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We report a detailed study of ultrafast exciton dephasing processes in semiconducting single-walled
carbon nanotubes employing a sample highly enriched in a single tube species, the (6,5) tube. Sys-
tematic measurements of femtosecond pump–probe, two-pulse photon echo, and three-pulse photon
echo peak shift over a broad range of excitation intensities and lattice temperature (from 4.4 to 292 K)
enable us to quantify the timescales of pure optical dephasing (T ∗

2 ), along with exciton–exciton and
exciton–phonon scattering, environmental effects as well as spectral diffusion. While the exciton de-
phasing time (T2) increases from 205 fs at room temperature to 320 fs at 70 K, we found that further
decrease of the lattice temperature leads to a shortening of the T2 times. This complex temperature
dependence was found to arise from an enhanced relaxation of exciton population at lattice temper-
atures below 80 K. By quantitatively accounting the contribution from the population relaxation, the
corresponding pure optical dephasing times increase monotonically from 225 fs at room temperature
to 508 fs at 4.4 K. We further found that below 180 K, the pure dephasing rate (1/T ∗

2 ) scales linearly
with temperature with a slope of 6.7 ± 0.6 μeV/K, which suggests dephasing arising from one-
phonon scattering (i.e., acoustic phonons). In view of the large dynamic disorder of the surrounding
environment, the origin of the long room temperature pure dephasing time is proposed to result from
reduced strength of exciton–phonon coupling by motional narrowing over nuclear fluctuations. This
consideration further suggests the occurrence of remarkable initial exciton delocalization and makes
nanotubes ideal to study many-body effects in spatially confined systems. © 2011 American Institute
of Physics. [doi:10.1063/1.3530582]

I. INTRODUCTION

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.1, 2 While the SWNT
electrical and mechanical properties have been well studied,
the fundamental optical properties are continuously emerging
as new synthetic and purification techniques are developed.
Such optical characterization has fueled recent developments
such as efficient in vivo photoluminescence imaging in live
mice and demonstration of highly efficient carbon nanotube
photodiodes.3, 4 The photophysical properties of this quasi-
one-dimensional nanomaterial are determined by strongly
bound Mott–Wannier type excitons, which arise from an
electron–hole Coulombic interaction that is greatly enhanced
from one-dimensional (1D) confinement effects.5–7 Since
the corresponding exciton binding energy composes a large
fraction of the overall band-gap (∼30% for (6,5) SWNTs),
excitonic transitons completely determine the optical prop-
erties of semiconducting SWNTs. As a consequence, the

a)Author to whom correspondence should be addressed. Electronic mail:
grfleming@lbl.gov.

linear abosorption and photoluminesence spectra produce
relatively sharp peaks from transitions from bound exciton
states [see, Fig. 1(a)]. Ab initio calculations show that each
such transition (denoted E11, E22, and so on) occurs within
a manifold of both the optically bright and dark states, the
latter of which are believed to play a critical role in exciton
population relaxation processes8, 9 and in determining the
overall photoluminescence yield.10, 11

The excitons initially possess a definite phase relation-
ship among themselves and with the electromagnetic radia-
tion creating them.12 As such, the coherently created exci-
tons can be spatially delocalized on an extended scale lim-
ited in principle only by the wavelength of the laser light.
For semiconducting SWNTs with a length scale of ∼1 μm
or shorter, this would suggest that E11 excitons may be ini-
tially delocalized up to the length of the nanotube. Currently,
reported estimates for the exciton delocalization lengths vary
greatly from tens to hundreds of nm and will depend criti-
cally on the timescale of the measurement.10, 13 Subsequent
scattering with phonons, defects, and impurities, etc. will lead
to an exponential loss of coherence within an ensemble of
SWNTs and eventually exciton localization to a finite spatial
length equal to its inherent radius of ∼1–2 nm.5 A quantitative
measure of this timescale where exciton coherence persists is

0021-9606/2011/134(3)/034504/13/$30.00 © 2011 American Institute of Physics134, 034504-1
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FIG. 1. (a) Simplified electronic energy diagram for a semiconducting
SWNT depicting the strongly bound E11 exciton state with respect to the
continuum vs the quasiparticle center of mass (Kcm). The overlaying 1D joint
density of states (JDOS) diverges near the band minimum, enabling simulta-
neous excitation of multiple excitons. Subsequent relaxation pathways can be
both radiative (kR) and nonradiative (kNR) and may also involve a low-lying
state (not shown). (b) E11 linear absorption (green line) and steady-state fluo-
rescence emission (orange line) spectra of (6,5) tube embedded in PVP poly-
mer, together with the spectrum of the 45 fs laser pulse (dotted line). The
inset shows the energies of the absorption maxima plotted as a function of
temperature for two polymer–SWNT composite films prepared using gelatin
(filled circles) and PVP (open circles) polymers, respectively.

the dephasing time (T2), and its determination also provides
a time-domain measurement of the homogeneous linewidth
through the inverse proportionality, �h = 2¯/T2.14 During the
dephasing time both population and the ensemble phase will
decay; however, the remaining excitons may be extensively
delocalized along the tube.

The homogeneous linewidths of SWNT ensembles were
first measured by femtosecond three-pulse photon echo peak
shift (3PEPS) spectroscopy, which provided an indirect es-
timation of the T2 timescales.15 Shortly after, direct deter-
mination of the dephasing timescales was preformed using
a femtosecond two-pulse photon echo (2PE) technique on a
sample highly enriched in the (6,5) tube species. Using 2PE,
long-lived E11 coherences with a T2 of 170 fs were reported
at room temperature.16 Similar dephasing times have been
also reported for other tube types using indirect two-pulse
photon echo peak shift measurements.17 Observation of long
electronic dephasing times at room temperature is striking in
comparison to molecules, molecular complexes, and aggre-
gates which typically dephase on a sub 10 fs timescale.18, 19

Crystalline systems such as two-dimensional GaAs quantum
wells have moderately longer dephasing times approaching

∼95 fs at 294 K.12, 20, 21 Additionally, previous measurements
at different excitation intensities and lattice temperatures
(77–292 K) showed that both exciton–exciton and exciton–
phonon scattering profoundly influence the dephasing
timescales and the homogeneous linewidths of the E11

transition.16, 17

Together, the 3PEPS and 2PE results independently show
that the homogeneous linewidth associated with the (6,5)
E11 transition is at least fourfold smaller than the inhomo-
geneous contributions.15, 16 Similar homogeneous linewidths
have been also obtained from frequency-domain single-
tube measurements.22–24 One advantage of the ensemble
based approach using photon echo spectroscopy is that its
inherent averaging accounts for the differences among indi-
vidually separated tube (length, defects, etc.) and local en-
vironmental disorder. While correspondence can be found
between the results obtained from time-domain ensem-
ble measurements and frequency-domain single-tube spec-
troscopy, direct comparison is hampered by the often highly
variable linewidths obtained from single-tube measurements
even for the tubes with same chirality. In addition, all reported
single-tube fluorescence experiments employ indirect excita-
tion of the E11 band through its corresponding E22 manifold,
vibronic bands or off-resonance. The ensuing relaxation to the
radiative E11 state is typically accompanied by multiphonon
emission, which can cause additional dephasing not present
in time-domain photon echo measurements employing direct
E11 excitation.25

