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Abstract. Three-pulse photon echo peak shifts of single-walled carbon nanotubes were 
recorded at 975 nm, showing an initial value of 26 fs, a dominant decay time of 59 fs and 
an oscillatory frequency of 282 cm"'. 

1. Introduction 

Femtosecond optical spectroscopy has been applied to study ultrafast exciton 
population dynamics of semiconducting single-walled carbon nanotubes (SWNTs). 
The kinetics detected using transient absorption and time-resolved fluorescence 
depend strongly on excitation intensity owing to occurrence of exciton-exciton 
annihilation [1, 2]. This extremely rapid nonlinear process, in combination with 
the necessity of a time-independent annihilation rate to correctly describe the 
resulting kinetics, suggest involvement of coherent excitons [3, 4]. The three-pulse 
photon echo peak shift (3PEPS) technique has proved valuable for detenmning the 
time scales of dephasing processes that are coupled to an electronic transition and 
for separating homogeneous and inhomogeneous broadening [5]. In this 
contribution, we report what we believe to be the first 3PEPS experiment on a 
SWNTs-polymer composite film, in which the nanotubes are mainly 
individualized. 

2. Experimental Methods 

The 3PEPS technique employed here has been described extensively elsewhere [5, 
6]. In short, the light source was an optical parametric amplifier pumped by a 250-
kHz Ti:sapphire regenerative amplifier, which generates 60 fs pulses at 975 irni. 
This wavelength was chosen in order to excite resonantly the lowest excitonic 
states (El) of selected semiconducting SWNTs, namely, the (6,5) and (8,3) tubes. 
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The sample was a ~100-nm thick fihn fabricated by individually dispersing HiPco 
nanotubes into a polymethyhnethacrylate (PMMA) matrix. The total pulse energy 
incident on the sample was ~4 nJ. 

3. Results and Discussion 

Representative integrated photon echo profiles recorded at a population time T=0 
fs are shown in Fig. la. The peak shift is obtained by fitting each of the profiles to 
a Gaussian fimction and then calculating half the difference between the maxima. 
The 3PEPS data obtained are plotted in Fig. lb as a fimction of T. The peak shift 
starts from an initial value of ~26 fs and decays rapidly to a persistent offset of 
about 8 fs within 200 fs. Weak but discernible oscillations are also evident. 

-200 -100 0 100 200 

Coherent Time, t(fs) 

100 200 300 400 

Population Time, r(fs) 

Fig. 1. (a) Normalized integrated photon echo profiles collected in the two phase matching 
directions ki - k2 + k^ (open circles) and -ki + kj + ks (filled circles) for the population time 
r = 0 fs. The solid lines are the fits to Gaussian functions, (b) 3PEPS data obtained for the 
SWNT/PMMA film (open circles) and a dichloroethane solution of IR26 (open squares). 
The solid line shows the fit to the 3PEPS data of the SWNT/PMMA film (see text). 

Our preliminary analysis of the 3PEPS data shown in Fig. lb involves a direct 
fit of the data to a sum of exponentials and damped oscillations: 

f(t) = ^ flj cos(co,.̂  + (j),) exp(-/ / T,) + a^ exp(t /•z^) + a^ exp(-/ / Xj) (1) 

This analysis shows that three terms with corresponding amplitudes as = 20.6 fs, a^ 
= 6.9 fs and Oi = 4.4 fs contribute significantly to fiie fit, whereas both 02 and ^3 
are an order of magnitude smaller than oi. The time constants resolved for the 
three dominant components are T5 = 59 fs, T4 = 3.7 ps and Xi = 53 fs, and the 
frequency of the oscillations associated with the aj component is 282 cm"'. While 
this analysis may appear arbitrary, the extracted oscillatory frequency is fairly 
close to the frequencies of the radial breathing modes of the selected (8,3) and 
(6,5) tubes, which are 298 and 307 cm'\ respectively [7]. 

The initial peak shift obtained for the SWNT/PMMA film is much larger (26 fs) 
than typically observed for dye molecules in organic solutions. As an example, we 
show in Fig. lb (open squares) the 3PEPS data measured using IR26 dissolved in 
dichloroethane at the same excitation wavelength and intensity, which has an 
initial peak shift of 15 fs. Similarly large initial peak shifts have been widely 
observed for various photosynthetic pigment-protein complexes [6]. As foimd for 
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molecular systems [6], this large initial peak shift is indicative of weak electron-
phonon coupling strength. On the other hand, the finite peak shift at long times T 
suggests the presence of an inhomogeneous distribution of the Ei transition 
frequencies in the ensemble of selected SWNTs. This is fiirther supported by our 
recent fmding of a similar peak shift at r « 500 fs from a solution sample. 

Because the excitation intensity used for 
collecting the 3PEPS data is in the regime 
which induces exciton-exciton annihilation, 
it is necessary to verify that the time 
constants characterizing the 3PEPS data 
(Fig. lb) are not due to the annihilation. To 
this end, we performed transient grating 
(TG) measurements under the same 
excitation intensity. Fig. 2 shows the TG 
signal, which can be satisfactorily fitted to a 
mono-exponential decay with a population 
decay time of 220 fs. As this decay time is 

clearly distinct from the time constants resolved from the 3PEPS data, it indicates 
that the population relaxation induced by the annihilation has no significant 
confribution to the temporal behavior of the 3PEPS signals. 
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Fig. 2. Transient grating signal 
(thin line) and its fit (thick line). 

4. Conclusions 

Our 3PEPS data provide evidence of a weak electron-phonon coupling strength 
and the presence of an inhomogeneous distribution of the E^ transition frequencies 
in the ensemble of the selected nanotube species. Detailed data simulation aiming 
at determining the electronic dephasing times and the amount of homogeneous and 
iiihomogeneous broadening of absorption lines are currently in progress. 
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