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ABSTRACT

Semiconducting single-walled carbon nanotubes (SWNTs) are one of the most intriguing nanomaterials due to
their large aspect ratios, size tunable properties, and dominant many body interactions. While the dynamics of
exciton population relaxation have been well characterized, optical dephasing processes have only been exam-
ined indirectly through steady-state measurements such as single-molecule spectroscopy that can yield highly
variable estimates of the homogeneous linewidth. To bring clarity to these conflicting estimates, a time-domain
measurement of exciton dephasing at an ensemble level is necessary. Using two-pulse photon echo (2PE) spec-
troscopy, comparatively long dephasing times approaching 200 fs are extracted for the (6,5) tube species at room
temperature. In this contribution, we extend our previous study of 2PE and pump-probe spectroscopy to low
temperatures to investigate inelastic exciton-exciton scattering. In contrast to the population kinetics observed
upon excitation of the second transition-allowed excitonic state (E22), our one-color pump-probe data instead
shows faster relaxation upon cooling to 60 K when the lowest transition-allowed state (E11) is directly excited for
the (6,5) tube species. Analysis of the kinetics obtained suggests that the observed acceleration of kinetic decay
at low temperature originates from an increasing rate of exciton-exciton annihilation. In order to directly probe
exciton-exciton scattering processes, femtosecond 2PE signal is measured as a function of excitation fluence and
temperature. Consistent with the observed enhancement of exciton-exciton scattering and annihilation at low
temperatures, the dephasing rates show a correlated trend with the temperature dependence of the population
lifetimes extracted from one-color pump-probe measurements.

Keywords: ultrafast nonlinear spectroscopy, dephasing, population dynamics, excitons, single-walled carbon
nanotubes

1. INTRODUCTION

Semiconducting single-walled carbon nanotubes (SWNTs) have recently shown strong potential for use as efficient
fluorophores1, 2 and photodiodes.3 The development of such promising optoelectronic applications requires an
understanding of the dominant many-body photophysics of these nanomaterials. Inherent one-dimensional con-
finement in nanotubes, greatly enhances electron-hole Coulombic interactions which give rise to strongly bound
(0.4 to 1.1 eV binding energy) excitons whose transitions (E11, E22, etc.) dominate the optical spectra (figure
1).4–6 These stable Mott-Wannier type excitons have yet to be fully characterized optically. In particular the
short-time coherent behavior of excitons delocalized in SWNTs is an often overlooked property that determines
important physical observables such as spectral line-broadening.7 Coherent excitons occur when incident photons
create delocalized excitations that have a definite phase relationship between themselves and the absorption of
electromagnetic radiation creating them.8 In the site basis, such delocalized excitons can extend for length scales
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up to the wavelength of the resonant excitation pulse. As time evolves, the nuclear modes of the nanotube and
its surroundings couple to the coherent exciton causing both rapid dephasing and exciton localization toward
its inherent radius of 1-2 nm.4 In this contribution we use time-resolved spectroscopy as an incisive probe of
inelastic exciton-exciton scattering and annihilation to investigate how these many-body scattering processes
contribute to the overall dynamics of the E11 transition.

The timescale of coherence between the ground and E11 state is characterized by the dephasing time (T2)
required for 1/e of the coherence to decay from exciton scattering with phonons and other quasi-particles. In
pump-probe experiments, E11 population relaxation and annihilation processes overwhelm the contribution of
the rapidly decaying coherent dynamics.9 In order to directly access the timescales of optical dephasing, 2PE
spectroscopy is used. 2PE measures the collective ability of an excited ensemble of SWNTs to maintain coherence
after a variable time delay over which dephasing occurs. This process generates a macroscopic polarization
or photon echo signal which decays primarily from exciton-phonon coupling, allowing direct extraction of the
dephasing time.9 For most molecular and solid state systems at room temperature, the electron-phonon coupling
will dephase electronic coherence within 10s of femtoseconds. Recent determination of comparatively long T2

times approaching 200 fs at room temperature in semiconducting (6,5) SWNTs highlights the important role of
coherent excitons for the fundamental photophysics of this quasi one-dimensional nanomaterial.10, 11 To better
understand the long T2 times recently observed in SWNTs,10 we will review existing work and present new data
acquired at low temperature to examine the contribution of multi-excitonic effects to optical dephasing.

