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S
ingle-walled carbon nanotubes (SWNTs)
are novel one-dimensional (1D) nano-
materials that can be considered as

graphene layers rolled up to form cylin-
ders.1 A SWNT can be either semiconduct-
ing or metallic depending on its diameter
and rolling angle.2,3 Extensive research ef-
forts have been made to measure and
model their physical properties and to de-
velop their unique traits for applications.4,5

However, understanding of the intrinsic
optical properties of SWNTs has been hin-
dered by the distribution of semiconducting
and metallic tube types in as-synthesized
samples. This difficulty can be circumvented
to a certain extent by encapsulating indivi-
dual SWNTs in surfactant micelles6 and
more recently using size-selective separation
techniques to enrich a single chirality.7,8 Initial
experiments performed with these sam-
ples demonstrated near-IR fluorescence
originating from semiconducting SWNTs.6,9�11

Subsequently, various optical studies such as
ultrafast spectroscopy,12�18 two-photonphoto-
luminescence,19 and temperature-dependent
fluorescence lifetime spectroscopy11,20 have
revealed that excitons rather than free elec-
trons and holes correctly account for the
excited states of SWNTs. These studies show
that the excitonic structure of SWNTs is com-
plex: there are four singlet excitons (e�h pair
excitations) for each matching pair of van
Hove singularities (Eii), but only one is optically
bright.21�25

Time-resolved studies of purified SWNT
samples have significantly improved our
understanding of exciton structure and
dynamics.12�18 However, questions remain
about the intrinsic optical properties of
SWNTs. One outstanding question is the
origin of the excited-state absorption of
SWNTs. Photoinduced absorptionbandshave
been observed in SWNT suspensions,26�29

films,12 and composites.30,31 A variety of

mechanisms have been invoked to explain
the spectra, such as intersubband exciton
transitions,12 carrier-induced absorption broad-
ening,26 and the formation of biexcitons.31

However, overlapping contributions from
different tube types in addition to the in-
herently complex exciton structure prevent
conclusive assignment of features in the
transient absorption spectra of polydis-
persed SWNT samples. Recently, ultrafast
spectroscopy has been performed on
enriched (6,5) SWNT suspensions,28,29 but
even single-chirality samples can contain
small bundles and trace amount of other
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ABSTRACT

Femtosecond transient absorption microscopy was employed to study the excited-state

dynamics of individual semiconducting single-walled carbon nanotubes (SWNTs) with

simultaneously high spatial (∼200 nm) and temporal (∼300 fs) resolution. Isolated SWNTs

were located using atomic force microscopy, and Raman spectroscopy was employed to

determine the chiral index of select nanotubes. This unique experimental approach removes

sample heterogeneity in ultrafast measurements of these complex materials. Transient

absorption spectra of the individual SWNTs were obtained by recording transient absorption

images at different probe wavelengths. These measurements provide new information about

the origin of the photoinduced absorption features of SWNTs. Transient absorption traces were

also collected for individual SWNTs. The dynamics show a fast, ∼1 ps, decay for all the

semiconducting nanotubes studied, which is significantly faster than the previously reported

decay times for SWNT suspensions. We attributed this fast relaxation to coupling between the

excitons created by the pump laser pulse and the substrate.

KEYWORDS: ultrafast pump�probe spectroscopy . transient absorption
microscopy . single-walled carbon nanotubes . excited-state dynamics .
excited-state absorption
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chiralities.7,8 The intrinsic optical properties can also be
altered by the extensive sample processing required to
purify SWNTs. For instance, the harsh acid treatments
and ultrasonic processing that are used in most sus-
pensionproceduresdamage theSWNTsidewalls, shorten
the length of the nanotubes, and lead to additional
nonradiative pathways.32

These issues point to the need to perform ultrafast
spectroscopy on individual as-grown SWNTs. This
can be achieved using transient absorption micros-
copy, where a high-sensitivity ultrafast laser system is
coupled to an optical microscope, allowing measure-
ments with simultaneous high spatial and temporal
resolution. This technique has been used to study
single metal and semiconductor nanostructures33�36

and offers distinct advantages over fluorescence-
based methods, where only materials with high emis-
sion quantum yields can be studied. Single chemical
vapor deposition (CVD)-grown SWNTs and surfactant-
encapsulated SWNTs were recently imaged through
transient absorption microscopy by Jung et al.37 How-
ever, the dynamics traces reported in ref 37werewith a
time resolution of∼5 ps, which is insufficient to resolve
the fast relaxation processes that have been observed
in solution phase ensemble measurements.13�18 Four-
wave mixing techniques have also been employed to
image individual SWNTs;38,39 however, limited dy-
namics information was obtained from these studies.
In this work, we report transient absorption micro-

