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Femtosecond transient absorption spectroscopy was applied to map out the electronic transition energies of
a selected semiconducting zigzag carbon nanotube, the (11,0) tube. The experiment was performed by resonant
excitation of the lowest electronic transition with spectrally narrow pump pulses, ensuring predominant selec-
tion of the desired tube type from a mixture of various species. We found that the lowest and the second
electronic transitions are characterized by induced transmission bands peaking at 1042 and 741 nm, respec-
tively. The association of the resolved spectral bands to the two lowest electronic transitions of the (11,0) tube
was further verified by examining the corresponding Kinetic profiles. Results of ab initio calculations are also
presented for comparing the transition energies and for explaining the transient absorption kinetics detected at

different wavelengths.
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I. INTRODUCTION

Zigzag nanotubes are a group of single-walled carbon
nanotubes (SWNTs) with the chiral angle (6) equal to zero.'?
These nanotubes are commonly selected as prototypes for
elucidating theoretically the electronic structures of SWNTs
because their unit cells are substantially smaller than those of
chiral SWNTs (0° < #<30°) with similar diameters, thus
greatly reducing the computational effort.>>> A wealth of re-
sults obtained with various theoretical approaches has been
reported.’>"!% In contrast, experimental assessment of the
electronic structures of semiconducting zigzag nanotubes us-
ing optical spectroscopy has been hampered due to the diffi-
culty of detecting their fluorescence emission,'!? and as a
consequence our knowledge of their electronic transition en-
ergies comes largely from an empirical formula based on
experimental data for chiral nanotubes.'® The difficulty in
observing fluorescence has been considered as an indication
of preferential formation of chiral nanotubes. Alternative ex-
planations for this phenomenon were made recently, suggest-
ing either an exciton resonance effect,'* or possible involve-
ment of a dark excitonic state below the first optically
allowed exciton state (E,).>"

The presence of zigzag nanotubes in the SWNT material
synthesized by high-pressure catalytic decomposition carbon
monoxide (HiPco) was observed by resonant Raman
spectroscopy.'®!”7  Owing to a significantly enhanced
electron-phonon coupling in zigzag tubes, their characteristic
radial breathing modes can be readily distinguished from
those species with larger chiral angles. By measuring the
integrated Raman intensity as a function of excitation energy,
Telg et al. obtained the energy of the second excitonic state
(E,) of a peculiar zigzag nanotubes, (11,0) tube.'® Experi-
mental evidence for the presence of the (11,0) tube was also
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found by Jones and coworkers using steady-state fluores-
cence spectroscopy.'® As its emission is weak in comparison
to those chiral tubes emitting at the same spectral region, a
delicate decomposition had to be performed in order to iden-
tify the spectral features associated with this peculiar tube
type and to extract the E; and E, energies.'®

A subset of semiconducting zigzag tubes including the
(11,0) are characterized by E,/E,<2,'3 which excludes the
proposed exciton resonance effect'* as a physical mechanism
for the weak or negligible emission phenomenon. Other pos-
sible causes for the weak emission are low content in the
preparations or some intrinsic relaxation mechanisms or
both. To explore this further, an alternative spectroscopic
technique to fluorescence spectroscopy is highly desirable. In
this paper, we report the results obtained for the (11,0) zigzag
tube, using femtosecond transient absorption (TA) spectros-
copy, which is capable of detecting both emissive and dark
states. The experiment was performed using an individual
nanotube-enriched HiPco-SWNT preparation suspended in
aqueous solution of sodium dodecyl sulfate (SDS) micelles,
permitting to access spectrally distinct tube types.!"131° By
purposely narrowing the bandwidth of pump pulse resonant
with the E| state, we successfully realized predominant ex-
citation of the (11,0) tube from a mixture of various tube
species. In addition to the determination of the respective E;
and E, energies, combination of ab initio calculations of the
electronic structure and the experimental results enabled us
to gain new insights into this unresolved issue. The dynamic
behavior of this zigzag tube will be further discussed against
chiral species.

