with a summary of data given in Table I. The
relative magnitude of the E12 peak ��10% of E22� is, how-
ever, still small compared to the results of Lefebvre et al.22

due to the random orientation of the nanotubes, which means
that even in the crossed polarization the dominant contribu-
tion to the absorption comes from E22 and other parallel po-
larization allowed transitions for tubes that are not oriented
along either of the polarization directions.

Figure 2�a� shows the relation between E12 and the values
of �E11+E22� /2. This shows that E12 is systematically
blueshifted—in agreement with the calculations of Uryu
et al.,26 which predict that the relative magnitude of the
electron-electron contribution to E12 is significantly larger

TABLE I. Table showing E11, E12, and E22 transition energies
for the different nanotube species observed, as obtained by fitting
the spectra with a commercial peak fitting program.

Nanotube Diameter E11 E12 E22

species �nm� �eV� �eV� �eV�

�6,5� 0.757 1.24 1.90 2.15

�8,7� 1.032 0.97 1.50 1.67

�9,7� 1.103 0.92 1.40 1.55

�8,6� 0.966 1.04 1.56 1.71

�7,5� 0.829 1.19 1.76 1.90

�9,8� 1.169 0.87 1.35 1.51

�7,6� 0.895 1.10 1.68 1.89

�10,5� 1.050 0.98 1.45 1.56

�9,4� 0.916 1.10 1.59 1.70

FIG. 1. �Color online� �a� PLE map of CoMoCAT nanotubes
wrapped by PFO in o-xylene with only four nanotube species ob-
served. Species are determined by using a semiempirical model
�Ref. 27�. The circles identify E12 transitions associated with each
species of nanotube. Clear resonant Raman features associated with
the G and G� band can also be observed. �b� PLE spectrum of �7,5�
nanotube species. This spectrum is taken from a vertical slice of the
PLE map, indicated by the black �dotted� line in Fig. 1�a�. The
intensity is normalized to the main peak, which corresponds to the
E22 transition, while several other smaller features are also observed
and identified. The red �dashed� line corresponds to parallel polar-
ized PLE spectra of the same species with the intensity decreased in
absolute terms by a factor of seven for clarity. The transverse peak
feature is much weaker in this spectrum.
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than for E11 and E22. The blueshift �E=E12− �E11+E22� /2
increases as the diameter of the nanotube decreases. Fitting
this to a power-law dependence on nanotube diameter gives
�E=Ad−B, with A=0.18 and B=0.57.

To analyze the relationship between blueshift and Cou-
lomb interactions further, we first write

E11
obs = E11

gap + �11,

E22
obs = E22

gap + �22,

E12
obs = E12

gap + �12,

E12
gap =

�E11
gap + E22

gap�
2

,

where Eobs indicates the experimental values, Egap is the true
band-gap value of the transition energy in the noninteracting
picture, and � is the correction from the Coulomb interac-
tions. In this nomenclature, the blueshift, �E, is equal to

�12−
�11+�22

2 , which is purely dependent on the Coulomb inter-
actions, thus allowing us to remove the majority of band-
structure effects such as the family shifts of the single-
particle energies.28 By fitting our blueshift values to the
calculations reported by Uryu et al.,26 we extract the magni-
tude of the Coulomb interaction parameter—expected to be
of order e2

4�2��0d
�0.458 /� eV for a 1 nm tube�—for each of

the nanotube species. The value for �0 needed for the con-
version from the dimensionless units used in Uryu and An-
do’s model is taken to be 2.75 eV from the tight-binding
models discussed below.28,29 The fitting gave values for the
Coulomb interaction parameter ranging from 0.122 to 0.155
eV, dependent on the diameter of the tubes. Using the same
analysis procedure on the experimental results of Lefebvre et
al.22 �where PLE spectra were taken for a different set of
SWCNTs suspended in air�, there is a global increase of
�20% in the strength of Coulomb interactions, as shown in
Fig. 3�a�. Fitting the two sets of data to a power-law depen-
dence on diameter gives Ec=Cd−D, with C=0.134 and 0.163
for D=0.55, giving a similar power-law dependence to that
observed for the directly measured blueshift �E. It should be
noted however that there is still evidence of a significant
dependence upon chiral angle, which is particularly notice-
able in the data of Lefebvre et al.22 due to their observation
of considerably more nanotube species with small chiral
angles. Such an effect is to be expected due to the presence
of trigonal warping, which will influence parameters such as
the effective mass �which will alter the magnitude of the
Coulomb interactions�.30 The overall differences in the Cou-
lomb interactions between our data and the experimental re-
sults of Lefebvre et al.22 are caused by the higher dielectric
constant of the surrounding medium �compared to vacuum�,
which therefore produces a shift to lower energies due to the
dominance of the electron-electron interactions. Scaling be-
havior has been calculated for both the exciton binding en-
ergy alone with Perebeinos et al.31 predicting Eb��−1.4d−1

and the calculations for all of the Coulomb terms,32 which
suggest a scaling dependence with Eb�d−1 �which may be
reduced by the inclusion of a logarithmic correction�. Our
data show that the diameter dependence of the Coulomb ef-
fects is less than predicted by the simple scaling laws, in
agreement with previous suggestions,33 but that family ef-
fects may be larger than predicted30 and large enough to
influence the Coulomb energy even for the lowest-energy
bands.

