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oulomb interactions in carbon nano-

tubes result in strongly bound exci-

tons rather than free electron—hole
pairs following optical excitation.'? The ex-
citon binding energies dominate even in a
screened environment' > over free electron—
hole pairs.® The interplay between the one-
dimensional (1D) structure of semicon-
ducting carbon nanotubes and the strong
Coulomb interaction leads to a mix of 1D
and 0D-like, or molecular-like, behavior due
to the resulting large exciton binding
energies."?”® The 1D properties are mani-
fested in electrical and thermal transport,®
phonon dispersion,'®'" and diffusion,’>"*
while the 0D behavior is apparent in dipole
interactions such as Raman scattering'® and
linear absorption and emission.

The mix of the 1D physical structure with
the excitonic nature of the optical excitation
affects the corresponding optical quantum
efficiency. A thermalized distribution of ex-
citon momenta in the E;; subband'”'® ex-
cludes radiative decay due to the mo-
mentum selection rules that block optical
transitions to all but Kcy ~ 0 states.'® This
leads to an effective radiative lifetime in
optical transitions that is orders of magni-
tude longer than one based on the intrinsic
dipole coupling of the Kcy = 0 transition.'®

Consequently, there has been consider-
able interest in the study of (mainly) non-
radiative exciton population decay dyna-
mics resulting from both time-resolved
fluorescence'*'®#2°=2% and pump—probe
measurements.”>**~3° The early work was
performed on carbon nanotube ensemble
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The exciton dynamics for an ensemble of individual, suspendedT6,S), single-walled carbon nanotubes

revealed by single color E;, resonant pump—probe spectroscopy for a wide range of pump fluences

are reported. The optically excited initial exciton population ranges from approximately 5 to 120

excitons per ~725 nm nanotube. At the higher fluences of this range, the pump—probe signals are

no longer linearly dependent on the pump intensity. A single, predictive model is described that fits all

data for two decades of pump fluences and three decades of delay times. The model introduces

population loss from the optically active zero momentum E;, state to the rest of the E;, subband,

which is dark due to momentum selection rules. In the single exciton limit, the E;; dynamics are well

described by a stretched exponential, which is a direct consequence of diffusion quenching from an

ensemble of nanotubes of different lengths. The observed change in population relaxation dynamics

as a function of increasing pump intensity is attributed to exciton—exciton Auger de-excitation in the

E;; subband and, to a lesser extent, in the E,, subband. From the fit to the model, an average defect
density 1/p = 150 nm and diffusion constants D;; = 4 cm?/s and D5, = 0.2 cm?/s are determined.
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samples where the results were harder to
interpret due to questions about sample qual-
ity effects. For example, one report®' on the 40
fs decay from the E,, band was later shown to
be due to efficient energy transfer resulting
from bundling with larger diameter or metal-
lic nanotubes.3*~3* Information on such fast
decay dynamics is of relevance and value for
saturable absorber applications in pumped
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lasers®® but yields little information on the intrinsic
relaxation of E,, excited nanotubes. Futhermore, there
is much interest in increasing the photoluminescence
quantum yield, for example, for carbon nanotube sen-
sing applications.>®*’

Even for high quality, homogeneous samples, such as
the canonical (6,5) single-walled carbon nanotubes from
the gradient ultacentrifugation method,*® contradictory
results are reported. For example, in recent work by
Lanzani and co-workers, evidence of weak exciton—
exciton annihilation in the (6,5) E;; level at concomitant
high exciton density?® is found. On the other hand,
groups also working with pure ensembles observe very
strong E;; exciton—exciton annihilation.??*® On the
single tube level, coincidence measurements below 40
K showed a significant degree of photon antibunching,
indicative of single exciton occupation of the E;; level 3
Single, long, suspended nanotubes at room tempera-
ture exhibited photoluminescence saturation at ~2—3
excitons in the E;; band.?*