II. THEORETICAL AND EXPERIMENTAL APPROACHES

The electronic structure and optical response of the (11,0)
tube was calculated using an ab initio approach which in-
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clude quasiparticle self-energy?® and electron-hole
interaction®! effects. We refer to the previous work by Louie
and coworkers for the description of the method and related
technical details as applied to the carbon nanotubes.>*1%22

The SWNT material was produced by a HiPco-type gen-
erator, and the same procedure as described previously was
used to prepare a sample rich in individual nanotubes in a
surfactant-water system (SDS in H,0).?? Typical sample op-
tical densities at the relevant spectral region were about
0.15 per mm. During data acquisition, the 1 mm path length
sample cell was periodically translated within the focal
plane. Stability of the sample was checked by recording the
linear absorption spectra before and after the time-resolved
measurements, which showed no observable change.

Femtosecond frequency-resolved TA measurements were
performed using a commercial regenerative Ti:sapphire am-
plifier with a repetition rate of 250 kHz, generating ~50 fs
(full width at half maximum, FWHM) pulses centered at
~800 nm.?*?> An optical parametric amplifier was used to
generate pump pulse resonant with the E; state of the (11,0)
nanotube. In order to minimize direct excitation of other tube
species aside from the (11,0), a 10 nm (FWHM) bandpass
filter with a central wavelength of 1040 nm was introduced
into the pump beam for most of the measurements. A white-
light continuum served as a broadband probe, which was
detected using a Peltier cooled CCD camera. A more detailed
description of the experimental method can be found in Ref.
19.

To measure weak TA signals with an enhanced signal-to-
noise ratio, we applied an alternative approach to probe the
change of absorbance at selected wavelengths as a function
of the time delay between pump and probe pulses. The de-
tection scheme in this case consists of a monochromator, a
pair of silicon photodiodes and lock-in amplifiers. A set of
data collected at different wavelength under identical experi-
mental conditions was further used to reconstruct a TA spec-
trum. In both the broadband and the single-wavelength prob-
ing experiments, the polarization of the pump beam was set
to the magic angle (54.7°) with respect to the probe beam.

III. RESULTS
A. Theoretical

As reported previously for the (8,0) nanotube,>* the ab
initio calculations of the (11,0) tube with inclusion of the
electron-hole interactions give rise to a series of exciton tran-
sitions. The energies of the E; and E, excitons are at 1.21
and 1.74 eV, and the corresponding exciton binding energies
are 0.76 and 0.73 eV.'>?? In addition to these optically al-
lowed exciton bands, an even larger number of optically dark
states is found. Figure 1 shows the series of excitonic states
associated with the lowest intersubband transitions. In anal-
ogy to the energy levels in a one-dimensional (1D) hydrogen
atom,”® these states form subgroups corresponding to a dif-
ferent principal quantum number (n=0,1,2,...) and sym-
metry (the exciton envelope function is either even or odd
with respect to z— —z where the z direction is along the tube
axis?”?%). Each subgroup is comprised of four excitonic
states, arising from the double degeneracy of the valence and
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FIG. 1. Energy diagrams of the excitonic states of the (11,0)
tube obtained by ab initio calculations. The numbers denote the
principal numbers, u# and g represent odd and even symmetry, re-
spectively. The right-handed panel shows an expanded view of the
subgroup corresponding to the n=0 level; the optically allowed and
dark states are depicted by solid and dashed lines, respectively. The
oAy state is referred to as the E; state in the experimental portion of
this paper.

conduction band in the zigzag nanotubes.' The electron-hole
interactions further lead to not only removal of the degen-
eracy but also redistribution of oscillator strengths between
the resulting excitonic states. While all states in the sub-
groups with odd symmetry are optically dark, some of the
states with even symmetry are optically allowed. For in-
stance, the second state in the lg subgroup (see Fig. 1),
which is located at 1.71 eV, also carries substantial oscillator
strength.?

The lowest energy subgroup in Fig. 1 (see inset) is most
relevant for the present discussion due to the presence of the
state with majority of the oscillator strength, i.e., the E; state.
In addition to this E; state, now labeled as A, according to
the notation of Damnjanovic and coworkers,?”-* theory pre-
dicts that there are three optically dark states in this
complex:!> the ,Bj exciton which is the lowest spin-singlet
exciton in the electronic spectrum of the (11,0) tube, and the
doubly degenerate higher-lying excitons E5. The calculated
energy difference between the (A, and (B, states is 29 meV.

