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Intersubband Exciton Relaxation Dynamics in Single-Walled Carbon Nanotubes
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We study exciton (EX) dynamics in single-walled carbon nanotubes (SWNTs) included in polyme-
thylmethacrylate by two-color pump-probe experiments with unprecedented temporal resolution. In the
semiconducting SWNTs, we resolve the intersubband energy relaxation from the EX2 to the EX1
transition and find time constants of about 40 fs. The observation of a photoinduced absorption band
strictly correlated to the photobleaching of the EX1 transition supports the excitonic model for primary
excitations in SWNTs. We also detect in the time domain coherent oscillations due to the radial breathing
modes at � 250 cm�1.
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Single-walled carbon nanotubes (SWNTs) are quasi-
one-dimensional (1D) solids made up of enrolled graphene
sheets which, depending on their chirality, behave as semi-
conductors or metals [1]. They have recently aroused a
great interest due to their physical properties enabling
applications in mechanics [2], nanoelectronics [3,4], and
photonics [5]. Bulk amounts of SWNTs contain a mixture
of metallic (�1=3) and semiconducting (�2=3) tubes with
different diameters and chiralities. In SWNTs one-
dimensional quantum confinement leads to valence and
conduction subbands with diverging density of states at
the subband edges (van Hove singularities). This predic-
tion ignores Coulomb-correlation effects [6]; however,
recent experimental [7] and theoretical [8,9] results point
out the relevance of electron-electron interactions in 1D
systems, and therefore the importance of considering ex-
citonic effects. Ultrafast optical spectroscopy was used to
study carrier relaxation dynamics in SWNTs: This is im-
portant for understanding the nature of their primary pho-
toexcitations and also for photonic applications as ultrafast
switches. Based on techniques such as time-resolved pho-
toemission [10], pump-probe [11–16] and fluorescence up-
conversion [17,18], it was found that semiconducting
SWNTs excited to their first excitonic state (EX1) exhibit
a very fast recovery to the ground state with time constant
of � 1 ps, attributed to nonradiative decay. Structured
photoinduced absorption (PA) correlated with photo-
bleaching (PB) was observed [14]. When excited to the
second excitonic state in the visible (EX2), they relax to the
lowest state on a time scale too fast to be temporally
resolved [13,14,17].

In this work we study excited state dynamics of SWNTs
with a temporal resolution high enough to resolve the
intersubband EX2 ! EX1 relaxation, for which we find a
time constant � � 40 fs independent from excitation in-
tensity. We also observe that the PB of the EX1 transition
in the IR is always associated with a PA band in the visible,
supporting the excitonic model for photoexcitations in
SWNTs. Transient oscillations due to coherent excitation
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of the radial breathing mode of the SWNTs are seen in
some time traces.

The experimental setup starts with an amplified
Ti:sapphire laser (500 �J, 150 fs, 1 kHz) driving two
noncollinear optical parametric amplifiers (NOPAs) [19].
The first NOPA generates pulses tunable in the near IR
(0.8–1.4 eV) with widths ranging from 15 fs at 1.4 eV to
30 fs at 0.92 eV; by frequency doubling, 15 fs pulses at
2.75 eV are obtained. The second NOPA generates visible
pulses (1.8–2.4 eV bandwidth) compressed to sub-10 fs
duration by chirped mirrors [20]. It is possible either to use
a single NOPA for degenerate pump-probe experiments or
to synchronize the two NOPAs for two-color experiments.
Cross correlation between pump and probe pulses is used
to set time zero and determine the instrumental response
function. We studied samples of SWNTs grown by the high
pressure carbon monoxide procedure (HiPco). Purified
HiPco buckytubes (Carbon Nanotechnologies, Inc.) were
functionalized with poly(ethylene glycol) (PEG) chains to
improve dispersion in a polymer matrix. Derivatization
was achieved through amidation of nanotube-bound car-
boxylic acids with PEG-amine [21]. The functionalized
SWNTs were embedded in polymethylmethacrylate films
cast on glass cover slips. Resonance Raman spectra
showed that the oxidation reaction used for the function-
alization destroyed the nanotubes with a diameter below
� 0:90 nm [22]. These spectra do not show an increased
number of defects in the functionalized samples since the
D band (at 1315 cm�1), which depends on the density of
defects in the nanotubes [23], has almost the same inten-
sity, with respect to the G band at 1588 cm�1, as in the
original nanotubes. Experiments were performed in air at
room temperature; excitation intensity was kept in the
linear regime, with differential transmission (�T=T) below
2%–3%. Figure 1 shows the absorption spectrum of the
SWNT sample used for the experiments; the bands are
broadened due to the dispersion of absorption energy
with tube radius and chirality [7]. Figure 1 also shows
spectra of the pulses used in the experiments.
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FIG. 2 (color online). (a) �T=T dynamics of SWNTs excited
at 0.92 eV and probed at 0.95 eV (circles) together with fit (solid
line) and pump pulse autocorrelation (squares 
 line); (b) same
as (a) but at 2 eV probe wavelength and with pump-probe cross
correlation. Inset shows the measurement on a longer time scale.