Although both time-domain photon echo and frequency-
domain single-tube approaches are powerful tools to quantify
the dephasing times (T2), neither of them can directly provide
the pure dephasing time (T ∗

2 ), which is related to the dephas-
ing time T2 and the population lifetime (T1) through the fol-
lowing well-known relation:

1

T2
= 1

2T1
+ 1

T ∗
2

. (1)

While the T2 timescales can be readily obtained from 2PE
measurements, proper determination of the T1 values is not
straightforward owing to the general existence of compli-
cated multiexponential decays in SWNTs. The shortest com-
ponent of the population relaxation can approach the typical
T2 times,2 and in this case a substantial contribution to spec-
tral linewidth from the population lifetime broadening is ex-
pected. Hence, simultaneous measurement of both population
and exciton dephasing timescales are crucial to elucidate the
pure dephasing timescale (T ∗

2 ) for E11 exciton decoherence
from exciton–phonon scattering.

In this contribution, we employ complimentary femtosec-
ond spectroscopic techniques including pump–probe, 2PE,
and 3PEPS spectroscopy to determine pure optical dephas-
ing times associated with the E11 transition. Our experiments
were conducted across a broad temperature range (2.5–292 K)
and at various excitation intensities and on samples highly en-
riched in the (6,5) tube type dispersed individually either in
aqueous solution or polymer composite films. Analysis of the
resulting data further permitted us to distinguish specific con-
tributions to homogeneous linewidth from longitudinal opti-
cal and acoustic phonons and to observe an intrinsically large
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linewidth in the low temperatures limit given by the envi-
ronmental disorder. Preceding the experimental methods, this
paper is organized as follows: the 2PE results are presented
and T2 is extracted as function of temperature and excita-
tion fluence (Sec. III A), next the population broadening con-
tribution (1/T1) are determined and modeled (Sec. III B),
the resulting pure dephasing rates (1/T ∗

2 ) are calculated and
the overall line broadening mechanisms discussed (Sec. III
C). Next, 3PEPS results are compared against 2PE measure-
ments (Sec. III D), the role of local environments on de-
phasing rate is examined (Sec. III E), and lastly the role of
exciton delocalization on E11 dephasing dynamics is dis-
cussed (Sec. III F).

II. EXPERIMENTAL

Optical spectrocscopic investigations of SWNTs are of-
ten complicated by the existence of multiple structurally dis-
tinct tube species and by a variable amount of bundles be-
ing present. Central to all experiments reported in this paper
is the use of a sample highly enriched in a single semicon-
ducting tube species, the (6,5) tube. In combination with res-
onant probe of the E11 or E22 excitonic bands, this allows us
to access the ultrafast dynamics associated with a single tube
type. The sample was obtained using a density-gradient ultra-
centrifuguation procedure,26 and the resulting aqueous sus-
pensions of individualized SWNTs were mixed with water-
soluble gelatin or polyvinylpryrolidone (PVP) polymer and
then cast into thin (roughly 400 μm) polymer composite
films. Use of such polymer films greatly suppressed laser light
scattering arising from slow tube motions occurring in aque-
ous solution, and enabled measurements at sufficiently low
excitation intensities with a good signal-to-noise ratio over a
broad temperature range.

The linear absorption and steady-state fluorescence emis-
sion spectra measured for SWNTs embedded in a PVP film
at room temperature are shown in Fig. 1(b). Upon excitation
of the E22 transition at 572 nm, similar relative fluorescence
yields are obtained compared with the starting aqueous sam-
ples. Additionally, the absence of a broad, intense emission in
the 1150 nm spectral region indicates that the tube bundling
is insignificant.27, 28 Measurements at low temperatures were
carried out by placing the SWNT–polymer composite films
in direct contact with a Janis ST-100 cold finger which oper-
ates under continuous liquid helium flow. The sample temper-
ature was continuously controlled by interfacing the cryostat
with a Lakeshore 331S temperature controller. To ensure high
optical quality and resonant excitation of the (6,5) tubes at
all measured temperatures, linear absorption spectra were
recorded from 4.4 to 292 K, and the resulting E11 peak po-
sitions are shown in Fig. 1(b) (inset). Upon cooling, the PVP
composite films showed a maximum 5 nm redshift, which
may be attributed to hydrostatic tube strain effects.29, 30 In
contrast, gelatin films yielded a comparatively small redshift
(maximum 2 nm), suggesting a somewhat weaker hydrostatic
effect. Moreover, a small spectral blueshift was observed for
both the films at temperature below ∼80 K. Similar low tem-
perature blueshifts have been previously reported experimen-
tally and predicted theoretically for selected tube types.31 In

 τ12

ks = ± (2k2 - k1)
k12k2 k2

k2

ks

gg

eg

ge

gg

k1a. b.

τ12

FIG. 2. (a) The laser beam geometry of the 2PE experiment with emerging
echo signals. (b) A double-sided Feynman diagram shows the temporal state
evolution, laser pulse k1 prepares a coherent superposition (|g〉 〈e|) between
ground and the E11 excited state, which subsequently dephases over time τ12.
The detected 2PE scattering signal (ks ) is stimulated by the remaining two
interactions (k2).

addition to the measurements conducted on these films, we
also performed experiments using the aqueous solution at
room temperature. In this case, a thin quartz cell of 100 μm
pathlength was used, which helps to minimize the thermal
lensing effects induced by laser beams.

The experimental setups for femtosecond 2PE, 3PEPS,
and pump–probe spectroscopy have been described in detail
previously and only a brief account will be given here.12, 14, 32

The light source was an optical parametric amplifier pumped
by a 250 kHz Ti:Sapphire regenerative amplifier, which pro-
duces 40–65 fs laser pulses tunable in the visible and near-
infrared regions. A combination of a waveplate and a polar-
izer was used to control the intensity of laser pulse from 0.3
to 15 μJ/cm2 for all experiments described in this paper.