B. Experimental
1. Spectroscopic identification of the (11,0) nanotube

The micelle-dispersed sample used in this work contains
over 50 types of metallic and semiconducting nanotubes with
severely overlapping absorption bands. As a result, the broad
pulse spectrum of a sub-100 fs pump pulse will unavoidably
excite multiple tube species, resulting from resonance with
either the excitonic states of relevant tubes or their phonon
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FIG. 2. The TA spectrum recorded with spectrally wide pulses
centered at 1037 nm at a delay time of 70 fs. The three Gaussian
components resulting from spectral deconvolution are shown in
dashed lines and the fit is given by the solid line. The shaded area
shows the Gaussian band associated with the (11,0) and/or (8,1)
tubes.
subbands.?*3! As demonstrated previously,'*?> spectrally se-
lective detection of a desired nanotube type is attainable in
femtosecond TA experiments, provided that the E; energy of
the tube is sufficiently distinct. However, when the excited
nanotube species are associated with strongly overlapped ab-
sorption bands, spectral selection becomes difficult, and
careful discrimination is needed in order to identify unam-
biguously a desired tube type.

Figure 2 shows the TA spectrum measured using pump
pulses centered at 1037 nm, the empirically predicted wave-
length for the E; transition of the (11,0) tube,!3 at a delay
time of 70 fs. The wide spectrum associated with the
~100 fs pump pulse (>20 nm, FWHM) results in a broad,
asymmetry induced transmission (IT) band at wavelength
longer than 1015 nm and a weak induced absorption (IA)
feature at shorter wavelength. The presence of several tube
species in this spectral region'* means that the observed
broad IT band contains strong contributions from multiple,
structurally distinct nanotubes. According to Weisman et
al.,"3 the contributing species may include (7.5), (8,1), (11,0),
and (10,2) nanotubes, with their corresponding E; transitions
located at 1024, 1041, 1037, and 1053 nm, respectively. Ap-
proximate assessment of the contributing species is made by
spectral decomposition of this IT band, assuming a Gaussian
line shape for each tube type. This decomposition results in
three Gaussian bands peaked at 1027, 1039, and 1059 nm
with corresponding width (FWHM) of 14, 22, and 24 nm,
respectively. While this decomposition appears arbitrary, we
found that the resulting peak positions do coincide reason-
ably well with the E; transition energies of the (7,5), (11,0),
and/or (8,1),3? and (10,2) tubes. In addition, the widths of the
1039 and 1059 nm bands match fairly well with the typical
bandwidth of steady-state fluorescence emission spectra of
semiconducting nanotubes.>* The Gaussian band at 1027 nm
appears exceptional because of its noticeably narrower band-
width, arising most probably from a superposition with a
positive-signed IA signal at wavelengths <1015 nm. Never-
theless, the generally good match between the results of our
spectral decomposition and the previous steady-state fluores-
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FIG. 3. The TA spectra measured in the spectral region corre-
sponding to the E| and E, transitions of the (11,0) tube upon exci-
tation at 1040 nm with spectrally narrow pump pulses. The spectral
was recorded at a delay time of 190 fs with a pump fluence of
4.73 X 10'3 photons/pulse cm?. The solid line drawn over the ex-
perimental data collected at shorter wavelength represents a Gauss-
ian fit. Deconvolution of the spectrum obtained at longer wave-
length results in two Gaussian components (dashed and dotted
lines), and the solid line is the fit of the spectrum. The vertical
dashed line indicates the center frequency of the pump pulses and
the horizontal dotted line is the baseline of the spectra (AOD=0).

cence data validates this simple approach of spectral analysis
for identifying nanotubes with highly overlapped absorption
bands. It is pertinent to mention here that the same approach
was applied by Jones and coworkers to analyze the nanotube
species that contribute to the steady-state fluorescence emis-
sion spectra in this region, although a Voigt function was
used instead for the line shape.'