scopy experiments on individual semiconducting SWNTs
with known chiralities grown by CVD. We construct
transient absorption spectra of individual SWNTs by
scanning the probe wavelength around the E22 exciton
resonances, where photoinduced bleach and absorp-
tion features relating to the electronic structure of the
individual semiconducting SWNTs were observed. A
fast, ∼1 ps relaxation process dominates the transient

absorption decays of the individual nanotubes on glass
substrates. By comparing our results to previous stud-
ies in SWNT suspensions,13,14,16�18we ascribed this fast
relaxation to the coupling of the excited states of the
SWNTs to the substrate.

RESULTS AND DISCUSSION

Figure 1A shows the atomic force microscopy (AFM)
height image of a 10 � 10 μm region of the sample,
where five SWNTs are visible. The SWNTs are labeled as
SWNT-1, -2, -3, -4, and -5. Raman measurements show
that SWNT-1 and SWNT-2 are two separate tubes: two
distinct radial breathing mode (RBM) peaks were
clearly resolved; see Figure 2. Two other SWNTs,
SWNT-6 and -7, were also investigated, and an AFM
image of these nanotubes is shown in the Supporting
Information (Figure S1A). Raman spectra (Figure 2 and
Figure S2) with 785 nm excitation showed RBM fre-
quencies of 185.0, 181.1, 120.0, and 210.6 cm�1 for
SWNT-1, -2, -5, and -6, corresponding to diameters of
1.30, 1.34, 2.06, and 1.12 nm, respectively.40 No RBMs
were observed for SWNT-3, -4, and -7, probably be-
cause their RBM frequencies are <100 cm�1, which is
outside our detection window.
Because only SWNTs with electronic resonances

near the laser excitation have detectable RBM signals,
we used the RBM frequency in combination with the
resonance conditions to assign chirality.40 For example,
SWNT-6 has a RBM frequency of 210.6 cm�1. There are
two SWNT chiralities that have RBM frequencies within
1 cm�1 (the resolution of our instrument) of 210.6 cm�1.
These are a semiconducting SWNT with a chiral index
of (13,2) and a metallic SWNT with a chiral index of
(11,5). The (13,2) SWNT has an E22 resonance at 1.45 eV,
which is close to the Raman laser (1.58 eV). In contrast,
the closest resonance to the Raman laser for the (11,5)
SWNT is the E11 resonance at 1.99 eV, which is too far

Figure 1. (A) Tapping mode AFM height image of SWNT-1, -2, -3, -4, and -5. (B to H) Transient absorption microscopy (TAM)
images with pump/probe wavelengths of 390/780, 400/800, 410/820, 420/840, 430/860, 440/880, and 450/900 nm,
respectively. All TAM images were collected at a pump�probe delay of 0 ps. Note that the scale of the reflectivity change
is different for each TAM image. Scale bars are 2 μm in all images.
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away to generate a strong Raman signal.40,41 There-
fore, we assign the chirality of SWNT-6 to (13,2).
Similarly, SWNT-2 was assigned to (13,6) and SWNT-1
was assigned to (14,4). The chiral index and the en-
ergies of the bright excitons associated with the first
(E11), second (E22), third (E33), and fourth (E44) subbands
are summarized in Table 1 for SWNT-1, -2, and -6.
Values of E11 and E22were obtained from experimental
photoluminescence data reported in refs 41 and 42,
while E33 and E44 values were obtained from calcula-
tions presented in refs 43 and 44.
For SWNT-5, a RBM frequency of 120.0 cm�1 was

observed (Figure S2). A conclusive assignment for
SWNT-5 is not possible due to its larger diameter
(2.06 nm). However, on the basis of resonance condi-
tions it can be assigned to a semiconducting nanotube.
Specifically, for a metallic SWNT with a diameter of
∼2.06 nm, the E11 resonance is at ∼1.2 eV,40 much
lower than the laser excitation energy. On the other
hand, the E33 resonance for semiconducting SWNTs
with diameters of 2.06 nm is ∼1.5 eV,40 which is much
closer to the Raman laser excitation energy. SWNT-5
could be one of the following five chiralities: (25, 2),
(21, 8), (16, 14), (17, 13), or (19, 11).
Figure 1B�H show transient absorption microscopy