The 2PE experiments were performed by directly excit-
ing the E11 state of the (6,5) tube with 45 fs laser pulses cen-
tered at 998 nm for the SWNT–gelatin film, 995 nm for the
SWNT–PVP film [see Fig. 1(b) for the laser pulse spectrum],
and 990 nm for aqueous solution sample. Additional exper-
iments were also performed at 1012 nm to excite the red-
edge of the E11 absorption band for the PVP–SWNT films.
In these experiments, two nearly equal intensity laser pulses
were focused to a spot of 148 μm diameter. The first pulse
with wavevector k1 creates a coherent macroscopic polariza-
tion of the exciton ensemble that is allowed to dephase over a
variable delay time or coherence time (τ12). After time τ12

has elapsed, a second pulse k2 arrives producing an inter-
ference grating with respect to the partially dephased coher-
ent polarization created by k1. This transient grating diffracts
incident photons into phased-matched direction 2k2-k1 as
shown in Fig. 2, which is detected in a time-integrated man-
ner with an InGaAs photodiode and a lock-in amplifier. A
measurement of the diffracted signal as function of positive
τ12 delays gives a nearly monoexponential decay, and the
corresponding timescale (τdecay) can be accurately extracted
through a least squares deconvolution fitting algorithm with
explicit consideration of finite pulse duration. For strongly
inhomogeoneously broadened systems such as semiconduct-
ing SWNTs,15 the dephasing time T2 can be obtained directly
from the following relation T2 = 4τdecay.33

The dynamics of exciton population relaxation was mon-
itored by femtosecond pump–probe spectroscopy. Upon ex-
citation of the E22 transition with 48 fs laser pulses centered
at 570 nm and subsequent rapid interband relaxation,34 the
dynamics of the resulting E11 excitons is probed selectively
at chosen wavelengths with a white-light continuum. The
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detection unit consists of a single-grating monochromator, an
InGaAs photodiode and a lock-in amplifier. The polarization
of the pump beam was set to the magic angle (54.7◦) with re-
spect to probe beam, which enables us to eliminate potential
contributions from tube orientation. The measurements were
performed at several sample temperatures which was chosen
to be same as used for our 2PE experiments. A least squares
deconvolution algorithm was applied to extract the timescales
of the decay kinetics employing a model function that consists
of sum of multiple exponents.

To investigate both optical dephasing and spectral diffu-
sion processes, 3PEPS was used as an extension of the 2PE
approach where the laser pulse was instead divided into three
replicas (k1, k2, k3).35 The details of this technique and its ap-
plication to SWNTs at room temperature has been previously
described.15, 33 Briefly, the 3PEPS signal were simultaneously
detected in two phase-matching directions (k1 − k2 + k3 and
−k1 + k2 + k3) as a function of coherence time (τ12) and an
additional delay between pulses 2 and 3, the population time
(t23). At a given population time, two photon echo profiles
were measured and the corresponding peak-shift (τ ∗) is de-
fined as half of the temporal offset of the two signal maxima.
A plot of the peak shift τ ∗ as a function of population time al-
lowed us to examine both optical dephasing (for t23 = 0) and
spectral diffusion processes (t23 > 0) for temperatures rang-
ing from 4.4 to 292 K.

III. RESULTS AND DISCUSSION

A. Exciton–exciton scattering dynamics

The large absorption cross-section of semiconducting
SWNTs facilitates the creation of multiple excitons per tube,
which will experience enhanced mutual interactions because
of one-dimensional confinement.2 A quantitative estimate for
the number of excitons created can be obtained using an ab-
sorption cross-section (∼1 × 10−17 cm2 per SWNT carbon
atom),36 the mean tube length of 600 nm for our samples,26

a measured beam waist (148 μm), and the total incident ex-
citation intensity used. The excitation intensity was varied
over fiftyfold corresponding to a mean exciton population of
0.8–42 per tube or alternatively an exciton density (Nx) rang-
ing from 1.3 to 70 (× 104) cm−1. One consequence of pop-
ulating many excitons in a spatially confined region is a
significant enhancement in exciton–exciton scattering events
along the nanotube axis.25 Previous work has shown that such
exciton–exciton scattering and annihilation contributes signif-
icantly to optical dephasing in SWNTs.37

Figures 3(a) and 3(b) show the 2PE data measured for
different excitation fluences at 4.4 and 292 K, respectively
(semilog scale plotted). At all temperatures, the decay fol-
lows monoexponential behavior very closely. The 2PE pro-
file decays markedly faster with increasing excitation flu-
ence, providing direct evidence for dephasing induced by
exciton–exciton scattering. While a similar intensity depen-
dence has been recently reported,16, 17 the results obtained
here are reported down to temperatures as low as 2.5 K and
extract the optical dephasing rate directly from the echo decay
profile. As has been recently reported,25, 38 the exciton dephas-
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FIG. 3. 2PE decays profile showing the excitation intensity dependence for
the (6,5) SWNT collected at (a) 292 K in aqueous solution and (b) 4.4 K in
PVP polymer under various excitation fluences as indicated in the plots (in
μJ/cm2) (c) Plot of the extracted dephasing rate, 1/T2, as a function of excita-
tion fluence shown at four different temperatures. Plots can be extrapolated to
the zero-intensity limit where contributions from exciton–exciton scattering
are negligible.

ing rate (1/T2) or equivalently, the homogeneous linewidth,
contains contributions from line broadening induced by both
inelastic exciton–phonon (�ex−ph(T )) and exciton–exciton
scattering (�ex−ex(Nx , T )).15, 17, 37 These contributions sum to
give the overall effective homogeneous linewidth,

�h(Nx , T ) = �0 + �ex−ex(T )Nx + �ex−ph(T ), (2)
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where �0 is the intrinsic linewidth at T = 0 K.38 As exci-
ton density is increased, the exponential decay rate of the
2PE signal increases by one fold across all temperatures mea-
sured (see, Fig. 3, note the semilog intensity scale). Other spa-
tially confined systems such as quantum wires39 and CdSe
quantum dots40 also exhibit clear signatures of intensity in-
duced dephasing. A substantial �ex−ex contribution to the
linewidth is consistent with exciton confinement effects lead-
ing to enhanced exciton–exciton scattering. Carbon nanotubes
in particular are not only strongly confined 1D systems, but
have large absorption cross-sections (∼5.5 × 10−13 cm2 for a
600 nm (6,5) tube), making them an ideal systems to observe
such intensity dependent contributions to the exciton dephas-
ing rate.