While it is possible to identify the (11,0) tube from the
spectral decomposition of the TA spectrum shown in Fig. 2,
the severely overlapping bands of different tube species pre-
vent further confirmation of this tube type, and spectroscopic
assessment of its dynamics and electronic structure. A simple
solution to this problem is to narrow the width of the pump
pulse spectrum, and this is achieved by introducing a spec-
trally narrow bandpass filter, with a central wavelength of
1040 nm and a FWHM of 10 nm, into the pump beam. All
the data presented in the reminder of this paper were ob-
tained with this spectrally narrow pump pulse. Figure 3
shows the TA spectrum recorded at a delay time of 200 fs.
This spectrum peaks at 1043 nm and has a significantly nar-
rower bandwidth than the one shown in Fig. 2, indicating
excitation of a smaller number of tube species (see Fig. 1).
Assessment of the contributing tubes is again obtained by
spectral decomposition, resulting in two Gaussian bands with
peak positions at 1042 and 1057 nm and widths of 16 and
23 nm, respectively. These two Gaussian bands can be
readily attributed to (11,0) and/or (8,1),% and (10,2) tubes,
respectively.'> By comparing the results of our spectral de-
composition shown in Figs. 2 and 3 it is clear that use of the
spectrally narrower pump pulses eliminates direct excitation
of the (7,5) tube, and allows preferential excitation of the
(11,0) and/or (8,1) tubes. This preferential selection is evi-
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FIG. 4. The change of the maximum amplitude of the transient
absorption kinetics at 740 nm (circles) and 1040 nm (squares) with
the intensity of pump pulses at 1040 nm, plotted as a function of the
intensity (circles vs bottom axis) or its square root (squares, top
axis). The dashed lines represent the linear fits of the data.

dent from the remarkably larger amplitude of the 1042 nm
Gaussian band than that of the 1057 nm (see Fig. 3).

The next step of our spectroscopic identification is to dis-
tinguish, between the (11,0) and (8,1) tubes. Although these
two nanotubes have similar E,| transition energies, their E,
energies are very different, located at 745 and 471 nm, re-
spectively, according to calculations using an empirical
formula.'® If the (11,0) tube is indeed excited by the
1040 nm pump pulses, an unique spectroscopic response at
the corresponding E, transition is expected. As we have dem-
onstrated recently,?® optical excitation of the E; transition of
a given semiconducting nanotube with moderate or high in-
tensity femtosecond pulses will induce a nonlinear exciton-
exciton annihilation process as the result of simultaneous
generation of multiple excitons in a single tube. Kinetics
caused by this relaxation process has also been observed by
other groups using either femtosecond pump-probe® or
time-resolved fluorescence techniques.** This nonlinear anni-
hilation involves rapid relaxation of one exciton by releasing
its energy to the second exciton, and consequently promoting
the latter to an higher energy excited-state. The subsequent
relaxation can result in population of the corresponding E,
state, and thus produce a unique spectroscopic response in
that spectral region. A spectroscopic response at the E, state
may also originate from its intrinsic correlation with the E,;
state, because they have the same ground state whose pho-
tobleaching is observable at both E; and E, wavelengths.
Figure 3 shows the TA spectrum obtained at a delay time of
200 fs in the region of 700—772 nm, which was recon-
structed from the kinetic data collected at 19 different prob-
ing wavelengths. This spectrum is dominated by an IT band,
peaked at 741 nm with a width (FWHM) of 22 nm. To test
that this spectroscopic response may be indeed related to the
annihilation of the (11,0) E, excitons, we further examined
the pump intensity dependence of the maximal amplitude of
the kinetics probed at 740 and 1040 nm and the results are
shown in Fig. 4. In consistence with our previous analysis,?
the corresponding amplitudes scale linearly with the pump
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intensity and its square root, respectively. This intensity de-
pendence is expected as long as the relaxation from the
higher-lying excited state (populated via the annihilation of
the E, excitons) to the E, state, and from the E, to the E,
state occurs in a timescale shorter than the duration of laser
pulses.? Support for the occurrence of exciton-exciton anni-
hilation is obtained by estimating the number of excitons
created in a single tube. Based on the pump power, the spot
size of the pump beam, an absorption cross section o= 1.2
X 10° cm?/mole C,* and a tube length of ~130 nm,> we
found on average one exciton will be created under the high-
est pump intensity. As the actual number of excitons created
in the nanotubes within the excitation volume follows a Pois-
son distribution, some of the tubes will have more than 1
exciton, and consequently exciton-exciton annihilation will
occur in these nanotubes. The pump-intensity-dependent de-
cays of the kinetics at 1040 nm, described below, further
confirm the occurrence of annihilation.