In this study, the single-color E,, resonant pump—
probe measurements of a near pure solution of (6,5)
carbon nanotubes®® are reported. The transient differ-
ential transmission signal AT/T is measured both in the
nearly single exciton and the high exciton density
saturation regimes and a complex, pump-fluence de-
pendent decay behavior is observed. While the exci-
tonic nature of optical excitations in carbon nanotubes
is by now well established, its consequences have not
been fully accounted for in modeling decay dynamics
of the pump—probe kinetics. An exciton population
decay model that fits all explored fluences and time
delays for the observed large dynamic ranges reported
here is achieved by including two physically important
processes. Diffusion from the zero center-of-mass ex-
citon momentum (Kcy = 0) into the full E5, exciton
band dispersion is treated as an explicit population

loss mechanism. In addition, it is necessary to include

the effect of diffusion-limited defect quenching in an
ensemble that results in a distribution of length-
dependent decay rates and is modeled with a stretched
exponential of fixed stretch exponent 3 = '/,. Finally,
the pump—probe data for four of the experimental
fluences is fit with a single set of time-constants, with
the onset of exciton interactions fully accounted for
by the increase in the known initial exciton density. To
test the predictive power of this description, the
resulting best-fit model and parameters are com-
pared to two additional pump fluence signals and
excellent agreement with these observed responses
is obtained.

RESULTS AND DISCUSSION

Differential Pump—Probe Transmission Measurements. The
change in the transmission intensity of a weak probe
pulse due to a spatially overlapped pump pulse is
described by the unitless quantity, AT(z)/To. Here, T is
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Figure 1. Observed E,, resonant pump—probe responses
of (6,5) SWNTs for the indicated range of initial exciton
population per nanotube. The responses have been normal-
ized to the peak of the signal bleach for the range of pump
fluences shown here. The signal is presented in (a) linear, (b)
semilog, (c) log—log plots. (d) Observed (AT/To)max reso-
nant pump—probe responses of (6,5) SWNTs versus pump
pulse fluences. The pump fluences used in this study are
marked with the initial exciton population per nanotube.
Note that the pump fluence range extends from the linear
pump response regime to the onset of saturation.

the time delay between pump and probe beams, AT(z) is
the difference in the transmission of the probe power at a
detector after the sample, in the absence (T5%) and
presence (Th;) of the pump (AT = T8/ (1) — ThK(1)) and
To is just T The THr(z) signal depends on the difference
between the ground state and E,, populations. Hence,
even though only the transition from the ground state to
the E, level is dipole coupled to the probe pulse, the
population dynamics in the intermediate states n/(t) are
probed via the ground state recovery contribution to the
responses observed in this one-color study, with AT(7)/T
o< 2n55(7) + ny(7). Therefore we need to consider all the
intermediate level dynamics in order to describe the
observed E,, pump—probe signals. We do not directly
probe the E;; level population, but the proposed kinetic
scheme is consistent with descriptions of E;; dynamics
from previous work on single nanotubes'®*° and
ensembles.?****1 The resulting model (see below) fits
the observed responses at all fluences and for both short
and long times.

The E,, pump—probe measurements were observed
out to 50 ps. This time scale covers decay relaxation from
the E,, level at the shortest times to the slower decays
primarily associated with exciton diffusion-limited quench-
ing in E;;. However, this time regime is not long
enough to see the slower decay, on the order of
hundreds of picoseconds, expected for dark excitons.'®