The exciton dynamics associated with population relaxation from the E11 state have been investigated through
femtosecond transient absorption and time-resolved fluorescence measurements.7 While fluorescence-based re-
sults have already quantified the temperature-dependent relaxation kinetics, these measurements rely on indirect
excitation of the E11 state via relaxation from the corresponding E22, vibronic bands or off-resonant excita-
tion.12–14 Such indirect measurement of E11 kinetics are usually justified since the E22 → E11 relaxation occurs
with approximately 80% efficiency on a roughly 40 fs timescale.15, 16 However, because the electronic and phonon
processes which couple the E11 state to higher-lying states are not clearly understood, an E11 transition excited
directly may for instance be substantially more delocalized than one that relaxed from a higher lying state. This
subtle question comparing E11 relaxation dynamics for E22 versus E11 resonant excitation is investigated in de-
tail elsewhere.17 Instead, here we avoid such complications by using transient absorption spectroscopy where the
E11 state is excited directly. Previously, such one-color pump-probe measurements have been conducted at room
temperature only, and reported that the E11 population dynamics are dominated by depletion through rapid
exciton-exciton annihilation.18 After reviewing the established kinetics for exciton-exciton anhilation in SWNTs,
we will describe the characteristics of annhilation at low temperature through pump-probe experiments. To un-
derstand the origin of the observed low temperature enhancement of exciton annihilation, we will discuss the
correlation between the annihilation kinetics and the coherent dynamics of exciton-exciton scattering processes
probed through 2PE measurements.

2. SAMPLE AND EXPERIMENT

To unambiguously probe the E11 exciton dynamics associated with a specific nanotube species using femtosecond
pump-probe and 2PE spectroscopic techniques, a sample highly enriched in a single SWNT chirality is desirable.
We employed a sample highly enriched in the (6,5) tube species (see figure 1b for the linear absorption spectrum),
which was prepared using a density gradient enrichment method.19 The starting material was synthesized through
the cobalt-molybdenum catalyst (CoMoCAT) technique, and the obtained SWNTs were subsequently dispersed
via sonication in bile salts followed by ultracentrifugation.

Our measurements at room temperature were performed using aqueous suspensions of SWNTs with a quartz
sample cell with a path length of 100 μm. For measurements at lower temperatures, we fabricated thin SWNT-
polymer composite films of approximates 200 μm thickness by mixing the suspensions with either polyvinylpy-
rolidone (PVP) polymer or gelatin and drop casting layer-wise into teflon molds. After drying in a dessicator,
the solid films are removed from molds for spectral characterization and time-resolved experiments. Steady-state
photoluminescence measurements on these films upon the E22 excitation gives a sharp E11 peak whose intensities
are an order of magnitude stronger than the emission band around 1150 nm. The presence of a broad, intense
emission in the 1150 nm spectral region has been shown to indicate tube-bundling.20, 21 A Janis ST-100 cryrostat
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c.a. b.

Figure 1. a. Simplified kinetic relaxation pathways from the lowest E11 excitonic state with inclusion of exciton depletion
by annihilation. b. Corresponding linear absorption and laser pulse spectra (dotted line) showing resonant excitation of
the (6,5) tube species embedded in PVP polymer. c. Two-pulse photon echo beam geometry on SWNT sample with
emitted echo signal.

with a Lakeshore temperature controller was used for measurement at low temperature, and a temperatures as
low as 2.5 K could be realized using continuous flow liquid helium under reduced pressure.