According to the results of spectral decomposition shown
in Fig. 3, the spectrally narrow pump pulse centered at
1040 nm excites not only the (11,0) and/or (8,1) tubes but
also the (10,2) tube. Unlike the (8,1) tube, the (10,2) tube has
an E, energy similar to that of (11,0).'-!3 It is therefore pos-
sible that the spectral response observed at 741 nm may also
be contributed by the (10,2) tube. However, based on the
amplitudes of the two Gaussian bands shown in Fig. 3, and
an assumption of equal absorption cross sections for the two
species,36 we estimate, on average, the number of excitons
created in the (10,2) tube will be 10 times less than in the
(11,0) tube. Accordingly, we expect very little, if any, exciton
annihilation in the (10,2) tube, leading to negligible popula-
tion in its E, state. We therefore attribute the IT band at
741 nm obtained by using the pump pulses at 1040 nm ex-
clusively to the (11,0) tube.

As the predicted E; energy of the (8,1) tube (1.191 eV) is
very close to the corresponding energy of the (11,0) tube, its
possible contribution to the 1042 nm bleaching band (Fig. 2)
needs to be examined. In a previous steady-state fluorescence
experiment, Jones et al. observed emission from the (11,0)
tube but not from the (8,1) tube,'® suggesting that the latter
has much lower emission intensity and/or content in the
sample. Comparison of the kinetics measured at 740 and
1040 nm allows us to elucidate the contribution from the
(8,1) tube more precisely. When the pump intensity is low
enough so that the population created in the E, state is neg-
ligible, the kinetics detected at both the E, and E, wave-
lengths will be governed by the ground state recovery. As a
result, we should observe the same decay behavior at both
wavelengths, because they share a common ground state.
The same decay behavior can be expected even if the popu-
lation in the E, state is not negligible, provided that the
population of the E, state decays too rapidly to be detected.
This is possible because the E, — E; relaxation (estimated to
be 40-60 fs'°37) may be significantly faster than our time
resolution, because of the necessary use of spectrally narrow
pump pulses in this study.’® Before comparing the kinetics
detected at the E; and E, transitions, we first separately ex-
amine the pump intensity dependence of these kinetics. Fig-
ure 5(a) shows the kinetics recorded at 1040 nm at different
intensities, which are scaled to an equal amplitude at a delay
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FIG. 5. (a) The TA kinetics probed at 1040 nm at different pump
pulse intensities (in photons/pulse cm?) at 1040 nm. The kinetics
are scaled to an equal amplitude at 3 ps. (b) The TA kinetics probed
at 740 nm at two different intensities of 1040 nm pump pulse. The
kinetics are normalized at the signal maxima.

time of 3 ps. As evident from Fig. 5(a), all kinetics exhibit
identical decay behavior at delay times longer than 3 ps,
whereas at shorter times they are clearly dependent on the
pump intensity. This dependence is manifested by the more
pronounced amplitude of a fast decay component with in-
creasing pump intensity, confirming the occurrence of
exciton-exciton annihilation. In contrast, the kinetic decays
at 740 nm are basically independent of the pump intensity
[Fig. 5(b)]. The intensity-dependent kinetics at 1040 nm
complicates somewhat the comparison of their decays with
those probed at 740 nm. When the pump intensity is
>8.20 X 10'2 photons/pulse-cm?, the 1040 nm kinetics
show clearly faster decay than those measured at 740 nm.
However, we found the kinetics recorded at pump intensity
<8.20 X 10'? photons/pulse cm? exhibit an excellent match
over the entire scan range of 20 ps (Fig. 6). It should be
noted that, at such a pump intensity, the exciton-exciton an-
nihilation only weakly affect the kinetics [see Fig. 5(a)]. This
match means that the Gaussian band at 1042 nm (see Fig. 3)
arises predominantly from the (11,0) tube, with an undetect-
able contribution from the (8,1) tube. This conclusion is
based on a previous observation that the kinetics measured
with time-resolved fluorescence and femtosecond TA spec-
troscopy are highly sensitive to the structure of semiconduct-
ing nanotubes, 3243 and if the (8,1) tube contributes sub-
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FIG. 6. Comparison of the kinetics probed at 740 (circles) and
1040 nm (solid line) upon resonant excitation with spectrally nar-
row pulses centered at 1040 nm. The data were collected with a
pump fluence of 3.85 X 103 and 8.20 X 10'2 photons/pulse cm?, re-
spectively. The kinetics are normalized at the signal maxima.

stantially, we should expect clearly different kinetics at 740
and 1040 nm.