Using our detailed fitting of the magnitude of the Cou-
lomb interactions it is then possible to deduce the single-
particle band-gap energies for a large range of nanotubes. In
order to extend the range of species for which we can deduce
the single-particle energies we also include an analysis of the
PLE spectra for nanotubes dispersed in aqueous suspensions
using the SDBS, which is much less selective. The Coulomb
interactions for SDBS solution have the factor C adjusted to
be C=0.148, which produces consistent band gaps for the
species that are observed in common for all three sets of
data.

The above procedure allowed us to deduce the values for
the single-particle band gaps shown in Fig. 3�b�, which can
then be compared with theory. This is a significant result as

FIG. 2. �Color online� �a� Plot of E12
obs against �E11

obs+E22
obs� /2.

The red �solid� line indicates linear best fit and the black �dashed�
line indicates E12

obs= �E11
obs+E22

obs� /2. �b� Blueshift �E against the di-
ameter for polymer wrapped species �hollow points� with �E
=Ax−B, with A=0.18 and B=0.57. Results for air suspended nano-
tubes from the work of Lefebvre et al. �Ref. 22� are shown as full
squares.
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previous attempts to measure single-particle gaps from scan-
ning tunneling microscopy �STM� are not particularly accu-
rate and have suggested a range of �0 from 2.45 to 2.8
eV,34–36 while careful analysis of resonance Raman experi-
ments still do not provide independent values of the single-
particle band gaps and hence of �0.37–41 Our single-particle
values are compared with the symmetry adapted nonorthogo-
nal tight-binding model developed by Popov,28,29 which is
based on the assumption of a value for �0=2.75 eV. The
agreement is excellent with only small differences for the
smallest diameter tubes.

An interesting comparison with simple theory can be seen
by plotting the ratio of E22

gap /E11
gap, as shown in Fig. 4. It can

be seen here that this ratio does approach the expected value
of two, for nanotubes close to the armchair configuration, but
only in the limit of large nanotube diameter where the
graphene dispersion relation becomes linear. The deviation
away from two for smaller nanotubes is caused by the com-

bination of curvature and trigonal warping effects in the band
structure.9 In the large diameter limit Fig. 4�b� shows that the
nanotube band gaps tend toward the linear dispersion result
Eg=4�c /3d with a value of c=0.88�106 ms−1, where c

=
�3
2

�0a0

� corresponding to a value of �0=2.72 eV. These val-
ues are over 20% lower than the recently measured values
for c in monolayer graphene,42,43 which are of order
1.1�106 as measured by cyclotron resonance, and are con-
sistent with the picture suggested by Chuang et al.44 that
there is a systematic decrease in values of c and �0 from
graphene to carbon nanotubes with a few layer turbostratic
graphene giving intermediate values.45

In summary, using aromatic polymer wrapped SWCNTs
in solvents, we were able to measure PLE spectra for several
different species of nanotubes. The transverse transitions are
successfully identified and found to be blueshifted signifi-
cantly compared to the expected values from a single-
particle picture. The observed shifts allowed us to make de-
tailed comparisons with the predictions of theory and
allowed us to measure the diameter dependence of the Cou-
lomb interactions. This analysis also allowed us to deduce

FIG. 3. �Color online� �a� Plot of Coulomb interaction energy
against the diameter of SWCNTs. The strength of the Coulomb
interactions is greater for nanotubes suspended in air than in solvent
isolated by polymers. �b� Comparison of experimental �solid sym-
bols� and theoretical �open symbols� single-particle Eii

gap as a func-
tion of nanotube diameter. The experimental values were deduced
using measurements with both SDBS and polymer wrapped nano-
tubes. The theoretical results are from the tight-binding model de-
veloped by Popov et al. �Ref. 29�.

FIG. 4. �Color online� �a� A plot of the ratio E22
gap /E11

gap for the
experimental single-particle gaps shown in Fig. 3�b� as a function
of diameter. The chiral index q is given by n−m=3p+q, where p is
an integer. �b� E11

gap deduced from the SDBS wrapped nanotube data.
The green �solid� line shows the band gap as predicted from a linear
dispersion, Eg=4�c /3d, with c=0.88�106 ms−1.
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the single-particle energies for a large range of nanotube spe-
cies and demonstrate that these are in good agreement with
the predictions of theory.28
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