FIG. 1 (color online). Linear optical absorption spectrum of
the sample. The energy ranges for first (EX1), second (EX2), and
third (EX3) excitonic transition of the semiconducting SWNTs,
as well as for the metallic SWNTs, are indicated. Spectra of the
different ultrashort pulses used for excitation are also shown.
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Figure 2 shows �T=T dynamics at two different probe
energies following photoexcitation with a 30 fs pulse at
0.92 eV, resonant with the EX1 transition. At 0.95 eV probe
energy [Fig. 2(a)] one observes the prompt rise of EX1 PB,
followed by a decay due to interband recombination; ex-
ponential fitting gives a time constant � � 400 fs for
ground state recovery, in good agreement with previous
measurements [13–16]. The recombination dynamics does
not show any excitation intensity dependence, as observed
in previous studies [15,16], excluding bimolecular exciton
annihilation. Tuning the probe wavelength to the visible
(2 eV), a PA signal is detected, also instantaneously rising
and decaying with the same dynamics as the PB at 0.95 eV.
This signal was already observed in SWNTs [13,14] and
was given two different interpretations: Lauret et al. as-
signed it to a red shift of the �-plasmon resonance [13],
while Korovyanko et al. attributed it to transitions between
the first and third conduction or valence subbands [14].
These transitions, strictly forbidden within the tight-
binding (TB) approximation, become allowed by consid-
ering excitonic effects. According to calculations [9], each
exciton has a manifold of states, with different symmetry
and dipole coupling, both below and above the respective
band continuum. Since the energy of the PA (�2 eV)
corresponds to the energy difference between the EX1
and EX3 transitions, we attribute it to a transition between
the lowest EX1 level and a suitable level of the EX3
manifold with the appropriate symmetry, according to the
selection rules.

The inset in Fig. 2(b) shows PA recovery on a longer
time scale: The signal is modulated by an oscillatory
pattern due to coherent vibrational motion initiated by
the pump pulse. The Fourier transform of the oscillatory
component indicates a frequency of 259 cm�1, corre-
sponding to the radial breathing mode (RBM) of semi-
conducting SWNTs, as it is possible to see in the Raman
20740
spectrum [22]. Time domain detection of the RBM sug-
gests a strong coupling of the localized exciton state with
the lattice vibrations. The RBM frequency and the fact that
the primary excitation was at 0.92 eV allow one to identify
the nanotubes excited in the experiments. On the basis of
TB calculations parametrized for the assignment of the
Raman spectra [24], one finds that the �10; 3�, �11; 1�,
�9; 4�, and �7; 6� SWNTs are excited, with the first excita-
tion at 0.87, 0.88, 0.92, and 0.92 eV and RBM frequencies
[25] at 253, 258, 257, and 263 cm�1, in the ground state,
respectively.

Figure 3 shows �T=T dynamics following excitation
with a sub-10 fs visible pulse, resonant with the EX2
transition of semiconducting SWNTs and with the first
excited state of metallic SWNTs. In a degenerate measure-
ment, at 2.15 eV probe energy one observes an instanta-
neously rising positive signal, due to PB of the EX2
transition [Fig. 3(b)]; it decays within � 150 fs into a PA
similar to the one observed with the pump at 0.92 eV. The
PB decay and subsequent PA formation are assigned to
EX2 ! EX1 exciton relaxation, here temporally resolved
for the first time. Fitting by a three-level model, after
deconvolution of the pump-probe cross correlation, gives
a time constant � � 40	 3 fs for this process. Note that,
also in this case, the PA is modulated by an oscillatory
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FIG. 4. �T=T spectra of SWNTs excited by a sub-10 fs visible
pulse at different pump-probe delays. The lower panel also
shows a �T=T spectrum with IR excitation (0.92 eV).