2. Characterization of the decay timescales

We now turn to a more quantitative analysis of the kinet-
ics that characterizes the (11,0) tube. As shown in Fig. 5(a),
the exciton-exciton annihilation process ceases at delay times
longer than 3 ps, analysis of the kinetics detected at 1040 nm
allows determination of the lifetimes of the E; state of the
(11,0) tube. We found that the subsequent decay follows a
biexponential behavior, with lifetimes (relative amplitudes)
of 8 (0.68) and 105 ps (0.32), respectively. It is pertinent to
mention that the lifetime of this slower decay component
matches fairly well to the result obtained by Jones et al. from
single-photon counting measurements,'® which was per-
formed under a much lower excitation intensity. This simi-
larity supports our assignment of the resolved lifetime to a
characteristic time of the E, state.

TA kinetic profiles were also detected at 1020 nm where
an IA signal dominates the TA spectrum (see Fig. 3). Similar
to the data obtained at 1040 nm, these kinetics also depend
on pump intensity (data not shown). Under comparable
pump intensity, the kinetics recorded at 1020 and 1040 nm
show an identical decay at delay times longer than 3 ps (data
not shown), indicating that they likely share a common ori-
gin. At the shorter delay times, the kinetics are remarkably
different: the one measured at 1020 nm shows clearly faster
decay than the 1040 nm profile. To quantitatively character-
ize the initial rapid decay seen at 1020 nm, we preformed
global lifetime analysis. In this analysis, the data collected at
1020 and 1040 nm are fitted simultaneously, where the life-
times describing the identical decays are treated as global
parameters, and the lifetime associated with the rapid decay
component seen in the 1020 nm kinetics and all the ampli-
tudes were taken as independent, free variables. In order to
minimize the effect of exciton-exciton annihilation, we
choose a data set measured at an intensity of ~4.30
X 10'? photons/pulse cm? for the analysis. This analysis
gives a timescale of 160 fs for the rapid decay component of
the 1020 nm kinetics (Fig. 7).
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FIG. 7. Comparison of the TA kinetics at 1020 (open circles)
and 1040 nm (squares) measured at a pump intensity of 4.30
% 10'? photons/pulse cm?. For ease of comparison, the data col-
lected at 1040 nm are multiplied by (-1) and are scaled to equal
amplitude at 3 ps to the kinetics measured at 1020 nm. The solid
lines are the results of global fitting. See text for details.

IV. DISCUSSION

A. Determination of the electronic transition energies
of the (11,0) tube

We have shown in the preceding section that use of a
spectrally narrow pump pulse enabled us to predominantly
excite the (11,0), and two spectral bands characterizing the
E, and E, states (see Fig. 3) are identified. It is now straight-
forward to extract the values of the corresponding transition
energies from the peak positions of the corresponding IT
bands shown in Fig. 3, giving E;=1.19eV and E,
=1.67 eV, respectively.

It is interesting to compare the E; and E, energies deter-
mined in this work with currently available values. For ease
of comparison, we summarized in Table I all the available
values of the E, and E; transition energies and their ratios.
The energies determined here are very close to the previ-
ously empirically predicted values,'? and the results of a very
recent steady-state fluorescence experiment using a similar
preparation.'® A close similarity is also found between the E,
energy determined in this work and the value obtained from
the Raman experiment using HiPco-SWNT tubes.®

TABLE I. Comparison of the electronic transition energies of
the (11,0) tube and their ratios determined by different methods.

E, (eV) E; (eV) E,/E,
ab initio 1.74 1.21 1.44
calculation
This work 1.67 1.19 1.41
Predicted from 1.66 1.20 1.39
fluorescence?®
Raman 1.66
experiment”
Fluorescence 1.67 1.19 1.40
experiment®

4These values are taken from Ref. 13.
PThis value is taken from Ref. 16.
“These values are taken from Ref. 18.
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The transition energies obtained from the ab initio calcu-
lations (for an isolated tube in vacuum) are slightly higher
than the experimental values by 20 and 70 meV for the E;
and E, transitions, respectively. While the excitation energies
from ab initio calculations are at the level of accuracy of
~0.1 eV, the difference between theory and experimental
may also arise from dielectric screening owing to the pres-
ence of ionic SDS micelles around the tubes in the sample,
resulting in a decrease of the transition energies.*%*! It fact, it
was indeed observed by Lefebvre and coworkers that the
individual SWNTs suspended in air have higher E; and E,
energies by, on average, 28 and 16 meV than the tubes
wrapped by SDS-micelles.*?