In order to reach a limit where scattering from mul-
tiexciton interactions (i.e., �ex−ex) can be safely neglected,
the beam fluence was incrementally lowered, permitting ex-
trapolation to the zero intensity limit [see Fig. 3(c)]. The
resulting intensity-independent dephasing rate (or intrinsic
homogeneous linewidth) is then obtained. For the major-
ity of temperatures measured the dephasing rate varied lin-
early with the exciton density (Nx ) according to Eq. (2).
Below approximately 30 K and above 200 K however, the
dephasing rates obtained have significant curvature with exci-
tation intensity, suggesting that the exciton–exciton (�ex−ex)
and exciton–phonon (�ex−ph) dephasing contributions may be
coupled. In these cases, a polynomial expression was used to
extrapolate to the zero intensity limit. The results obtained
are in good accord with measurements published earlier re-
porting the intensity-dependent exciton dephasing rate down
to 77 K.16 Detailed studies examining the contributions from
exciton–exciton scattering to optical dephasing can be found
elsewhere.25, 37 In the following sections we instead focus on
the extrapolated results in the zero intensity limit, which ef-
fectively eliminates the contribution from the �ex−ex term to
the homogeneous linewidth.

B. Temperature-dependent contributions from E11
population relaxation

Pure optical dephasing times are often considered to be
identical to the T2 time obtained directly from 2PE experi-
ments, and the contributions from population relaxation are
neglected by assuming that its lifetime is significantly long
(i.e., 1/2T1 � 1/T2). The population relaxation detected for
the (6,5) nanotubes by pump–probe experiments however,
contains a dominant decay component with a timescale sim-
ilar to the T2 time. This means that explicit account of the
population decay time (T1) is crucial to correctly obtain the
pure optical dephasing time T ∗

2 .
To account for the contributions from population decay,

we performed pump–probe measurements for the (6,5) tubes
embedded in both PVP polymer and gelatin composites at dif-
ferent temperatures [see Fig. 4(a)]. For the PVP composites,
the same temperatures were chosen as used for our 2PE mea-
surements. Extraction of the decay timescales from the pump–
probe data involves use of a least-squares deconvolution al-
gorithm and a model function consisting of multiexponential
components. We obtained satisfactory fits for a majority of
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FIG. 4. (a) Pump–probe data collected for the (6,5) tube embedded in PVP
polymer matrix at four different temperatures (in K). The experiments were
performed by exciting the E22 transition at 570 nm, and probing the E11 state
at 998 nm. All the data were normalized at peak amplitudes of the pump–
probe signals, and the resulting decay profile appears largely independent
of the pump fluence. The inset shows the three-state model used to model
the experimental data, which includes a radiative decay pathway from the
E11 state to the ground-state with a rate constant kE11 , and all others are
nonradiative pathways. (b) Simulated decay kinetics (solid lines) for chosen
temperatures. The inset shows the temperature dependence of the extracted
population decay rates (black circles) for the fastest (and dominant) decay
component obtained from a multiexponential fit. The dotted line (orange)
show the simulated results.

our data with a model function of three exponents, but for
those measured near room temperature (T ≥ 250 K), an addi-
tional exponential component was needed. Among these three
or four components, the fastest decay component is always
dominant and has an approximate relative weight of 60% of
the total amplitude. The extracted lifetime for this fastest life-
time component ranged from 290 to 460 fs as the temperature
was lowered from 292 to 80 K. The lifetime associated with
the second decay component ranged from 2.7 to 5.6 ps over
the same temperature range with a relative amplitude of 30%,
and the slowest decay component has a lifetime of 140 ps
with about 10% relative amplitude. It is clear from Eq. (1),
that the two slower decay components will not contribute ap-
preciably to the pure dephasing rate. Also, their significantly
smaller amplitudes in combination with their relatively weak
temperature dependence further reduce their influence on the
obtained pure dephasing times T ∗

2 . Thus, we will instead

 This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.32.208.2 On: Wed, 06 Nov 2013 20:26:19



034504-6 Graham et al. J. Chem. Phys. 134, 034504 (2011)

focus primarily on modelling the initial, fast decay portion
of the pump–probe data collected at various temperatures.

The inset in Fig. 4(b) shows the dominant population
decay rates extracted from the fastest exponential relaxation
component at each temperature measured. Upon cooling the
sample from 292 to 80 K, a roughly linear dependence of
the population decay rate on temperature is found. Such a
rate increase with temperature is normally expected for sys-
tems dominated by nonradiative decay primarily mediated
by exciton–phonon scattering.41 Below the 80 K threshold, a
marked increase in the E11 population decay rate is observed,
which can be seen from the kinetics shown in Fig. 4(a). To
model such an acceleration in the initial decay component
for (6,5) SWNTs, we adopted a phenomenological three-state
model previously used to describe temperature dependence of
steady-state and time-resolved fluorescence kinetics of semi-
conducting SWNTs.10, 42, 43 This three-state model allows for
rapid thermalization of the optically bright E11 state with a
third low-lying state [labeled D, see the energy level diagram
in the inset of Fig. 4(a)]. At sufficiently low temperatures,
the acoustic phonon modes mediating the E11 ↔ D thermal-
ization are no longer excited, which will effectively halt the
uphill energy transfer from D to E11. This consideration in-
dicates that an enhancement in the exciton population de-
cay will occur when the temperature reaches a certain range,
which is in line with the shortened lifetime associated with the
fastest decay of the fastest decay component observed below
80 K [see, Figs. 4(a) and 4(b)].

To quantitatively simulate the population relaxation dy-
namics, we begin with the following coupled differential
equations:

dnE11

dt
=kE22 nE22 −(kE11 +k−)nE11 +k+nD − 1

2
γ0t−1/2n2

E11
,

(3)

dnD

dt
= −(kD + k+)nD + k−nE11 , (4)

where nE11 and nD represent the exciton populations at the
E11 and D states, respectively, and the k parameter describes
the rate constants for population relaxation shown in the in-
set of Fig. 4(a). Since, the E22 → E11 relaxation is known
to be fast (roughly 50 fs) (Ref. 34) compared to our pulse
duration, we can assume that the E11 band is impulsively ex-
cited (i.e., kE22= 0). A significant addition in our model from
that reported previously is that we explicitly take an exciton–
exciton annihilation pathway into account. Consequently, an
additional relaxation pathway originated from the E11 state is
included in Eq. (3). We further assume that the corresponding
annihilation rate can be described by γ (t) = γ0t−(1−d/2) with
the dimensionality parameter d being equal to 1 and γ0 be-
ing time-independent and therefore describe diffusion-limited
exciton annihilation.41, 44 Using Eqs. (3) and (4) to solve for
nE11 (t) we were able to reproduce approximately the tempera-
ture dependence of the decay rates shown in Fig. 4(b) (inset).