FIG. 3 (color online). (a) �T=T dynamics of SWNTs excited
in the visible and probed at 0.92 eV (circles) together with fit
(solid line) and pump-probe cross correlation (squares 
 line);
(b) same as (a) but at 2.15 eV probe energy and with pump pulse
autocorrelation. Inset of Fig. 3(b) shows intensity dependence of
the dynamics at 2.15 eV.
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signal due to the impulsively excited RBM at 246 cm�1.
Our interpretation is confirmed by measurements at
0.95 eV probe energy [Fig. 3(a)]. In this case the PB of
the EX1 transition shows a delayed rise, with a time
constant of 40 fs, due to population buildup. Dynamics
of exciton relaxation can be better visualized by �T=T
spectra at different time delays, following visible excita-
tion (see Fig. 4). At early times (50 fs delay) one observes
the PB spectrum of the EX2 transition, which then rapidly
decays to form the PA of EX1. In the same figure the �T=T
spectrum measured with IR excitation (0.92 eV) is re-
ported, showing a PA band with shape similar to the one
obtained with visible excitation; this supports the assign-
ment of the visible PA band to a transition from EX1. The
sub-10 fs visible pulse can excite many more nanotubes
than that in the IR. However, the selection operated by the
oxidation restricts the number of accessible ones. One finds
that the semiconducting nanotubes that can be excited are
�10; 3�, �9; 5�, �9; 4�, and �7; 6� with RBM frequencies 253,
242, 257, and 263 cm�1 in the ground state and the second
excitation at 1.95, 1.85, 2.03, and 1.92 eV, respectively
[25]. This justifies the observation of oscillations with
frequencies around 250 cm�1.
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Our broad visible excitation spectrum overlaps also
partially with the absorption of the metallic SWNTs, lead-
ing to the question of whether they contribute to the ultra-
fast relaxation observed in the visible. Lack of coherent
phonons around 200 cm�1, which is the RBM frequency
for metallic SWNTs [22], suggests that their contribution is
negligible. To study this issue, we tuned our excitation to
the red, using slightly longer pulses, in order to be more
selective. Figure 5(a) shows the result of a degenerate
measurement using 15 fs excitation pulses at 1.35 eV,
resonant exclusively with the EX2 transition of the semi-
conducting SWNTs [25]; again we see a PB signal rising
instantaneously and decaying with a time constant of 35 fs,
confirming that this fast decay is due to relaxation out of
EX2 in the semiconducting SWNTs. Finally, Fig. 5(b)
shows a measurement performed using 15 fs blue pump
pulses (2.75 eV), resonant with the third transition of the
semiconducting SWNTs (EX3), and probing in the visible
at 2.1 eV. This wavelength corresponds to the PB of the
EX2 transition but also to the PA from EX1. Here we
observe the buildup of a PA signal, indicating the popula-
tion of the EX1 state; this corresponds to energy relaxation
from EX3 into the lowest available state. In this case the
time constant for the EX3 ! EX1 relaxation process is
65 fs. The larger excess energy to be dissipated accounts
for the longer time required.

The ultrafast relaxation of EX2 cannot derive from the
bimolecular recombination because of the weak intensity
dependence of the dynamics [see inset of Fig. 3(b)], which
becomes slightly slower for higher excitation density. It
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FIG. 5 (color online). (a) �T=T dynamics of SWNTs excited
at 1.35 eV and probed at 1.35 eV (circles) together with fit (solid
line) and pump pulse autocorrelation (squares 
 line); (b) �T=T
dynamics of SWNTs excited at 2.75 eV and probed at 2.1 eV
(circles) together with fit (solid line) and pump-probe cross
correlation (squares 
 line).
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can be understood within the semiconductor picture as a
Fano resonance of the initial EX2 level with the continuum
of the lower lying EX1 state. Common in inorganic low
dimensional semiconductors [26], such resonances have
recently been predicted for SWNTs too [27]. In particular,
from the width of the calculated Fano line shape, a lifetime
of 50 fs has been estimated for a semiconducting SWNT
[28], in excellent agreement with our measurement.
Because of the large phonon energy available, thermaliza-
tion of hot EX1 can be very effective. The slower kinetics
at higher density can be due to quenching of the phonon
emission rate by the growing population (phonon bottle-
neck). These results are also consistent with a molecular
picture in which EX2 undergoes an internal conversion to
EX1 dressed by a phonon cloud. This suggests a compari-
son with other 1D systems, such as conjugated polymers,
in which the internal conversion of higher lying excitons
has a time constant of 45 fs [29], close to the one found
here.

In conclusion, we have studied with unprecedented tem-
poral resolution the dynamics of photoexcited excitons in
SWNTs. Early exciton relaxation from higher levels is
concluded in 150 fs, with a time constant of the order of
� � 40 fs. This dynamics is consistent with the conjecture
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that primary excitations in SWNTs are excitons, i.e., gemi-
nate electron-hole pairs, confined by the 1D topology. We
showed that correlated PB and PA bands exist, as predicted
by theoretical models that include electron-electron inter-
action. Because of the concentration of oscillator strength
induced by confinement in the 1D space, SWNTs are
predicted to have very large nonlinear optical absorption
[30]; this, in combination with the very fast recovery times
we measured, makes them ideal candidates for an ultrafast
all-optical switching application at frequencies well in
excess of 1 THz.
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