B. Exciton relaxation within the lowest excitonic subband

As shown in Fig. 1, ab initio calculations predict that the
n=0 subgroup of excitonic states associated with the lowest
intersubband transitions consists of four closely spaced lev-
els, in which, three are optically dark. The presence of these
dark states and their involvement in the exciton relaxation
can affect both the TA spectra and kinetics by contributing to
ground state bleaching or/and excited-state absorption. To
illustrate qualitatively how this relaxation is related to our
experimental observation, we consider only the (A, and (B
levels. Since the transition between the ground state and the
oBy state is forbidden, the (B, state can be populated only
indirectly via excitation of the A, state and subsequent
oo — 0By relaxation. While both the (A and (B, states may
give rise to IA signals, the corresponding kinetics should be
very different because of the jA;— B relaxation, giving
rise to a decay and a rise, respectively, with the same time-
scale characterizing the relaxation. In view of the fast decay
seen at 1020 nm, we can conclude that the TA signal ob-
served originates mainly from the (A, state.

The overall time evolution of the exciton population will
be governed by the redistribution between the (A; and (B
levels, and additionally by the relaxation to the ground state.
At high intensity of excitation, exciton-exciton annihilation
will also affect the dynamics. We neglect this nonlinear ef-
fect by focusing on the data collected at low excitation in-
tensity (Fig. 7). The change of absorbance at a given delay
time ¢ and a probe wavelength A is given by

AOD(1,\) = (' = 03 = ao)na(t) + (0% = o)np(0)
= (a4 = o Ina (1) + oy np(t) = [na (1) + np(D)] o,
(1)

where n,(f) and ng(r) represent the exciton populations in
the (A, and (B levels, oy is the cross section of the ground-
state absorption, o*fE()\) and U{A()\) are the cross sections of
the stimulated emission and the IA from the ith excitonic
levels, respectively, and A and B denote the (A, and (B
levels. From Eq. (1), it is clear that population redistribution
has no effect on the bleaching of the ground state, but will
influence the stimulated emission and the IA. When the
probe pulse is tuned to ground state absorption band such as
at 1040 nm, the kinetics may be insensitive to the population
redistribution if ojiE(1040 nm) and o{f(1040 nm) are similar.
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In contrast, at 1020 nm the contributions from both the
ground state bleaching and the stimulated emission from the
oA, state are small relative to the IA signal. As a result, the
kinetics become more sensitive to the population redistribu-
tion, since the IA signals originating from the (A, and B,
levels are likely distinct spectrally. The timescale associated
with the rapid decay at 1020 nm can be considered as a
rough estimate for the (A, — (B, relaxation, which is 160 fs.

This rapid relaxation to the dark state will effectively de-
crease the fluorescence emission from the (A, state. From the
calculated energy difference between the (A, and (B, states
it can be readily estimated that about 2/3 of the exciton
population will be at the dark state, if the thermalization
timescale is shorter or comparable to the (A, — (B relax-
ation time and the lifetime of the (B, state is long compared
to both timescales.