In order to explicitly include the temperature depen-
dence, a phonon assisted scattering process between the E11

and the low-lying state D is included. For the above simu-
lation, we assumed that the E11 exciton band is parabolic,

along with a radiative decay (kE11 ) from the optically bright
E11 state and nonradiative relaxation (kNR) from the D state
to ground-state. The radiative relaxation can occur only from
excitons located within a small region with an energy �
∼= 0.37 μeV above the band minimum, which is accessible
by a photon’s momentum.9, 43 According to Spataru et al.,45

for an infinite length tube the E11 radiative decay rate can be
approximated outside the T → 0 region as

kE11 = k◦
√

�

kbT
, (5)

where k◦ is a radiative decay parameter (at Kcm = 0) and kb

is the Boltzmann constant. A corresponding intrinsic radiative
lifetime of 2.5 ps was used. The actual effective radiative life-
time measured (i.e., kE11 ) is orders of magnitude larger at all
temperatures because of the exciton momentum distribution
and potential thermalization with the low-lying state, D. This
lifetime value is somewhat shorter than the ∼10 ps predicted
for the (8,0) tube type by ab initio calculations.45 For tem-
peratures above ∼80 K, the E11 state is thermally accessible
for the excitons situated at the state D and the corresponding
uphill and downhill rates (k+ and k−) can be approximately
related by detailed balance as follows:

k+ = k− exp

(−�ED

kbT

)
, (6)

where �ED is the energy difference between the two states.
This energy difference is found to be approximately 9 meV
and is consistent with results (5–8 meV) obtained from
magnetophotoluminescence spectroscopy.11 The potential in-
volvement of this low-lying state D has been shown to fur-
ther increase the effective radiative lifetime, particularly in
T <∼80 K region in time-resolved photoluminescence
work.43, 46

Both the the downhill relaxation (k−) and the subsequent
decay from the low-lying D state (kD) are assumed to be non-
radiative, and their associated temperature dependence can be
approximated as47, 48

kNR = kc + C exp

(−θk

kbT

)
, (7)

where kc, C , and θk are fitted parameters, which are deter-
mined to be 0.06 , 0.6 , and 90 K for the k− rate. For relax-
ation from the D state, we obtain a value of kD = 0.15 ps−1 for
our simulations with no temperature dependence required for
our temperature range. If we assume that the exciton annihila-
tion rate is largely temperature independent we can set γ0 = 0
to get the initial rate dependence on temperature; our analy-
sis then follows the one presented by Scholes et al. applied
to temperature dependent photoluminescence rates.43 Using
the fitted parameters to compute the initial decay rate, the
three-state model reproduces the temperature-dependent trend
observed for the dominant E11 kinetic relaxation rate [see
Fig. 4(b), inset].

The above model (with γ0 = 0) gives a biexponential de-
cay for E11 kinetics, whereas at least three exponential de-
cay components were required to numerically approximate
our pump–probe measurements. Inclusion of exciton–exciton
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annihilation introduces a nonexponential component which
allows us to roughly model the temperature-dependent kinetic
decay. Using γ0 values ranging from 0.4 to 1.6 ps−1/2, we
solved the differential system of Eqs. (3) and (4) numerically
for temperatures ranging from 4 to 290 K. At most tempera-
tures, the resulting simulated decay curves (solid lines) could
reproduce the experimental decay well [see Fig. 4(b)]. Full
treatment however would require explicit consideration of the
delayed ground state recovery contribution from nD . Since
the cross-sectional prefactors are not well-known, we instead
assumed that the population occupying nD(t) is small com-
pared to the E11 and ground state population. A more com-
plete treatment of the temperature dependent kinetics may be
reported in future works.

The involvement of low-lying states such as the phe-
nomenological D state described here, has also been ap-
plied to model the temperature dependence of SWNT flu-
orescence quantum yields. The precipitous decrease in the
quantum yield observed below 80 K suggests that any radia-
tive decay out of the low-lying states must be comparatively
small,42, 46, 49 which is supported by a significant decrease of
radiative rate.46 In many works, low-lying states such as the
D state has been commonly ascribed to the 1g state originally
proposed from calculations using a 1D hydrogenic model ex-
citon wavefunction.5, 43 The 1g state is expected to be opti-
cally dark from parity selection rules for a one-dimensional
SWNT.10 However for intra-excitonic transitions from the op-
tically bright E11 1u state to 1g, rapid scattering and thermal-
ization between states of different parity is allowed.49–51

Previous pump–probe measurements at temperatures
between 77 and 293 K showed that the decay times
increase roughly linearly with decreasing temperature.52 A
similar temperature dependence was also observed from time-
resolved fluorescence measurements at both the single-tube
and ensemble levels.46, 53 However, when the temperature is
lower than 80 K a further decrease of the temperature ap-
pear to have little effect on the decay times. In contrast, in
the pump–probe results reported here we observe an acceler-
ation in initial decay rate for T < 80 K. One possible reason
is the different time resolutions of the time-resolved fluores-
cence experiments and the pump–probe technique used here.

Modeling of the temperature dependent pump–probe de-
cay curves, suggests that the low temperature rate accelera-
tion is physically consistent with involvement of a low-lying
state. While a similar temperature-dependent trend was also
observed for (6,5) SWNTs in a gelatin composite environment
(data not shown), we nonetheless cannot completely rule out
unforeseen environmental considerations as an alternate ex-
planation. Regardless of the precise physical origin of the ob-
served acceleration in E11 population decay rate at low tem-
peratures, we can use the dominant initial decay rates plotted
in Fig. 4(b) (inset) to effectively remove the contributions of
population relaxation from our 2PE results, allowing us to de-
termine T ∗

2 directly.

C. Pure optical dephasing timescales

Semiconducting SWNTs have been characterized by
weak exciton–phonon coupling, an observation consistent
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FIG. 5. (a) 2PE signals collected for the (6,5) tubes embedded in a PVP poly-
mer film at different temperatures. A total excitation fluence of 6.0 μJ/cm2

was used for the measurements. (b) Plot of dephasing rates (1/T2) and pure
dephaing rates (1/T ∗

2 ) vs temperature, which has a predominately linear
slope (dotted line) consistent with optical dephasing from one-phonon pro-
cesses. The solid line is a fit to the line-broadening function given in Eq. (8).

with both the small Stokes shift (e.g., ∼4 nm in Fig. 1(a)) and
ab initio calculations.54 In accord, a 205 fs dephasing time
is extracted for (6,5) SWNTs in aqueous solution at 292 K
[see Fig. 3(a), low intensity limit]. Such long dephasing times
at room temperature are indicative of weak exciton–phonon
coupling strength. To better understand the physical origin of
this weak coupling, 2PE traces were measured as a function
of excitation fluence at fixed temperature increments down to
2.5 K. Consistent with previous T2 times reported down to
77 K,16 the extracted dephasing times increase only moder-
ately (to 320 fs) upon cooling to 80 K. Extending the exper-
iment to lower temperatures revealed an unexpected marked
increase in the 2PE decay rate [see Fig. 5(a) and 5(b)]. Since
lowering temperature necessarily decreases the phonon pop-
ulation, the observed increase in dephasing rate for T � 80
K plotted in Fig. 5(b) is not consistent with line-broadening
associated with exciton–phonon interactions (i.e., �ex−ph(T)).