Pump—probe responses at six different pump flu-
ences between 2 x 10" and 9.1 x 10" photons/cm?
were obtained. This range of fluences is significant
because it covers both the low exciton density regime,
where the transient response is linear with pump
fluence, as well the high exciton density regime, where
the observed signal exhibits saturation-like behavior*°
as shown in Figure 1d. The pump fluences for the
pump—probe data are indicated in the figure.
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We have previously measured the scattering and
extinction to determine the average E,, transition
dipole moment for this sample.3® For the average
nanotube length of 725 nm and measured absorption
cross-section of 1.3 x 107'* cm™2, the experimental
range of pump fluences used here corresponds to an
initial excitation of 5 to 120 excitons per nanotube or an
initial exciton density of 7 to 165 excitons/um. The
calculation of the initial exciton population averages over
the random orientation of the nanotubes and the per-
pendicular orientation of the pump and probe pulses.*
The limitations of this averaging in the presence of
nonlinear decay are discussed later. The kinetic model
presented below is convolved with a 54 fs Gaussian pulse
autocorrelation in order to fit the observed interaction
with the 38 fs pump and probe pulses.

To get a qualitative sense of the dynamics, the
observed normalized pump—probe signals are plotted
in different formats in Figure 1 (a) linear, (b) semilog,
and (c) log—log plots up to 50 ps. Qualitatively, the data
show a fast early decay and a much slower relaxation
component attributed to ground state recovery at all
pump fluences. From the linear plot, it is difficult to
discern further qualitative information. However, the
semilog plot shows that the signals cannot be uni-
formly described by a single or biexponential decay.
The semilog plot emphasizes the longer delay times
where the different fluences from 10—50 ps seem to
exhibit a similar behavior. The log—log plot reveals that
the observed kinetics do not obey a power-law tem-
poral dependence and demonstrate the onset of a
different behavior at higher fluences in the 1—10 ps
regime. This high-fluence behavior is attributed to
Auger decay in accordance with previous studies that
have identified exciton—exciton annihilation as an
important nonlinear decay mechanism for excitons in
the Eq; subband.?%**2% On the other hand, exciton—
exciton annihilation does not appear to be important
at the very shortest time scales (<1 ps). The observed
pump—probe responses are independent of pump
fluence during the first ~300 fs, as shown in
Figure 1c. Hence, the data indicate that while increas-
ing pump intensities affect the population dynamics
at later times, there is no fluence induced increase in
the rate of population loss in the first ~300 fs, and
hence no significant Auger decay in the initially excited
E,> level. Exciton Auger decay has been attributed as
the cause for signal saturation with increasing pump
fluence in studies probing the relaxation dynamics of
the E;; band. For the E,, subband we have previously
shown that the observed pump—probe saturation
behavior is due to exciton-induced increase of the
pure dephasing rate.>°

Low Fluence Regime. In constructing a model for the
E,, excited exciton population decay dynamics, we first
discuss the low exciton density regime (noninteracting
excitons), starting with short delay times. As illustrated
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Figure 2. (a) The low fluence model used to fit the data. The
green arrow represents the pump—probe interaction.
Brown solid arrows are simple exponential decays and the
blue dash-dotted arrow represent a stretched exponential
decay due to decay at defects reached by diffusion. The
thick lines E,, and E;4 signify the thermalized E; subbands
that are dark to the E,, probe, while the sharp line at E;,
signifies the Koy ~ O states. The difference in energy
between E,, and E,» is well within the thermal energy
and the transfer from E,, to E,, is mediated by phonons.
(b) Schematic illustration of the structure of the excitonic
bands and the light cone (dashed straight lines). The
negligible momentum of the exciting light limits the opti-
cally accessible states to Kcy =~ 0 (E5). All other states in the
E,, subband (E,y) are strictly dark even though their energy
may overlap with the probe energy. The arrow from E,, to
Eq, signifies the exponential phonon mediated decay, fol-
lowed by thermalization and diffusion in the E;; subband
with subsequent defect quenching.

in Figure 2b, we separate the E,;, subband into optically
accessible (bright) and inaccessible (dark) momentum
states, labeled E,, and E,y, respectively. Owing to
momentum selection rules, the incident light can only
excite and interact with excitons with nearly zero
momentum (red box). When the remaining E,, sub-
band (E,») states are populated from these initial
excitons via thermalization, the probe bleach signal
decreases due to this population loss from the bright
Kcm = 0 state. Treating optically inaccessible (dark) E,,
excitons separately from optically accessible (bright)
excitons is necessary to fit the transient absorption
dynamics during first decade of data (up to 500 fs). This
separation into near-zero and nonzero momentum
states is directly attributable to the excitonic nature
of the optical excitations."®