The experimental setup for femtosecond 2PE and pump-probe spectroscopy have been described in detail
previously and only a brief account will be given here.22 The light source was an optical parametric amplifier
pumped with a 250 kHz Ti:Sapphire regenerative amplifier. The 2PE experiments were performed by directly
exciting the E11 state of the (6,5) tube with 45 fs laser pulses centered at 995 nm for SWNT-PVP films, and 998
nm for SWNT-gelatin films in order to account for the spectral shift induced by different tube environment. The
laser beam was split into two nearly equal intensity replicas and focused on the sample to a spot diameter of 148
μm (see figure 1c). The first pulse with wavevector k1 creates a coherent macroscopic polarization of the exciton
ensemble that is allowed to dephase over a variable delay time or coherence time (τ). After time τ , a second
pulse k2 arrives producing an interference grating with respect to the partially dephased coherent polarization
created by k1. The time integral of the photon echo signal is detected in the phased-matched direction 2k2-k1,
with an InGaAs photodiode and a lock-in amplifier. A plot the diffracted signal as function of positive τ delay
time shows a nearly monoexponential decay and the corresponding timescale (τdecay) can be accurately extracted
through a least square deconvolution fitting algorithm with explicit consideration of finite pulse duration. For
strongly inhomogeneously broadening systems, this will further allow us to determine the dephasing time through
the simple relation: T2 = 4τdecay.

9, 22 One-color pump-probe measurements were performed concurrently with
2PE experiments by directly detecting the k1 beam as shown in figure 1c. The detection consists of an InGaAs
photodiode and a lock-in amplifier. Parallel polarization between the pump and probe beams were used, and
the pump beam fluence was controlled by a combination of a waveplate and a polarizer.

3. KINETICS OF EXCITON-EXCITON ANNIHILATION

The exceptionally large absorption cross sections, which is estimated to be 5.1×10−13 cm2 for the E11 transition
of a 600 nm long (6,5) tube,23 indicates the creation of an average of 1.4 excitons even under the lowest laser
excitation fluence employed in this work (0.1 μJ/cm2). As revealed in previous studies, the interaction of these
simultaneously created excitons will result in rapid annihilation leading to depletion of the E11 state.24, 25 For
a one-color pump-probe experiment with resonant E11 excitation, the exciton relaxation can be described by
following rate equation,

dn1(t)

dt
= G1(t)− 1

2
γ(t)n2

1(t)− k1n1(t) + ki1ni(t) (1)

where n1(t) is the population of the excitons, G1(t) is the exciton generation rate, k1 is the linear relaxation
rate to ground state, and γ(t) is the exciton-exciton annihilation rate.18, 26 In the annihilation process, a new
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Figure 2. One-color pump-probe signal resonant with the E11 band at 995 nm (inset) for the (6,5) SWNTs in aqueous
solution at room temperature. The decay is linear for times longer than 2 ps when plotted according to the square of
equation 3 (see text). This suggests that the kinetic decay occurs predominately by annihilation via one-dimensional
exciton diffusion at room temperature.

exciton is created in a higher-lying state (ni(t)) according to energy-momentum conservation, and its subsequent
relaxation to the E11 state is denoted by ki1. This simplified kinetic model is outlined schematically in figure 1a.

For diffusion-limited annihilation in an extended system whose size is comparable with or larger than the
exciton diffusion radius, the annihilation rate becomes time-dependent for systems with dimensionality (d) less
than two. This rate can be expressed by γ(t) = γ0/t

1−d/2, where γ0 is the time-independent annihilation
rate.24 For one-dimensional systems like SWNTs and under high excitation intensity where the annihilation
term dominates, equation 1 can be approximated by,24

dn1(t)

dt
∼= −1

2
γ0t

−1/2n2
1(t). (2)

This equation can be solved analytically,

n1(0)

n1(t)
− 1 = n1(0)γ0

√
t. (3)

As the pump-probe signal amplitude is proportional to n1(t), this equation suggests a linear dependence can be

obtained when the signal amplitude is instead plotted as
(

n1(0)
n1(t)