For all temperatures examined, we find the population
dynamics are sufficiently fast to significantly broaden the cor-
responding homogeneous linewidths. Using Eq. (1), the con-
tributions from population relaxation (T1) are removed and
the pure dephasing rate (1/T ∗

2 ) is calculated. The 1/T ∗
2 rate

is plotted in Fig. 5(b) (open circles) and has a distinctly dif-
ferent temperature dependence than the 1/T2 rate owing to an
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acceleration in the initial E11 population decay rate (1/T1) for
T � 80 K. In particular, the pure dephasing rate increases lin-
early in T � 180 K region. Such a linear rate dependence on
temperature is a strong indicator of optical dephasing induced
by one-phonon interactions.12

To fit the pure dephasing rates obtained, the following
line-broadening function is used to determine what exciton–
phonon scattering processes contribute to optical dephasing
of the E11 excitation for (6,5) SWNTs,

�h(T ) = �0 + aT + b

e(¯ωL O/kb T ) − 1
, (8)

which is shown in Fig. 5(b) as the fitted solid line.12 The
first term �0, represents the finite homogeneous linewidth
at T = 0 K, which is 2.45 ± 0.05 meV (or T ∗

2
∼= 535 fs).

The second parameter is the linear temperature-dependent
line-broadening rate a = 6.7 ± 0.6 μev/K and corresponds
to one-phonon scattering processes commonly from acoustic
phonons. For T � 180 K, we find such one-phonon acous-
tic scattering processes are the dominant contribution induc-
ing pure optical dephasing [shown by dotted linear fit in
Fig. 5(b)]. Remarkably similar linear line-broadening rates
have also been reported for GaAs quantum wells derived from
similar 2PE analysis.20, 21 The last term in Eq. (8), provides
contributions from optical phonon scattering which scales
with the Bose optical phonon occupation factor. The corre-
sponding fit suggests an intrinsic optical phonon energy of
¯ω = 1028 ± 231 cm−1 with b = 250 ± 180 meV. However,
the sparsity of points collected in this T > 180 K region pre-
viously investigated in detail by Ma et al.,16 prevents ac-
curate assignment of the optical modes involved. Nonethe-
less, within the error calculated, the previously implicated
traverse optical (TO) mode at 860 cm−1,16 or the longitudi-
nal acoustic + TO mode present at 960 cm−1 are potential
candidates.55

Reasonable correspondence is found between our time-
domain study on an ensemble of (6,5) SWNTs and recently
reported single nanotube photoluminescence work on (9,8)
tubes. Single-tube measurements reported a nearly identical
low temperature linewidth of ∼2.5 meV.23 This particular
single-tube measurement also produced a linewidth which
scaled linearly with temperature (below ∼160 K). The re-
ported slope, however, was almost three times as steep as the
values we extracted for (6,5) SWNTs.23 A more meaningful
comparison however would require information on the popu-
lation lifetimes associated with the (9,8) SWNTs investigated
in this single-nanotube study.

The observation of a significant homogeneous linewidth
(�0 = 2.45 meV) as T → 0, suggests the presence of a large
intrinsic environmental disorder that should be highly sam-
ple dependent. Calculations by Perebeinos et al. suggest that
even a small amount of spectral diffusion from the surround-
ing environment can give rise to a significant homogeneous
line-width as T → 0.10 To investigate the the origin of this
low-temperature disorder, the role of the local environment
on dephasing processes will be examined in Sec. III E.

D. Spectral diffusion contribution: A 3PEPS
measurement

The timescales extracted from 2PE (T2 = 205 fs) and
pump–probe decay (T1 = 372 fs), suggest a room tempera-
ture pure dephasing time of 283 fs for aqueous (6,5) SWNTs.
In order to investigate this apparently weak exciton–phonon
coupling associated with the E11 state, we next examine the
role of spectral diffusion processes for t23 > 0 by performing
3PEPS measurements at different temperatures. In 3PEPS,
the photon echo signal is simultaneously collected in the
k1 − k2 + k3 and −k1 + k2 + k3 phase matching directions,
allowing access to the time delay between the second and
third pulses corresponding to the population time (i.e., t23).
Here we briefly report the results of a temperature-dependent
3PEPS measurement; full details on the 3PEPS spectroscopy
of semiconducting SWNTs at room temperature have been
reported elsewhere.15

When the time delay t23 = 0, the 3PEPS (τ ∗) experiment
provides an indirect measurement optical dephasing time.17

While there is no analytic relation between the peak shift and
T2, both quantities scale with the mean square of E11 state fre-
quency fluctuations (�2

m) that are modulated by the phonon
bath.33 After an established scaling ratio is used to correct
for the pulse durations employed,56 we find the numerically
converted initial peak shift values agree with the correspond-
ing dephasing rates obtained from 2PE experiments collected
under the same excitation fluence [see Fig. 6(a)]. Such a non-
monotonic computation of peak shift from T2 has been ap-
plied previously to SWNTs by Ichida et al.17

Examining the peak shift dependence as a function of
population times, the 3PEPS decay profile provides informa-
tion about spectral diffusion processes in the E11 band. The
3PEPS decay profiles shown in Fig. 6(b) were collected un-
der a low excitation fluence of 4.3 μJ/cm2 at various tempera-
ture increments. The room temperature 3PEPS decay profiles
have been previously analyzed to obtain spectral lineshapes
and estimation of exciton–phonon coupling strengths.15 Since
the low temperature band thermalization processes are not
yet well understood in SWNTs, we instead analyze the
temperature-dependent 3PEPS profiles qualitatively. Upon
cooling, the peak shift decays at a markedly slower rate to-
ward a constant long-time peak shift value of ∼22 fs. This
long-time offset is largely temperature-independent and sug-
gests a fixed inhomogeneous linewidth contribution arising
from static environmental interactions. As the temperature is
lowered, the decay rate of the peak shift profile slows consid-
erably [Fig. 6(b)]. This slower 3PEPS decay rate is physically
consistent with a smaller thermal phonon population, result-
ing in a statistically longer time for spectral diffusion to effec-
tively erase the system memory associated with the E11 band
transition.35

In Fig. 6(c), the intensity dependence of the 3EPES pro-
files is plotted for room temperature data. There is a strong
correlation between the excitation fluence dependence of the
initial peak shift values and those of the 2PE decay rates
extracted in Sec. III C. When normalized to a specified t23

time the peak-shift profile measured at various excitation flu-
ences can be approximately superimposed (data not shown).
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FIG. 6. (a) Comparison of the temperature dependence of the dephasing rate
(1/T2) extracted from 2PE experiments and determined from the initial (t23
= 0) 3PE peak shift measurements. (b) Temperature dependence of the
3PEPS profile decay. The data was acquired using an SWNT/PVP film at
an overall excitation fluence of 4.3 μJ/cm2. (c) A plot of the photon echo
peak shifts acquired at 292 K shown as a function of fluence and population
time (t23). The observed intensity dependence at a given population time is
qualitatively similar to what is observed from 2PE experiments.