The efficient decay from the E,, subband to the E;
subband is attributed to a phonon mediated process.*?
Hence, the decay from E,» to E;; is modeled as a simple
exponential decay. The E;; population dynamics have
been probed directly previously with one and two-color
E;; and Ey, pump—probe studies>>?**® and time-
resolved photoluminescence'” and has shown a complex
relaxation behavior in ensemble studies even with a
predominantly single chirality sample.”?® For nanotubes
with low optical quantum yield, previous studies have
identified exciton diffusion to defects as a dominant
decay mechanism in the E;; subband.'®'**® For a single,
defect-free nanotube at low fluence, this mechanism
approximately produces a single exponential decay.''®
However, the decay time for diffusion-limited decay is a
function of nanotube length.'® The sample used in this
study is an ensemble of nanotubes with a distribution of
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lengths (Figure 3) and likely has quenching defects,
which results in a distribution of decay times. The decay
from an infinitely long nanotube with random quenching
defects of a particular defect density p is equivalent to an
ensemble of defect-free nanotubes with quenching ends
and different lengths. Each nanotube length in the
ensemble corresponds to the distance between two
adjacent defects in the infinitely long nanotube and
the average length in the ensemble is the same as the
average distance between defects T = 1/p in the infinite
nanotube. When defects are randomly located in the
infinite nanotube, the lengths in the ensemble have an
exponential probability distribution. Such a length dis-
tribution gives rise to a probability distribution of decay
times that can be modeled by a stretched exponential
n(t) o exp(—(t/z)") with stretch exponent f = '/,.'%'
Even samples prepared with density gradient ultracen-
trifugation®® have been shown to have low quantum
yields (~1%*) so that the radiative decay can be
ignored'*'* relative to the nonradiative decay mecha-
nisms. The stretch time constant can be expressed as 7, =
7/(8Dp?) where D is the diffusion constant and p is the
defect density.*® The existence of a distribution of finite
nanotube lengths in our sample skews this stretched
exponential toward faster decay times. However, if the
average distance between defects is shorter than the
average length of the nanotubes, as we presume is the
case for our sample due to the processing steps involved,
the random defects dominate and the effect of the
nanotube length distribution is less important. Para-
meters derived from these modeled pump—probe ki-
netics, discussed below, further justify this assumption.

Hence, we have a model for the low fluence regime
(where exciton—exciton interactions can be ignored)
as shown in Figure 2. The pump excites excitons into
the optically accessible E,, state, followed by depopu-
lation via a simple exponential decay (thermalization
onset) into the Kcy # 0 Eyy subband. From E,y, a
simple exponential decay takes the exciton into the E;,
band. Finally, diffusion-limited quenching at defects
and nanotube ends cause the ground state recovery of
excitons from E;;. Owing to the distribution of lengths
and existence of defects, this is modeled as a stretched
exponential. We do not include an E;; dark exciton
subband®® because all of our attempts at modeling
show that it is not relevant up to the 50 ps time delay in
this study (see discussion below).

The absorption spectrum®® shows a significant
background level at the E,, energy. This background,
which is discussed later, is modeled as an independent
two-level system that is optically accessible by the
pump and probe. Its contribution to the signal is kept
in plots of the data and fits.