− 1
)2

. Kinetics obeying this rate law with d=1

correspond to the annihilation arising from exciton diffusion along the nanotube axis.24, 25 In figure 2 (inset),
the one-color pump-probe signal for the E11 state is plotted, where the change in normalized optical density
(ΔOD(t)/ΔOD0) is analogous to (n1(t)/n1(0)), and the negative signed signal indicates dominant contribution
of photobleaching and/or stimulated emission. Three exponentials are necessary to fit the kinetic decay with
corresponding lifetimes (and relative amplitudes) of 0.1 (60%), 1.6 (28%) and 38 ps (12%). The multiexponential
decay orginates from the nonexponential kinetics described by equation 2 owing to dominant contribution from
exciton annhililation.24 For laser intensities typical to pump-probe spectroscopy, exciton-exciton annihilation
has been observed to dominate relaxation kinetics.24, 25 Exponential relaxation is expected only for the longest
decay components, when optically excited nanotubes are likely to have only one exciton left per tube.

Assuming one-dimensional diffusion-limited annihilation is the predominant decay mechanism, equation 3 can
be used to fit the room temperature kinetics. Figure 2 shows the experimental data plotted as (ΔOD0/ΔOD(t) − 1)

2

versus time, and gives a good linear fit, suggesting dominant one-dimensional diffusion-limited annihilation with a
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rate coefficient ΔOD0γ0= 4.1 ps−1/2. For comparison we also consider the case of annihilation in two-dimensions.
Solving equation 2 using a time-independent annihilation rate obtained for d = 2,24 we obtain

n1(0)

n1(t)
− 1 =

1

2
n1(0)γ0t. (4)

Plotting (ΔOD0/ΔOD(t)− 1) versus delay time in figure 2 results in a nonlinear dependence on time. While this
supports that annihilation occurs predominately by one-dimensional diffusion of excitons, for shorter timescales
on the order of T2 an annihilation process involving delocalized excitons may also contribute.

Previous time-resolved fluorescence and two-color pump-probe at room temperature showed that a model
involving diffusion-limited exciton annihilation provides an excellent description for the kinetics obtained.18, 24, 25

However, at shorter delay times substantial deviation from this behavior was observed. For instance, time-
resolved fluorescence kinetics reported for (9,5) tube type were more consistent with time-independent annihi-
lation rates associated with two-dimensional diffusion of excitons described by equation 4.24 The Bohr radius,
however is reported to be larger than the tube diameter,27 negating the possibility of two-dimensional diffusion of
excitons in semiconducting SWNTs. Consequently, Valkunas et al. suggested that at shorter times the necessity
of time-independent annihilation rate may be because the excitons involved are sufficiently delocalized along the
nanotube axis, and annihilate without diffusive motion.24 Corroborating the involvement of delocalized excitons
was the observation that the E11 pump-probe signal amplitude scales only linearly with the square root of the
excitation fluence, suggesting virtually instantaneous annihilation of excitons instead of slow diffusional trans-
port.18 These early results suggested that the coherent properties of excitons are an important component of the
overall exciton dynamics in SWNTs. To further elucidate the importance of coherent excitons, we will examine
how the dynamics of exciton annihilation change at lower temperatures by analyzing the one-color pump-probe
data acquired upon resonant excitation of the E11 state of the (6,5) tube species.

4. TEMPERATURE DEPENDENT EXCITON ANNIHILATION KINETICS

For many molecular and solid state systems, the population lifetime is observed to increase as temperature is
lowered. The excited state relaxation of such systems often involve highly localized Frenkel type excitons,26 that
relax non-radiatively primarily by exciton-phonon scattering. The temperature dependence of such a kinetic rate
(kNR) can be approximated as,

kNR = kc + Cexp(−θk/kbT ) (5)

where kc is the temperature independent decay rate, C is a rate coefficient, kb is the Boltzmann constant and
θk is the energy of the coupled phonon mode.28, 29 For semiconducting SWNTs, equation 5 has been used to
justify the overall decrease in the fluorescence decay rate when temperature is lowered moderately from ambient
conditions.30 Below approximately 80 K, a more complex dependence of population lifetime on temperature
has been reported that requires a more detailed model.12, 30–32 Two-color, E22 pump and E11 probe transient
absorption measurements have also been reported down to 77 K on (6,5) and (7,5) SWNTs.14 An increasing
kinetic decay rate with temperature was reported, consistent with predominately non-radiative E11 population
relaxation suggested by the earlier time-resolved fluorescence results.12, 33