Similar to the 2PE results, we attribute the origin of the
intensity-induced spectral diffusion contribution to exciton–
exciton scattering processes. Recently, Abramavicius et al.
modeled this intensity dependence using a nonperturbative
phase cycling approach that explicitly accounts for the con-
tribution of exciton–exciton scattering and annihilation pro-
cesses to the measured photon echo signal. Using this the-
oretical construct, it was shown that by inclusion of higher
than third-order polarization terms, that the observed inten-
sity dependent peak-shift and 2PE profiles can be simulated.
The inclusion of higher than third-order terms necessitates the

involvement of coherent multiple-exciton states that induce
optical dephasing primarily through annihilation pathways.37

The requirement for multiexciton states to model SWNT pho-
ton echo spectroscopy highlights the importance of analyzing
photon echo spectroscopy in the regime of low excitation flu-
ence, where such complicating contributions are greatly re-
duced.

E. Temperature-dependent dephasing and the local
environment effect

Below 60 K, the existence of an ∼4 nm spectral blue-
shift in the E11 absorption peak of SWNT–PVP polymer
composite films [Fig. 1(b) inset], suggests that the possible
hydrostatic effects from the local environment may provide
an alternative explanation for the acceleration in dephasing
rates (1/T2) plotted in Fig. 6(a). To investigate, selected 2PE
measurements were repeated with a central excitation wave-
length tuned resonantly with the red edge of the E11 band at
1012 nm. For a given temperature and excitation fluence, the
dephasing times obtained were moderately shorter for exci-
tation at the red edge, but the overall temperature-dependent
trend observed (data not shown) was identical to the original
resonant excitation case plotted in Fig. 6(a).

Selected for its comparatively small (∼2 nm)
temperature-dependent E11 spectral shift, a gelatin–SWNT
composite was used as a model system to investigate how
surrounding polymer matrix affects the optical dephasing
rates extracted. In Fig. 7(a), the corresponding room tem-
perature dephasing rates are plotted for resonantly excited
(6,5) tubes in aqueous solution, PVP polymer, and gelatin
composite environments. Our measurements in all three
local environments produce long room temperature optical
dephasing times (T2 = 120–205 fs, see Table I).

The temperature-dependent 2PE and 3PEPS measure-
ments previously presented were repeated on resonantly ex-
cited (6,5) SWNTs embedded in gelatin composite films.
Comparing the 2PE decay profiles obtained for gelatin com-
posites in Fig. 7(b) to PVP polymer composite films shown in
Fig. 5(b), the optical dephasing rate is found to have a simi-
lar temperature dependence in the two host environments. The
corresponding dephasing rates for gelatin composites are plot-
ted in Fig. 7(c) alongside the initial peak shift values. All data
presented has been extrapolated to the zero-intensity limit. As
with PVP composites, the initial peak shift values measured
in gelatin composites show a parallel temperature dependence
to the dephasing rates obtained directly from the 2PE decay
profile.

The pure dephasing time for gelatin–SWNT compos-
ites was determined for select temperatures only. Com-
pared to SWNT aqueous suspensions, moderately faster pure
dephasing rates are obtained after incorporating aqueous (6,5)
SWNTs into the different polymer environments such as
PVP and gelatin. This environmental dependence suggests
that the bath fluctuations from the surrounding polymer are
moderately coupled to the E11 exciton transition; however,
under ambient conditions exciton–phonon scattering intrinsic
to the SWNT remains the dominant contribution to optical
dephasing. As T → 0, the predicted pure dephasing time for
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FIG. 7. (a) Extracted room temperature optical dephasing rates for (6,5)
SWNTs in different local environments. (b) Temperature-dependent 2PE col-
lected at 6.0 μJ/cm2 in a gelatin matrix. Below 100 K, T2 decreases markedly.
A weak oscillatory frequency similar to the G-band period is apparent for
T ≥ 130 K. (c) Corresponding peak shift measurements were collected con-
currently with 2PE decays for (6,5) SWNTs in gelatin. The peaks shifts were
extrapolated to the zero intensity limit, yielding complimentary results.

the gelatin composite is ∼30% smaller than the PVP case,
suggesting that changes in environmental static disorder and
spectral diffusion also contribute substantially to the homo-
geneous broadening. Effects such as tube proximity and po-
tential tube aggregation after incorporation of SWNTs into
polymer environments presents another potential source of
disorder requiring further investigation. The timescales of E11

exciton dynamics for (6,5) carbon nanotubes are summarized
in Table I.

For gelatin–SWNT composites, an oscillatory feature
consistent with vibrational beating was also apparent in the
2PE decay during the pulse overlap region. Using singular
value decomposition a dominant beat frequency of 1770 cm−1

is extracted which is similar to the 1640 cm−1 excited-state
tangential Raman mode (G-band) for the (6,5) SWNT.57 Such
oscillatory behavior has been previously observed in pump–
probe measurements using pulse widths shorter than the
G-band vibrational period (∼21 fs).58 Interestingly, for the
2PE measurements this oscillatory component diminishes al-
most entirely in amplitude for temperatures corresponding to
the longest dephasing times. One potential explanation is at
low temperature the exciton wavepacket may be sufficiently
delocalized to effectively “average over” the coupled G-band
tangential mode. This phenomenon of motional narrowing
that has been extensively described in other quasi-1D systems
such as molecular aggregates.18, 59 If present in SWNTs, mo-
tional narrowing may help explain why long pure dephasing
times are realized under ambient conditions.

F. Motional narrowing and exciton–phonon coupling
strength

Considering the well-defined nanotube vibrational
modes, and large surface area exposure to the surrounding
environment, the observation of weak exciton–phonon cou-
pling (T ∗

2 up to 285 fs) at room temperature is perhaps
unexpected. Such weak coupling has been previously char-
acterized by the Huang–Rhys parameters giving weakly cou-
pled values of 0.1 and 0.03 for the RBM and G-band modes,
respectively.54 While this study does not provide such phonon
specific coupling strengths, we can instead explore the role
of motional narrowing in exciton–phonon coupling, by fitting
the nonexponential behavior in the 2PE decay profile across
a range of temperatures. Using the model discussed below,
the shape of 2PE decay profiles suggests the corresponding
E11 homogeneous linewidths are motionally narrowed for all
temperatures measured.