Low and High Fluence Model. In the high fluence
regime, exciton—exciton interactions are expected to
be important?®*~2541 a5 suggested by the different
form of the pump—probe responses seen with increasing
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Figure 3. Length distribution measured by AFM. The length
distribution can be approximated by a log-normal distribu-
tion with a mean of 725 nm, median of 610 nm, and mode of
435 nm.

pump fluence in Figure 1a—c. Auger recombination in
both E;; and E,» but not in E,, are allowed in the
proposed exciton decay model. This is justified because
no population decay rate change at early times is
observed as a function of pump fluence. Further, E;; is
defined to be Koy & 0, that is, stationary excitons are
initially optically generated by the pump, and a diffusion-
mediated exciton—exciton interaction cannot occur. In
the E;; and E,, subbands, an excited exciton is promoted
to a corresponding higher level via Auger annihilation
and subsequently returns to the original subband. For
example, in an Auger recombination in E;;, one exciton
gets promoted to a higher energy level X;; and one
relaxes to the ground state. From X;, the exciton returns
to E;q. The physical origin of the X; levels is not specified
in the model. It is not possible to distinguish between the
diffusive (dn/dt = kt~"?n?),?>*“8 coherent (dn/dt =
kn?),)7?>%48 and free particle (dn/dt = kn®>**' Auger
decay mechanisms based on goodness of fit alone. The
free particle mechanism is considered unlikely because
optical transitions in nanotubes involve strongly bound
excitonic states (0.3—04 eV)."? The coherent Auger
decay in E;; can also be ruled out since excitons created
in E,, should not retain any coherence in E, or E;;. This
situation might very well be different for E;; pump—p-
robe experiments,48 where coherence times have been
shown to exceed 100 fs even at room temperature.*’
Hence, on the basis of the known exciton diffusion to
defects'>'* decay pathway, and eliminating the other
models on physical grounds, we selected the diffusive
exciton—exciton annihilation as the most likely mechan-
ism in agreement with recent work.*® The full model for
all fluences and times is shown in Figure 4a; the corre-
sponding rate equations are presented in the Supporting
Information.

This model describes the data across a wide range
of fluences and at short and long time scales as
demonstrated by the fit to the data shown in Figure
5 and Figure 6. We selected four of the six fluences for
fitting, constraining the model parameters to be the
same for each fluence. This global fitting procedure
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Figure 4. (a) The main model used to fit the data in Figure 5 and Figure 6. The green arrow represents the excitation to and
stimulated emission from the E,, Kcy = 0 state. Red dashed arrows indicate exciton—exciton annihilation, black and brown
solid arrows are simple exponential decays, and the blue arrow is a stretched exponential decay due to decay at defects
reached by diffusion. Red horizontal lines indicate the state of the promoted exciton. Blue horizontal, thick lines are the part of
the standard nanotube excitonic subbands that are thermally accessible. (b) Total population decay due to the main decay
mechanisms in E,, (dotted lines), E,, (solid lines), and E,; (dashed lines) for different initial exciton populations N, (excitons/
nanotube) marked in the upper right corners. The decay is normalized by the initial exciton population per nanotube to
compare the relative importance of each mechanism for each fluence. The normalized population changes are An,, due to
exponential decay from E,, into the E,» subband, An,; due to exponential decay from E,» to E;;, An3y due to the Auger
decay in E,o,, Anj, due to Auger rate in E;4, and An3, from diffusion quenching in E;;.

uses the same values for fit parameters for all fluences,
with only the known initial exciton population depend-
ing on fluence. The low-fluence fit parameters are the
simple exponential decay times 7, from E,; to E;» and
Ty from E,» to E;; and the time constant 7, for the
stretched exponential. Rather than using the stretch
exponent f3 as a fit parameter, we fixed it to 8 = '/, to
correspond to diffusion-limited quenching in E;;. The
parameters associated with the Auger recombination
processes are the E,, Auger rate k5, the X;; return time
constant ty,, the E;; Auger rate k,;, and the X;; return
time constant 7yx;. The fluence dependence is repre-
sented in the initial exciton population, which is known
from our previous work to be on average 4.9,7.2, 14, 29,
61, and 120 excitons/nanotube®® for the pump flu-
ences studied here.