(TAM) images of the same sample area in Figure 1A
at pump/probe wavelengths of 390/780, 400/800,
410/820, 420/840, 430/860, 440/880, and 450/900 nm.
The TAM images for SWNT-6 and -7 are shown in the
Supporting Information (Figure S1). All TAM images
were collected at a pump�probe delay of 0 ps. In these
experiments the probe wavelength is close to the E22
transition and the pump wavelength is close to the E44
transition of SWNT-1, -2, and -6. Wavelength-dependent
transient absorption signals are observed from all seven

individual SWNTs investigated. When probing at 780 nm
(Figure 1B), SWNT-1, -2, -4, and -5 exhibit negative ΔR/R
signals, meaning less reflection of the probe with the
presence of the pump, which corresponds to a photo-
induced absorption (PA) signal. In contrast, SWNT-3
shows a positive transient reflectivity (ΔR/R), corre-
sponding to a photoinduced bleach (PB) signal at this
wavelength. As the probe wavelength changes, ΔR/R
exhibits changes in both magnitude and sign. For
example, ΔR/R of SWNT-2 is negative (PA) at 800 nm
and turns positive (PB) at 820 nm.
The transient absorption spectra for six SWNTs (-1, -2,

-4, -5, -6, and -7) at 0 ps delay time are presented in
Figure 3, and the spectrum for SWNT-3 is shown in
Figure S3. For SWNT-1, PA occurs at wavelengths of
820 nm and shorter with a maximum around 800 nm,
while a PB band is observed at longer wavelength with
a peak around 860 nm. SWNT-2 exhibits a trend similar
to that of SWNT-1, with a blue-shifted PA band relative
to the PB band. For SWNT-6 and -7, the PA band is red-
shifted relative to the PB band, in contrast to that for
SWNT-1 and -2. The magnitude of the PA signal at
900 nm for SWNT-6 is significantly larger than the
signal at other wavelengths, probably because the
pump (450 nm) is resonant with the E44 transition for
this nanotube. SWNT-5 shows a transient absorption
spectrum very similar to those of SWNT-1 and -2, but
with smaller amplitude. The transient absorption spec-
trum of SWNT-4 oscillates between PA and PB. No
detectable signal was found for SWNT-3 for wave-
lengths longer than 820 nm, and a PB band is observed
for wavelengths shorter than 820 nm (Figure S3).
The excited-state dynamics of the individual SWNTs

were also studied, and transient absorption decay
traces from SWNT-2 and SWNT-1 are shown in Figure 4
and Figure S4, respectively. Figure 4A shows the kinetics
taken at the maximum of the PB band (840 nm), and
Figure 4B shows data collected at the PA band (800 nm).
To avoid carbon deposition onto the sample, a pump
intensity of 16 μJ/cm�2 (<1 exciton per 30 nm) or lower
was used for collecting kinetics. The decays are ex-
tremely fast, with signals fully recovered within a few
picoseconds. A single-exponential decay convoluted
with a Gaussian response function was employed to fit
the traces and gave decay constants of 0.9 ( 0.1 for

Figure 2. Raman spectra of SWNT-1, -2, and -6 with an excitation wavelength of 785 nm.

TABLE 1. RBM Frequencies, Chiral Index, and the First

(E11), Second (E22), Third (E33), and Fourth (E44) Exciton

Level Energies for SWNT-1, -2, and -6

SWNT

RBM

(cm�1)

chiral

index41,42

E11

(eV)41,42

E22

(eV/nm)41,42

E33

(eV)43,44

E44

(eV)43,44

SWNT-1 185.0 (14, 4) 0.764 1.472/842 2.438 3.014
SWNT-2 181.1 (13, 6) 0.760 1.419/874 2.438 2.900
SWNT-6 210.6 (13, 2) 0.949 1.446/857 2.994 2.826
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both the PB and PA bands. Similar decay constants
were found for SWNT-1 and -6.
In the following, we discuss the origins of the SWNT

structure-specific PA and PB features and the fast
dynamics observed for both features. In our experi-
ments, the pump laser creates E44 excitons that rapidly
relax to the E11 level within 100 fs (shorter than the
pulse width of the experiments).30 This process reduces

the population of the ground state and increases the
population of the low-lying levels in the E11 manifold of
states. This causes a PB signal for probe transitions that
originate from the ground state. For SWNT-1, -2, and -6
the PB bands observed near 850 nm can be attributed to
the bleach of the E22 exciton resonances. As shown in
Figure 3, the positions of the PB bands in these SWNTs
agree reasonably well with the E22 frequenciesmeasured
by photoluminescence.41,42 For the larger diameter
SWNT-5, the PB band at 850 nm most likely corre-
sponds to the E33 resonance.
The rapid relaxation to the E11 manifold means that