Previous temperature-dependent studies investigated the popoulation relaxation from the E11 state only
indirectly through resonant E22 excitation. Here, we report a one-color pump-probe measurement of the E11

state of the (6,5) SWNTs, and the obtained decay rates increase upon cooling to 80 K (see figure 3). Our
measurements were conducted for at least four different pump intensities for each sample temperature. Consistent
with previous results obtained at room temperature, the peak amplitude of the pump-probe signal detected at
low-temperature scales linearly with the square root of pump fluence. This observation again supports that the
initial population relaxation is dominated by annihilation of excitons.6, 24 Figure 3a (inset) shows the normalized
pump-probe kinetics measured at three different pump fluences, and the resulting decay profiles appear largely
independent of the pump fluence. A similar observation was reported previously by Valkunas et al. for the data
collected at room temperature and was attributed to pronounced exciton annihilation at longer delay times.24

We extract the population decay timescales though fitting the one-color pump-probe data to a model function
consisting of three exponential terms by employing a least square deconvolution fitting algorithm. The two
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Figure 3. a. One-color pump-probe data collected for the (6,5) SWNTs embedded in PVP polymer at four different
temperatures. The experiment was performed at 998 nm excitation with pump fluence of 4.0 μJ/cm2. All the data
were normalized at peak amplitudes of the signals, and the resulting decay profiles appear largely independent of the
pump fluence (see inset, units in μJ/cm2) b. Plot of the amplitude weighted decay rate for the dominant two fast decay
components versus the inverse square root of temperature gives a nearly linear relaxation.

shorter lifetimes contain dominant contributions from exciton-exciton annihilation. From these two lifetimes,
we calculate a mean decay rate (k) by weighting the decay times with corresponding relative amplitudes. The
obtained k values increase three fold upon cooling to 80 K. The resulting change of this mean decay rates with
temperature is shown in figure 3, and is discordant with previous results obtained from resonant excitation of the
E22 transition.12, 30 Further support to the observed increase of mean decay rate with decreasing temperature
was obtained by pump-probe measurements on both SWNT-PVP and SWNT-gelatin composite films. Possible
complications from thermal induced spectral shifts were eliminated by repeating measurements at the red side
of the E11 absorption band where the laser pulses were detuned by 18 nm. While considerable variations in the
decay rate are observed for different embedding polymers and excitation wavelengths, in all cases the decay of the
pump-probe kinetics accelerates upon cooling. These results show that for direct E11 excitation of the (6,5) tube
species in polymer environments, the exciton population relaxation accelerates upon decreasing temperature.

To understand the one-color pump-probe results reported above, we first consider the contribution of the
temperature dependent radiative rate. While kNR is expected to decrease (equation 5), an increasing E11

radiative rate (kR) has been reported upon cooling to the 80 K region.12, 34 Early theoretical treatments by
Spataru et al. showed that for moderately low temperatures, the radiative rate can be approximately described
by the standard temperature-dependent rate equation for one-dimensional systems,

kR = ko

√
Δr

kbT
(6)

where ko is the rate coefficient, and Δr represents the maximum energy an exciton can occupy in the E11 band and
still decay radiatively according to momentum conservation restrictions.27, 35 This radiative decay gives a 1/

√
T

dependence similar to the rates extracted from our one-color pump-probe experiments (see figure 3b). The very
low fluorescence yield however, makes it implausible that the temperature dependence of the pump-probe signal
arises from changes in the radiative rate, even though Spataru et al. suggest a 1/

√
T dependence for kR.