C. Comparison of the kinetic behavior between the (11,0) tube
and chiral species

We demonstrated previously?* that exciton-exciton anni-
hilation is the predominant dynamical process in selected
chiral tubes and is characterized by several unique spectro-
scopic and dynamic signatures. (1) Electronically resonant
excitation of the E; state of the (8,3) tube at 953 nm induces
an instantaneous spectral response at 660 nm, the location of
the corresponding E, transition. (2) The dependence of the
amplitude of the transient absorption signal on the intensity
of pump pulses at 953 nm differs for the kinetics probed at
660 and 953 nm. The former exhibits a linear dependence,
whereas a saturating behavior is seen for the data obtained
with a 953 nm probe pulse. (3) The kinetics probed at 660
and 953 nm upon resonant excitation of the E; transition are
strongly correlated with each other. This correlation is mani-
fested by an excellent match between the squared profile
of the kinetics recorded at 953 nm and the kinetics meas-
ured at 660 nm. (4) A decay behavior independent of the
pump intensity is observed for the kinetics probed at 953 nm.
These observations were ascribed to the creation of a high
exciton population in the chiral nanotubes, and to pre-
cise cancellation of the ground state bleaching at the E, tran-
sition by the induced absorption from E|. In comparison,
the kinetic decays observed for the (11,0) tube are clearly
dependent on the excitation intensity [see Fig. 5(a)]. In ad-
dition, the kinetics detected at 740 nm appear identical to the
data probed at 1040 nm with pump intensities =8.20
X 10'? photons/pulse cm?. We believe that the different ki-
netic behavior observed for the (11,0) tube results from a
remarkably low population of excitons created due to the use
of ~6 times lower pump power in combination with a pos-
sibly smaller absorption cross section or/and shorter length
of this zigzag nanotubes. This is in line with the numerical
estimate described above, showing that a majority of the ex-
cited tubes contain a single exciton even at highest excitation
intensities used in the experiments.

The 1040 nm kinetics measured at high pump intensities
(>8.20% 10'? photons/pulse cm?) differ from those ob-
tained at 740 nm and is in marked contrast with the results
obtained at low pump intensity. The observed difference
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seems to suggest that the E; state decays differently from the
recovery of the ground state, i.e., an increase of the pump
intensity is likely to predominantly affect the dynamics of
the E; state. This could be an indication that the E, state is
not involved in the relaxation from the highly excited states
populated via exciton-exciton annihilation.*? In this case, the
annihilation taking place in the nanotube fraction that ini-
tially contains more than one exciton will affect only the
1040 nm kinetics, resulting in the intensity dependence
shown in Figs. 4 and 5(a). The 740 nm kinetics, which probe
the ground state recovery at the transition into the E, state,
will not change with the excitation intensity.

As a final remark, we now briefly comment on the abun-
dance of zigzag tubes in various HiPco SWNT materials.
While the fluorescence emission from semiconducting zig-
zag nanotubes is generally absent, the presence of these tubes
has been unambiguously identified by previous resonant
Raman'®!” and our current transient absorption measure-
ments. This result is fully consistent with the current under-
standing of the fluorescence intensity being not a good mea-
sure of the tube abundance, because the intrinsic
fluorescence quantum yield is strongly chirality-dependent.3®
A detailed account on the recent development in quantitative
characterization of the abundance of nanotube species using
either fluorescence, or resonant Raman or a combination of
these two, can be found in Refs. 44—46.

V. CONCLUSION

Application of femtosecond TA spectroscopy, we have ex-
perimentally resolved the spectra and kinetics characterizing
the two lowest electronic transitions of the (11,0) tube. This
was achieved by resonant excitation of the E; transition with
spectrally narrow pump pulses, which minimized excitation
of other unwanted tube species. The resulting TA spectrum
was analyzed by simple spectral decomposition with Gauss-
ian functions, and a dominant component peaked at 1042 nm
was assigned to the E; transition of the (11,0) tube. The
corresponding E, transition is characterized by a single
Gaussian profile peaked at 741 nm. To verify that these
Gaussian profiles are indeed originated from the E| and E,
transitions of the (11,0) tube, we further examined the TA
kinetics at 1040 and 740 nm, as well as their dependence on
excitation intensity. We found that the kinetics measured at
1040 nm under a low excitation intensity exhibits an identi-
cal decay behavior with the one probed at 740 nm, which is
independent of the pump intensity. At such an intensity, the
nonlinear exciton-exciton annihilation becomes minor, and
identical kinetics result from the recovery of their common
ground state. The identical kinetics thus provides strong sup-
port for our assignment of the two Gaussian bands. We fur-
ther determined the energies for the corresponding transi-
tions, giving E;=1.19 eV and E,=1.67 eV, respectively.
These values match well with the results of ab initio calcu-
lations.

We further investigated the role of the lowest-lying dark
state, the (B, state, by quantitatively analyzing the kinetics
obtained at 1020 and 1040 nm. This analysis enabled us to
extract a timescale of 160 fs for the relaxation from the op-
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tically allowed state (A, to this dark state. This rapid relax-
ation will significantly diminish the fluorescence emission
from the (A, state, and thus can account for at least partially
the weak or negligible emission from this subset of zigzag
nanotubes.
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