The nonexponential component of the 2PE decay is ex-
tracted using a model function derived out of the stochas-
tic Kubo line-shape theory for a system coupled to a fluc-
tuating reservoir of phonons, and full details can be found
elsewhere.19, 32, 60 In short, an ensemble of E11 optical transi-
tions is described by a frequency correlation function (M(t))

TABLE I. Extracted values (in fs) that characterize the various timescales of
E11 exciton dynamics for (6,5) SWNTs. With the exception of the dephasing
time measured at lowest excitation intensity (denoted T2,m ), all decay times,
and peak shifts (τ ∗) have been extrapolated to the zero intensity limit.

T(K) T1 T2 T2,m τ ∗ T ∗
2

PVP 292 295 162 132 53 223
polymer 80 460 311 275 — 470

4.4 289 269 242 — 508

Gelatin 292 302 124 121 48 155
110 683 228 170 68 274
4.4 146 158 130 55 344

Aqueous 292 372 205 184 52 283
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FIG. 8. Modeling the nonexponential component of the decay for the 2PE
signal (SP E ) for (6,5) SWNTs in PVP polymer permits extraction of the mod-
ulation amplitude and time product (�mτm � 1) plotted with temperature.

that we assume decays at an exponential rate, M(t) = e−t/τm ,
as the result of exciton coupling to the phonon bath.32

Here, τm is the frequency modulation time that provides the
timescale of the phonon frequency perturbations which in-
duce electronic dephasing. The expected profile of a given
2PE curve (SE (τ )) can then be obtained analytically from
M(t),32

SE (τ ) = exp

{
−4 (�mτm)2

[
2 exp

(−τ

τm

)

− 1

2
exp

(−2τ

τm

)
+ τ

τm
− 3

2

]}
, (9)

where �mτm is a dimensionless product of τm and the am-
plitude of the frequency fluctuation (�m). 1/�m represents
the minimum time required by the uncertainty principle for
an exciton to couple to a phonon mode.61 If τm < 1/�m , the
exciton wavepacket will not couple effectively to the applied
fluctuation.32, 61 Hence when �mτm � 1, the exciton–phonon
coupling process is said to be strongly motionally narrowed.
The presence of motional narrowing weakens the effective
exciton–phonon coupling strength, resulting in a narrower ho-
mogeneous linewidth with a characteristic Lorentzian spectral
shape.18, 61

Across all temperatures investigated, the 2PE decay pro-
file suggests our corresponding homogeneous linewidth is
motionally narrowed with an average �mτm = 0.28 ± 0.04
(see, Fig. 8). Thus, E11 excitons in (6,5) SWNTs may not
couple effectively to many phonon modes, because nuclear
fluctuations from the phonon bath are averaged over from the
spatial extent of the exciton along the tube.18 Certain modes
(e.g., the TO optical mode), may couple stronger than others
depending upon the geometry and strength the applied nuclear
fluctuation. When modes involved in motional narrowing are
no longer populated at lower temperature, no net effect on the
dephasing time is expected. This observation is in accord with
the weak overall temperature dependence associated with the
pure optical dephasing rate shown in Fig. 5(b).

In site basis, motional narrowing can be modeled as a
form of ballistic exciton transport along the nanotube axis
(during T ∗

2 ). This process is fundamentally different from
diffusion-limited transport commonly reported on longer

timescales observed from intensity-dependent signatures of
exciton–exciton annihilation in pump–probe measurements.
Ballistic transport implies the exciton is moving faster than it
can be thermalized by exciton phonon-coupling. For metal-
lic SWNTs, ballistic transport is a well-established physical
property.62 To check if such a transport process is reasonable
for semiconducting SWNTs, we can approximate the kinetic
energy of ballistic excitons by Eball = 1/2m∗

ex

(
Ld/T ∗

2

)2
,

where m∗
ex is the exciton effective mass and Ld is the exci-

ton delocalization length.63 In this classical approximation we
find Eball ≈ 3.5L2

dμeV/nm2, which exceeds the room temper-
ature thermalization energy (given by Ek = 1/2kbT ) for ini-
tial exciton delocalization lengths on the order 50 nm. With
literature values for Ld ranging from 10 to 100s of nm,10, 13

this simple classical model suggests the exciton kinetic en-
ergy (Eball) may exceed the thermalization energy even at
room temperature. Since this model suggests Eball > Ek for
temperatures ranging from 4.4 to 292 K, it is reasonable that
E11 excitons may experience ballistic transport during the pe-
riod T ∗

2 . The presence of ballistic transport further implies that
exciton band thermalization may not occur appreciably until
after the corresponding T ∗

2 time has elapsed.64

These ad hoc calculations for ballistic transport in (6,5)
SWNTs, lend support to our 2PE results which suggest a mo-
tionally narrowed exciton dephasing process at all tempera-
ture measured. As previously reported for quasi-1D molec-
ular aggregates,18 motional narrowing in SWNTs effectively
averages over large dynamic disorder, suggests the presence
of considerable exciton delocalization upon optical excitation.
This averaging effect reduces the effective exciton–phonon
coupling strength and provides a possible explanation for the
realization of long 283 fs E11 pure optical dephasing times at
room temperature.

IV. CONCLUSIONS

We find that motional narrowing is a significant process
that modulates the phonon bath fluctuations that couple to the
E11 exciton state in (6,5) SWNTs. This process effectively
weakens the exciton–phonon interaction and helps explain the
origin of the unusually long (up to 283 fs) T ∗

2 times observed
at room temperature. Below ∼80 K in PVP polymer and
∼100 K in gelatin–SWNT composites, a marked increase in
dephasing rate was attributed to a corresponding acceleration
in the E11 population relaxation. Applying a modified three
state model previously developed for SWNT PL kinetics,43

this acceleration in population decay was attributed to exciton
thermalization with a low-lying state, found to be ∼9 meV
below the E11 state. By using the dominant population re-
laxation lifetime (T1) and the T2 times extracted from 2PE
decay in the low excitation intensity limit, the correspond-
ing pure dephasing times (T ∗

2 ) are calculated. Upon cooling
from ambient conditions to 4.4 K, the overall pure dephas-
ing rate decreases just under three fold. Below ∼180 K, 1/T ∗

2
decreases linearly consistent with optical dephasing induced
by acoustic phonon processes. Such a moderate T ∗

2 tempera-
ture dependence may be expected for ensemble measurements
of (6,5) SWNTs because of motional narrowing effects
and the presence of a large, environmentally induced
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homogeneous linewidth in the low temperature limit. Col-
lectively, this study highlights the important contributions
of coherent excitons to the overall E11 spectral dynamics
of (6,5) SWNTs and suggests an important interplay be-
tween exciton–phonon coupling and the exciton delocaliza-
tion length motivating further investigation.
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