27, 35

This is in contrast to GaAs quantum wires where the temperature dependence of the decay rate is attributed
to the variation of the radiative rate.36 In the case of SWNTs evidence suggests that exciton annihilation is the
dominant relaxation pathway in ultrafast spectroscopic studies, and therefore we must consider the temperature
dependence of this process.7, 12, 33

The strong signatures of exciton annihilation observed at all temperatures enabled us to identify annihilation
as the dominant relaxation pathway for pump intensities employed in ultrafast experiments. The corresponding
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Figure 4. a. Pump-probe data collected at 60 (a), 77 (b), 110 (c) and 200 K (d) are plotted as (ΔOD0/ΔOD(t) − 1)
(left axis) and (ΔOD0/ΔOD(t) − 1)2 (right axis) versus delay times, respectively. The dashed lines are fits to the linear
portion of the data. Note a gradual shift of the linearity towards the predominately one-dimensional diffusion-limited
annihilation model is observed upon warming sample toward ambient conditions.
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temperature dependence associated with the exciton annihilation rate (γ(t, T )) for the E11 state has not been
investigated. Approximate temperature-dependent annihilation rates can be obtained through plotting the pump-
probe data by assuming either a time-dependent or a time-independent annihilation rate according to equations 3
and 4 respectively, and then fitting the linear portion of the data (see figure 4). The same approach is used for the
results obtained at room temperature (figure 3). As shown in figure 4, for temperatures ranging from 60 to 180 K
we observe a remarkably linear relationship in the plots of (ΔOD0/ΔOD(t) − 1) versus time, suggesting that the
E11 exciton annihilation rate at low temperatures is predominately time-independent. Upon further increase in
temperature, a gradual transition toward a linear relationship in the plot of (ΔOD0/ΔOD(t)− 1)

2
versus time is

found, favoring one-dimensional diffusion-limited annihilation. This temperature-activated transition is further
evidenced by a progressively decreasing slope upon warming (see figure 4). From equation 4, one can see the
slope (12ΔOD0γ0) is directly proportional to the time independent annihilation rate γ0. This parameter ΔOD0γ0
is found to decrease from 5.2 ps−1 at 60K to 3.6 ps−1 at 150 K, in accord with the enhanced exciton-exciton
annihilation accelerating the one-color pump-probe decay rate at low temperature. Since the corresponding
pump-probe data in figure 4 exhibits better linearity applying the time-independent (d=2) annihilation rate model
at low temperature, it implies the involvement of coherently delocalized excitons in exciton-exciton annihilation.
In order to investigate the role of coherent dynamics in exciton annihilation, we will discuss femtosecond 2PE
results in the following section.

5. OPTICAL DEPHASING AND EXCITON-EXCITON SCATTERING

2PE spectroscopy provides an indirect measure of coherent exciton scattering dynamics by quantifying the de-
phasing time, T2. Recently, dephasing times of the E11 state at room temperature and selected low temperatures
were reported through extrapolating the temporal offset of photon echo signals (peak-shift),11, 37 and direct de-
termination from the 2PE signal decay (down to 77 K).10 In figure 5a, 2PE profiles are plotted for resonant E11

excitation of the (6,5) SWNTs with a total fluence of 2.0 μJ/cm2, and essentially mono-exponential decays are
found with T2 times decreasing from 280 to 135 fs as temperature is raised from 60 K to room temperature.
These results are consistent with our previous data obtained for temperatures ranging from 77 and 292 K.10 The
long T2 times are supportive of a weak exciton-phonon coupling at low temperature that permits longer exciton
coherences.8

The measured dephasing rates are directly proportional to the homogeneous linewidth (Γh = 2h̄/T2), which
were recently shown to vary markedly as function of total excitation fluence.10, 11 This strong intensity effect
is also observed at lower temperatures, and as an example, figure 5b shows the 2PE data measured at 50 K.
Increasing the excitation intensity by three fold leads to a significantly faster decay. As previously found for
quantum wells and wires,38–40 and more recently SWNTs,10, 41 this intensity-induced dephasing arises from
exciton-exciton scattering processes and affects not only 2PE decays but also three-pulse photon echo peak shifts
as recently reported. Abramavicius et al.41 used a non-perturbative phase cycling approach to calculate the
contribution of exciton-exciton scattering and annihilation processes to the E11 exciton dephasing dynamics. A
qualitative agreement with experiments was obtained by the inclusion of higher than third-order polarizations,
suggesting the involvement of multi-exciton states induce optical dephasing predominately through annihilation
pathways.41

The homogeneous linewidth (Γh) contains contributions from the broadening induced by exciton-phonon
coupling processes (Γex−ph), and from dephasing induced by exciton-exciton scattering (Γex−ex).