the dynamics probed at the PB band should reflect
ground-state recovery from the E11 level. For semicon-
ducting SWNTs suspended in solution, an initial sub-
picosecond decay followed by slower decays on the
order of tens of picoseconds were observed when
probing at the E11 and E22 resonances.13,14 The slow
decays were ascribed to recombination of E11 excitons,
while the origin of the initial fast decay is still under
debate.13,14,18 For all the individual SWNTs interro-
gated here, we observe only a fast, ∼1 ps decay even
when probing resonantly at the PB band. We attribute
this decay to an additional relaxation pathway intro-
duced by the substrate. Fast energy transfer to the
substrate is consistent with the observation of fluores-
cence quenching for substrate-supported SWNTs.45 In
principle, exciton�exciton annihilation can also con-
tribute to the fast (∼1 ps) dynamics in our experiments,
especially given thatmultiexciton generation has been
observed with photoexcitation near E44.

46 However,
exciton�exciton annihilation will leave the system in
the E11 state, and the data in Figure 4 show that the

Figure 3. Transient reflectivity changes (ΔR/R) at 0 ps pump�probe delay time versus probewavelength for SWNT-1, -2, and -
6 and SWNT-4, -5, and -7. For SWNT-1, -2, and -6, the chirality assignments are indicated. The yellow bars with a width of
25 meV correspond to the position of the E22 exciton resonances of SWNT-1, -2, and -6. PA = photoinduced absorption;
PB = photoinduced bleach.

Figure 4. Transient absorption traces for SWNT-2 at pump/
probewavelengths of (A) 420/840nmand (B) 400/800nm. A
pump intensity of 16 μJ/cm�2 was employed. The traces
werefittedwith a single-exponential decay convolutedwith
a Gaussian response function (350 fs fwhm). Experimental
data are black circles, and fits are red solid lines.
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relaxation of this state is much faster than that ob-
served in solution (∼10 ps).13,14 The intensity depen-
dence of the decay dynamics was also explored. Traces
for SWNT-1 at two different pump intensities (8 and
16μJ/cm�2) are given in Figure S4. No significant pump
intensity dependence was observed, implying that
exciton�exciton annihilation is negligible at the pump
intensities employed in these measurements.
The origin of the PA features is more complex.

Typically PA bands result when the probe is resonant
to transitions that originate from an excited state.
Korovyanko et al. ascribed PA bands in SWNTs films
to intersubband excitonic transitions,12 while Ostojic
et al. attributed PA bands in micelle-encapsulated SWNT
suspensions to carrier-induced absorption broad-
enings.26 Styers-Barnett et al. performed experiments
with SWNT mixtures embedded in polymer matrices
and argued that red-shifted PA bands resulted from
the formation of biexcitons.31 Ambiguity exists in
assigning PA features in these polydispersed samples,
because the bands of one tube type can overlap with
bands of another tube type. Recently, transient absorp-
tion spectra of enriched (6,5) SWNT suspensions
showed only blue-shifted PA bands near both the E11
and E22 transitions.

28,29 The blue-shifted PA band near
the E11 resonance was attributed to transitions from
the dark singlet exciton in the E11 manifold to a state
in the E11 þ E11 biexciton manifold.28,29

Our measurements unambiguously demonstrate
that the position of the PA bands is chirality dependent
and can be either blue- or red-shifted relative to the
E22 exciton resonance. Specifically, the PA feature is
blue-shifted for SWNT-1, -2, and -5 and red-shifted for
SWNT-6 and -7. This rules out the carrier-induced peak-
broadening mechanism, because peak broadenings
result in symmetrical PA bands on either side of the
PB band. Because population in the higher excitonic
levels relaxes to the E11 subband within the laser pulse,
only transitions originating from the E11 exciton mani-
fold can contribute to the observed PA signal. For
SWNT-1, transitions from E11 to E22, E33, and E44 have
energies of ∼0.7, ∼ 1.7, and 2.3 eV, respectively, while
the PA band centers at ∼1.55 eV. For SWNT-2, the PA
position and the interband transition energies are
similar to those of SWNT-1 (Table 1). For SWNT-6, the
PA band occurs at ∼1.38 eV, while transition energies
from E11 to E22, E33, and E44 are ∼0.5, 2.0, and 1.9 eV,
respectively. Thus, interband transitions originating
from E11 do not have the correct energies to explain
the observed PA band positions, which rules out inter-
subband transitions as a possible mechanism for the
PA signal.
On the basis of these considerations, we assign the