The initial populations used for fitting were 4.9, 7.2,
29, and 61 excitons/nanotube (Figure 5 and Figure 6).
Without further fitting, we used the parameters from
these fits to calculate the expected pump—probe
decay responses for the remaining two fluences
(Figure 7), which corresponded to initial exciton popu-
lations of 14 and 120 excitons/nanotube. An initial
population of 120 excitons/nanotube is well into the
saturation region, whereas 14 excitons/nanotube is in
the middle of the populations used for fitting. That the
fit works well for both the high and intermediate pump
fluences verifies that the model captures the main
dynamics without extraneous components and that
each decay mechanism is physically justified and
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necessary. We have not let the stretch exponent f3
vary, which would otherwise be an easy way to have a
better fit of the data without gaining useful physical
information.

The resulting best fitted decays are displayed in
Figure 5 and Figure 6. Many models appeared to fit
the observed responses equally well when dis-
played in a linear plot, but the log—log plot format
was found to be especially useful for evaluating
trends in the residual and for discriminating be-
tween different models. The residuals in Figure 5
and Figure 6 demonstrate very good fits across all
fluences and time scales. The structure in the resi-
dual that develops at higher fluences does not get
worse when applying the fit to the highest fluence as
shown in Figure 7.

The resulting values for the fit parameters are 7,,
~ 160 fs, 757 ~ 0.8 ps and the time constant for the
stretched exponential s ~ 24 ps. The parameters
associated with the Auger recombination processes
have decay rates k® that are exciton density depen-
dent with the E,, Auger time constant k,; =0.15 nm/
fs'2, and the E;; Auger time constant k,; = 0.67 nm/
f51/2.

There are several key features of this model. The
pump and probe beams interact with the optically
accessible excitons in E,,. Thus, the initial exciton
population comprises excitons with near zero mo-
mentum. The fast (~160 fs) transfer populates the
thermally accessible E,, subband, (E,» in the figure)
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Figure 5. Semilog plot of transient absorption (black) for
the initial exciton populations per nanotube indicated in
the upper right corners. Fit using the model in Figure 4a
(red). The residual is defined as (fit(zr) — data(zr))/(data(z)).

and is ~4 times slower than E,, (Kcy = 0) dephasing
time.°

The decay from E,, to E;; is 0.8 ps, which is much
longer than the often quoted 40 fs from an earlier study
from 2005.3" However, it has been shown that the
presence of small bundles in such samples exhibits fast
decay rates (~10 fs).>

A number of different model variations, including
changes in the type of decay (exponential, diffusion-
limited quenching, or Auger) and adding or removing
levels, are discussed in the Supporting Information. We
find that the fast exponential decay out of E,, is a
consistent mechanism in these variations with a short
time constant (~100—200 fs). Likewise the E,, decay is
also consistent as an exponential decay with time
constant of ~0.5—2 ps. Diffusion-limited quenching
is only necessary to describe decay in E;;, with a time
constant of tens of picoseconds, and not in E,,. In
agreement with previous studies®®??° the Auger
decay out of E;; is always an important ingredient,
with a rate constant similar to that determined in the
previous studies.?®

The Auger processes and the single exciton diffu-
sion quenching are both diffusion-based mechanisms
for exciton population relaxation. From the fitted
parameters for the two Auger decays and the stretched
exponential decays, the diffusion constant D and the
defect density p can be estimated. The decay for
diffusive exciton—exciton annihilation takes the form
of dn/dt = k.t "n’(t), where k, = (7D/2)"? is a fit
parameter in the model.** For the E;; and E,, sub-
bands, the fitted parameters result in D;; =4 cm?/s and
Dy, = 0.2 cm?/s, respectively.