10, 11, 42 If
separable, the two broadening mechanisms sum to give the full-width at half maximum (FWHM) of the overall
homogeneous lineshape according to,

Γh(Nx, T ) = Γ0 + Γex−ex(Nx, T ) + Γex−ph(T ), (7)

where Γ0 is defect related intrinsic spectral diffusion broadening, Γex−ex is a function of both temperature and
the exciton density per tube (Nx) and Γex−ph(T ) varies with temperature only.11, 42 Nx was estimated from the
absorption cross-section (1×10−17 cm2 per carbon atom),23 a mean tube length of 600 nm,19 the measured 1/e2

beam diameter (148 μm) and the total excitation intensity. The strong contribution of Γex−ex to the linewidth
has also been observed in the frequency domain, where the linewidths of single-tube photoluminescence spectra
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Figure 5. a. Temperature dependence of 2PE signals measured at 60, 110 and 292 K (top to bottom) under the lowest
excitation intensity used for this experiment, which was 2 μJ/cm2 in PVP polymer films. The dashed line is the autocor-
relation function of the laser pulse. b. Excitation intensity dependence of the 2PE signals measured from 4 to 15 μJ/cm2

for SWNT-PVP polymer film at 50 K.

increase markedly at high excitation fluences. The reported Γh values from the single-tube experiment are similar
to our time-domain estimates for comparable tube types.43

By incrementally lowering the excitation intensity, we can extrapolate the Γh(Nx, T ) values determined at
different intensities to the zero intensity limit where the contribution from exciton-exciton scattering (i.e. Γex−ex)
can be neglected. The E11 exciton dephasing rates at selected temperatures for the (6,5) tubes embedded in
a gelatin matrix are plotted in figure 6a. The overall homogeneous linewidth scales linearly with excitation
density (Nx) below 220 K for the data obtained using SWNT-gelatin films, and below 180 K for the SWTN-
PVP polymer films (data not shown). The ordinate intercepts of figure 6a give the zero intensity linewidth,
Γh(Nx = 0, T ) = Γ0 + Γex−ph(T ). This linear extrapolation further allows the Γex−ex(Nx, T ) contribution to be
determined using equation 7. For instance, at 80 K the Γex−ex contribution to Γh increases from 4 to 16 meV
as the estimated mean number of E11 excitons per tube changes from 2 to 17. This linear dependence8 on Nx

has also been observed in quantum wells and wires40, 44, 45 where it is fit to,

Γh(Nx) = Γh(0) + βNx (8)

where β (units in ps−1μm) is the exciton-exciton collisional broadening parameter. For the (6,5) SWNTs, we
determine the β values directly from the slopes of the linear dependences shown in figure 6a, which appear
strongly temperature dependent for the SWNTs embedded in both gelatin and PVP matrices. For temperature
above the 200 K region, the dephasing rates begin to deviate from linearity, indicating that equation 7 cannot
be used because the contributions from exciton-phonon and exciton-exciton scattering to the overall linewidth
are no longer separable.