PA features to transitions from the lowest level in the
E11 exciton manifold to levels in the E11þ E22 biexciton
manifold. Theoretical calculations predicted biexciton
binding energy (Eb) in semiconducting SWNTs to be

substantial, ranging from 50 to 200meV depending on
the SWNT size and the dielectric envioroment.47,48

Thus, transition to the lowest level (s state) of the
E11 þ E22 biexciton should produce red-shifted PA
bands (Scheme 1), which is observed for SWNT-6 and
-7. Within this scheme, the energy of the red-shifted PA
feature is given by EPA = EPB � Eb. The data in Figure 3
give an Eb value of ∼100 meV for SWNT-7 and Eb >
80meV for SWNT-6 (the limited spectral window of the
experiment prevents amore accurate value frombeing
determined for SWNT-6). These Eb values agree well
with previous theoretical predictions.47,48

The blue-shifted PA features observed for SWNT-
1and -2 should correspond to transitions to higher
levels in the E11 þ E22 manifold; these could be either
phonon-assisted transitions49,50 or higher exciton levels
(p states). The energy splitting between s andp states is
on the order of 300 meV for SWNTs with a diameter of
∼1 nm,19 which is too large to account for the energy
difference between the PA and PB bands observed
in our experiments. To account for the ∼100 meV
energy difference between the blue-shifted PA and
the PB bands, we consider phonon-assisted forma-
tion of biexcitons. From Scheme 1, the energy of the
phonon responsible for the blue-shifted PA transition is
Ephonon = EPA� EPBþ Eb. This gives a value of Ephonon≈
200 meV, which agrees well with the energy of the G
mode optical phonons in SWNTs. The G mode optical
phonons are known to couple strongly to electrons
and are responsible for absorption side bands ob-
served in previous photoluminescence excitation
studies.20,49 Therefore, we attribute the blue-shifted
PA features to formation of a biexciton assisted by
the G mode optical phonons. Relaxation from the
higher excited states created by the pump pulse to
the E11 manifold creates a large population of optical

Scheme1. Summary of the relaxationprocesses involved in
transient absorptionmeasurements on SWNTs. After excita-
tion by the pumppulse the system rapidly relaxes (< 100 fs) to
the lowest energy level of the E11 manifold. PB features
result from the pump-induced bleach of the E22 transition.
PA bands arise from transitions from the E11manifold to the
E11 þ E22 manifold. Eb represents the biexciton binding
energy. The energy level diagram illustrates the blue-
shifted and red-shifted PA signals. The red-shifted PA
feature is due to the finite binding energy of the biexciton
state. The blue-shifted PA bands correspond to phonon-
assisted transitions, where Ephonon is the phonon energy
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phonons, which increases the probability of phonon-
assisted transitions leading to the blue-shifted PA
features.
In principle, every SWNT should show a red-shifted

PA feature corresponding to a transition to the E11þ E22
exciton because of the finite biexciton binding energy.
The fact that red-shifted PA features are not observed
in all cases is probably due to the limited tuning range
of the laser used for these experiments (∼120 nm).
Our results are consistent with the complex excited-
state absorption spectra reported for (6,5) enriched
samples, where multiple red-shifted and blue-
shifted PA bands were observed near the E22

S

resonance.50 In the experiments presented in ref 50
the position of the PA bands was found to coincide
with the phonon side bands observed in photolumi-
nescence excitation measurements.50

Our observation of probe wavelength dependent
transient absorption signals is in contrast to what have
been reported in refs 37 and 51. In these experiments
the sign of the transient absorption signals did not
change with wavelength, for both metallic and semi-
conducting surfactant-encapsulated SWNTs.37,51 Changes
in the sign of the signal are expected when scanning
across an electronic resonance, because the PB and PA
features in general occur at different wavelengths.
However, inhomogeneous broadening can occur in
SWNT bundles, washing out resonances of individual

nanotubes and resulting in broad spectral features.
Thus, a possible reason for the difference between the
results reported here and those in refs 37 and 51 is that
Tong et al. were interrogating bundles rather than
individual SWNTs.