The above results together with the stretch time
constant can be used to determine p. Decay by stretched
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Figure 6. Log—log plot of transient absorption (black) for
the initial exciton populations per nanotube indicated in
the upper right corners. Fit using the model in Figure 4a
(red). The residual is defined as (fit(z) — data(z))/(data(z)).

exponential has the form dn/dt = (d/df) exp(— (t/z)"),
with fit parameter 7, = 77/(8Dp?). Taking the D;; deter-
mined by the Auger decay contribution to the observed
pump—probe responses and the corresponding fitted
value 7, = 24 ps, a defect density 1/p ~ 150 nm is
computed. This is well short of the 725 nm average
nanotube length, a posteriori justifying the use of a
stretched exponential. Nearly identical results (~120 nm
defect separation) have been deduced from a photolumi-
nescence quantum yield study by Hertel et al."* on a (6,5)
sample prepared by the same methods.*® The E;, diffusion
constant of 4 cm?/s is within the range of previous
calculations and expetiments, (0.2—11 cm?/s).!##34330>1
The value of D for E,, is expected to be shorter than that of
E;; because of the larger effective mass of the E,, excitons
than the E;; excitons, and the much faster dephasing
time.° These differences yield a smaller D because D o<
Ton/m*, Where 1, is the mean free path time and is
assumed to be roughly proportional to the dephasing
time. This expected relationship between the diffusion
constants is consistent with the 0.2 cm®/s diffusion con-
stant that we obtain for E,, being smaller than the 4 cm?/s
value we obtain for E;;.

The resulting normalized integrated decay rates are
plotted in Figure 4b for decay from the E,, (dotted line),
E,> (solid lines), and Eq; levels (dashed lines). The
integrated decay rate gives the total number of ex-
citons that have decayed by a particular decay me-
chanism by a given time. Decay rates are given for
initial exciton populations of 61, 29, 7.2, and 4.9
excitons/nanotube in this figure. One can see how
the Auger decays increase in significance for the higher
fluences. The figure shows how E,,, the only directly
probed state above the ground state, is essentially
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Figure 7. Log—log plot of transient absorption (black) for
the initial exciton populations per nanotube indicated in
the upper right corners and plotted with the model in
Figure 4a using the parameters from the fit in Figure 6
(red). The residual is defined as (fit(r) — data(z))/(data(z)).

emptied out in the first ~500 fs. The relative impor-
tance of the decay mechanisms from the two intermediate
states to the observed pump—probe responses is shown
by the solid lines and dashed lines. The depopulation of
E,» is complete after 5 ps. E;»» Auger contribution is only
noticeable at the highest initial exciton populations. The
most striking feature in these relative decays is the
strength of the E;; Auger decay. The last decade of the
pump—probe kinetics, 5—50 ps is dominated by the E;;
decay dynamics contribution to the ground state recovery.
The reason that the normalized number of excitons
leaving E;; is sometimes greater than 1 is because half
of the excitons from Auger decay return to E;; and
therefore leave the band more than once. The strong Eq,
inelastic exciton interactions are consistent with previous
studies***? and sets a limit on the number of excitons that
can exist in Eq;.%

Model Discussion. The model summarized in Figure 4a
successfully fits the observed E,,-resonant pump—
probe responses at all measured fluence regimes and
time scales. However, some minor deviations can be
seen in the residuals in Figure 6 and Figure 7. Because
nonlinear processes contribute to the model, assump-
tions based on average quantities may not be strictly
accurate. For example, to account for the isotropic
nanotube orientations, the initial pump-pulse in-
duced exciton population is averaged over all orienta-
tions.>° The pump and probe pulses are orthogonal,
so nanotubes with the highest initial exciton popula-
tion will have weaker interaction with the probe pulse.
Similarly, the nanotubes with lower initial population
will interact more strongly with the probe pulse. We
therefore have a distribution of populations, which
will skew the nonlinear decay rates determined by the
model.