There is no obvious physical meaning ascribed to the β parameter, however work by May et al. shows that the
β parameter approximates the relative magnitude of the the exciton-exciton scattering potential (Vx(q)), where
q is the one-dimensional momentum space scattering coordinate.46, 47 An approximate relationship is derived
in Boldt et al.47 for a two-dimensional system, which is trivially simplified here for a one-dimensional excitonic
system as,

Γh(Nx) = Γh(0) +

(∑
q

|Vx(q)|2 Γh(0)

[E0 − E(q)]2 + Γh(0)2

)
Nx, (9)

where the energy E(q) is approximated as an E11 parabolic band dependence, and E0 is the free exciton energy.
Comparing equations 8 and 9, it is readily seen that β provides the evaluation of sum over q. While our data
does not permit extraction of Vx(q), the observation that β decreases over two-fold with temperature does imply
that the strength of the E11 exciton scattering potential must also decrease with temperature. Since the exciton
kinetic energy at low temperatures is smaller, an enhancement of exciton-exciton scattering potential further
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Figure 6. a. Dependence of the dephasing rates and the corresponding homogeneous linewidths on excitation intensity
at different lattice temperatures for the (6,5) tube in a gelatin matrix. The solid lines are fits to the selected data taken
at 4.4, 80, 110, 160 and 292 K, from which the β broadening parameters are obtained. b. Comparison of temperature
dependence of the β parameter (filled circles) and the mean decay rate of the E11 population relaxation (open circles).
Dashed lines are fits to the two data sets.

suggests the effective exciton mean free path is longer either due to fewer phonon scattering events or longer
coherence lengths. Further analysis including calculation of β from the one-dimensional exciton wavefunctions is
still needed to understand the precise origin of the low temperature enhancement in the exciton-exciton scattering
potential.

6. EXCITON-EXCITON SCATTERING AND E11 POPULATION RELAXATION

In the absence of complications from annihilation of excitons, a decreasing E11 population decay rate is expected
upon cooling as bath fluctuations that induce relaxation are frozen out.30 However, this expectation is opposite
to what we found in this work. Instead, the temperature dependent kinetics obtained are consistent with a low
temperature enhancement in the exciton annihilation rate γ(t). This is further supported by a strong correlation
between the temperature-dependent k and β parameters plotted in figure 6b. This correlation links the observed
acceleration in E11 population decay at low temperatures to an enhancement in the exciton-exciton scattering
rate. Enhanced scattering among coherent excitons provides a likely pathway which enables more efficient
annihilation of exciton population out of the E11 state as the nanotube temperature is lowered.

7. SUMMARY

Previous studies using ultrafast spectroscopy show that exciton-exciton annihilation is a dominant process gov-
erning both population relaxation and exciton dephasing of the E11 state in semiconducting SWNTs.10, 18, 25, 41

Through examining both processes as a function of temperature, we find a correlation between coherent exciton-
exciton scattering (characterized by β or Vx(q)) and population depletion by annihilation (characterized by γ0).
This correlation suggests an important contribution from coherent exciton scattering to the observed rapid pop-
ulation decay of the E11 state. Further evidence is obtained by careful analysis of one-color pump-probe data
which reveals a temperature-activated transition from exciton-exciton annihilation kinetics requiring a time-
independent rate constant to one that needs a time-dependent annihilation rate. Below 180 K, the pump-probe
data can be satisfactorily modeled by a time-independent rate γ0, indicating annihilation occurs without dif-
fusion, but instead involving extensively delocalized excitons. The extracted annihilation rates γ0 decreased
two-fold with increasing temperature. Collectively, the marked decrease in γ0, temperature activated transition
to diffusion-limited kinetics, and the correlation between the mean population decay rate and the exciton-exciton

Proc. of SPIE Vol. 7600  76001F-10

Downloaded From: http://spiedigitallibrary.org/ on 11/06/2013 Terms of Use: http://spiedl.org/terms



scattering potential for the E11 state (figure 6), all support that a strongly temperature dependent annihilation
rate is the origin of the unexpected acceleration in the population decay rate at low temperatures. The reported
temperature dependence of the exciton-exciton annihilation and scattering rate also presents new challenges to
understand the more commonly applied two-color E22 pump and E11 probe results. The starkly different E22

pump kinetics compared with direct E11 excitation suggests that the E22 → E11 relaxation remains a poorly
understood process requiring careful investigation.
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