CONCLUSION

In conclusion, we have performed transient absorp-
tion microscopy studies on CVD-grown individual
SWNTs with known chiralities. By combining diffraction-
limited spatial resolution and subpicosecond time
resolution, our experiments provided the first mea-
surement of femtosecond excited-state dynamics and
transient absorption spectra of individual SWNTs. The
transient absorption spectra can be understood as
arising from a PB feature due to the ground state to
E22 transition, and a PA feature to transition from the
lowest level in the E11 excitonmanifold to in the E11þ E22
biexciton manifold. The PA and PB signals decay on a
subpicosecond time scale, due to fast energy transfer
from the nanotubes to the substrate. Our unique
experimental approach provides a means to remove
inhomogeneity and unravel environmental effects in
excited-state dynamics of SWNTs. In order to interro-
gate the intrinsic nonradiative pathways, and to ex-
plore differences between different excited states,
experiments on suspended individual SWNTs are
currently being performed.

EXPERIMENTAL DETAILS

Growth of Individual Carbon Nanotubes. Highly oriented SWNTs
with lengths from tens to hundreds of micrometers were grown
on single-crystal ST-cut quartz (Hoffman Materials Inc.) with
CoCl2 as the catalyst. The growth was performed in a tube
furnace at 870 �C with a flow of methane (1000 sccm) and
hydrogen (140 sccm) for 30 min.52 SWNTs were subsequently
transferred onto a patterned glass coverslip53 in order to
correlate Raman spectra and AFM measurements to the tran-
sient absorption experiments. Raman spectra of individual
SWNTs were collected by a Renishaw Raman microscope
(RM1000) with a 785 nm laser as the excitation source.

Transient Absorption Microscopy. Correlated transient absorp-
tion microscopy and atomic force microscopy measurements
were performed by coupling a Ti:Sapphire oscillator (76 MHz
repetition rate, CoherentMira 900) with a Veeco Bioscope II AFM
(operated in tapping mode for height imaging) mounted
on an inverted microscope (Nikon Ti-U).36 The tunable output
(700�1000 nm) from the Ti:Sapphire oscillator was split into two
beams, one of which was employed as the probe and the other
was doubled by a β-barium borate crystal to serve as the pump.
The polarizations of the pump and probe beams were made
parallel to the long axis of the SWNTs. The collinear pump and
probe beams were focused at the sample with a 100�, 1.40
numerical aperture oil-immersion objective (Nikon Apo).
The reflected beams were collected by the same objective,
and the probe was detected with an Avalanche photodiode
(Hamamatsu C5331-04).

Pump-induced changes in the probe reflectance (ΔR) were
measured by modulating the pump beam at 500 kHz with an
acousto-optic modulator (IntraAction Corp., AOM-40AF Series)
and monitoring the output of the APD with a lock-in amplifier
(Zurich Instruments). TAM images were constructed by raster

scanning the sample with a piezo stage (Veeco Bioscope II) and
recording the relative change in reflection (ΔR/R) at fixed delay
times. The spot size of the pump at the sample was ∼200 nm,
and the spot size of the probe was ∼400 nm, giving an overall
spatial resolution of ∼200 nm in these images. All TAM images
were acquired at a pump�probe delay of 0 ps and with a pump
intensity of 0.1mJ/cm2 at the sample. For a pumpwavelength at
420 nm, this pump intensity corresponds to a fluence of 2.2 �
1014 photons/cm2. Using a resonant absorption cross-section of
90 nm2 per μm for 1 nm diameter SWNTs,54 we calculate an
upper limit for the exciton density of ∼1 exciton per 5 nm of
tube length. Transient absorption traces were obtained by
delaying the probe with respect to the pumpwith amechanical
translation stage (Newport Corp) and recording signals from
fixed positions. A lower pump fluence of 16 μJ/cm2 (<1 exciton
per 30 nm tube length) or lower was used for the dynamics
measurements. For all measurements, the samples were placed
under a continuous flow of argon gas to prevent damage. The
time resolution at the sample was ∼350 fs for these experi-
ments. In principle, pump�probe microscopy experiments can
be complicated by the thermal lensing effect; however, this is
not a problem for resonant signals in nanostructures. In addi-
tion, thermal lensing is typically a long time signal, which does
not appear in our data.
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Supporting Information Available: Raman spectra of the
SWNT-5 as well as AFM and transient absorption microscopy
images of the SWNT-6 and -7; transient absorption spectrum of
SWNT-3; and pump intensity dependence of transient absorp-
tion dynamics of SWNT-1. This material is available free of
charge via the Internet at http://pubs.acs.org.
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