The possibility of an E;; dark exciton subband
below the bright exciton subband®® was considered
in this modeling analysis. The transfer rates between
the bright and dark states were taken as fit parameters.
Variations on this base model, including using the dark
level either as a shelving state or allowing diffusion
quenching of the dark excitons, did not result in physically

HARRAH ET AL.

reasonable fit values. Attempts at fitting the observed
pump—probe responses with this alternative model are
discussed in Supporting Information. The lack of influence
of a dark state could be due to several reasons. Time
resolved measurements'® have shown that dark states
have decay times of several hundreds of ps, much longer
than the 50 ps time scale probed here. In addition, at room
temperature, the typically small energy separation be-
tween the bright and dark states of order 1 meV makes
the dark states less important.>>>*

An effective additional relaxation pathway from the
initial excited state to the ground state is robustly
obtained by this fitting procedure that we attribute
to background absorption.>° The early, subpicosecond
signal cannot be fit accurately without a rapid depopu-
lation of the initial excited state and repopulation of
the ground state. If we consider this to be an E,,
excitation with a fast path directly to the ground state,
it would mean a very fast decay rate from the E,, level
with subpicosecond time scale. Because there are no
known physical processes that would produce such a
fast decay, this explanation for the relaxation seems
highly unlikely. Instead the fast decay is attributed to a
separate channel for rapid relaxation to the ground
state. The absorption spectrum®® shows a significant
background level that could be responsible for such an
extra rapid decay channel.

CONCLUSION

Single-color pump—probe measurements on sus-
pended, isolated (6,5) carbon nanotubes due to 38 fs
laser pulses resonant with the E,, excitonic transition
are reported. A comprehensive model is developed
that is able to describe the transient transmission of an
ensemble sample of nanotubes over several orders of
magnitude of pump fluences and decay time scales.
The same set of model parameters are found to
provide excellent fits to the observed decay for all
pump fluences once the known initial exciton popula-
tions are specified. A unique feature of this analysis is
the population decay from the optically active Koy =~
0 state of the exciton to the E,» subband continuum—
a direct consequence of the strong exciton binding in
these systems. The simple exponential phonon media-
ted decay from the E,, subband to the E;; subband is
Ty ~ 0.8 ps, significantly slower than stated previ-
ously.®" A weak exciton—exciton annihilation in the
E,» subband is necessary to fit the data at higher
fluences. On the other hand, the ground state recovery
from the E;; subband is dominated by the 1D nature of
the nanotubes. Diffusion quenching via ends or de-
fects results in a stretched exponential decay, and the
E,; subband diffusive exciton—exciton interactions are
comparable or stronger than the diffusion decay
for all explored fluences. The E;; Auger results are consis-
tent with other work demonstrating exciton—exciton
annihilation and diffusion-limited quenching of E;,
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excitons.'??° Analysis of the diffusion-related decay rates
gives values of defect density 1/p = 150 nm and diffusion

METHODS

The enriched nanotube sample consisting of predominantly
(6,5) single-walled carbon nanotubes was produced using
density gradient ultracentrifugation.38 The final (6,5) enriched
material was dialyzed into 1% w/v sodium cholate aqueous
solution to remove the density gradient medium (iodixanol).
The nanotubes' length distribution was measured by multiple
AFM images and can be approximated by a log-normal dis-
tribution with an average length of 725 nm (Figure 3). The
density of carbon nanotubes in the sample is ~1.6 x 10" cm 3.
For more details about the sample, see an earlier work.>®

Ultrafast pulses with a central wavelength of 571 nm, reso-
nant with E,, were produced by an optical parametric ampli-
fier pumped by a 100 kHz Ti:sapphire regenerative amplifier
system. One-color pump—probe measurements were per-
formed with near transform-limited Gaussian pulses of 38 fs
pulse width, corresponding to a spectral width of 52 meV
(420 cm ™). The probe and pulse beams were orthogonally
polarized in order to minimize pump scatter contamination
along the probe direction and coherence coupling effects at
the earliest times. A polarizer and half-wave plate combination
was used to achieve the large dynamic range of incident pump
pulse fluences used here. For additional experimental details,
see an earlier work3°
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