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arbon nanotubes (CNTs) are promis-

ing candidates for nanotechnology-

based optoelectronics owing to out-
standing physical properties including well-
defined optical resonances, ultrafast
nonlinear responses, and ballistic 1D charge
transport.! The ground state electronic struc-
ture can be described by delocalized
m-electrons confined to a rolled-up, high as-
pect ratio graphene sheet that results in
quasi-1D electronic states. Low energy opti-
cal transitions are associated with the forma-
tion of Coulomb correlated electron—hole
pairs that are often described as 1D
Wannier—Mott excitons.? These excitons
have been found to be a few nanometers in
size® and give rise to intriguing optical prop-
erties that have stimulated both fundamental
and applied research efforts*~7 In response
to the technological difficulties of fabricating
single nanotube electro-optic devices, solid
state networks of CNTs, containing a broad
distribution of aggregated tubes with differ-
ent diameters and chiralities, have emerged
as exceptional materials with tunable elec-
tronic properties.® To realize the full poten-
tial of CNT networks it is essential to obtain a
better understanding of their photophysics
and excitation dynamics. In spite of their
complex electronic structure, the interpreta-
tion of CNT optical properties has so far been
based on intratube properties, while inter-
tube interactions have been largely ne-
glected. Intertube coupling however should
play an important role in such systems given
the crystalline structure of nanotube aggre-
gates. Only recently has energy transfer (ET)
been addressed by photoluminescence (PL)
excitation spectroscopy.’ '3 Such studies
probe the steady state population of emis-
sive states and ET is difficult to distinguish
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ABSTRACT We study excitation energy transfer in small aggregates of chirality enriched carbon nanotubes

by transient absorption spectroscopy. Ground state photobleaching is used to monitor exciton population

dynamics with sub-10 fs time resolution. Upon resonant excitation of the first exciton transition in (6,5) tubes,

we find evidence for energy transfer to (7,5) tubes within our time resolution (<10 fs). Excitation in the visible

spectral range, where the second excitonic transitions occur, is followed by fast intratube relaxation and

subsequent energy transfer, in particular from the (8,4) tube toward other tubes, the latter process occurring in

less than 10 fs.
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from defect induced emission satellites. Un-
ambiguous spectroscopic signatures of ET
have been demonstrated in air-suspended bi-
nary aggregates.'> While fluorescence spec-
troscopy is well suited to obtain ET transfer
yields, it is usually difficult to derive the ET
transfer rate, kgt, in ensembles, because the
aggregation effect on the nonradiative decay
kinetics cannot a priori be known. Generally,
fluorescence spectroscopy preferentially
probes isolated nanotubes, while emission
from aggregated tubes is more likely over-
looked due to PL quenching. So far ET in pairs
of carbon nanotubes, deposited on sub-
strates, showed a strongly distance-
dependent transfer rate in tip-enhanced lu-
minescence studies. The strong distance de-
pendence points to a resonance type transfer
mechanism,'® with a lower limit of kgr > 5 X
10" s7. This value has been obtained from
the ET yields, measured directly, taking into
consideration the tip-induced enhancement
of radiative and nonradiative rate constants. It
can be concluded that ET in a pseudohexag-
onal crystal, composed of CNTs at van der
Waals distance, proceeds at an even higher
rate, outpacing any kind of competing
process.
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Figure 1. Ground state absorption spectra (black curves) of the suspensions from which sample 1 (a) and sample 2 (b) were
obtained and multi-Voigt band fits (red curves), after subtraction of a broad absorption background. (c) Relative spectral
weight for the most abundant chiralities, as results from the multi-Voigt band fits in panels a and b. (d) S, and S, energies, re-

spectively, according to literature data.>®

In this work, we study the ET in small aggregates of
CNTs of different chiralities in the time domain, with un-
precedented time resolution, by using femtosecond
transient absorption spectroscopy with broadband few-
optical-cycle pulses, providing a temporal resolution
down to 10 fs. The transient photobleaching of exci-
tonic features indicates that ET rates are ultrafast, ex-
ceeding 10™ s,

RESULTS AND DISCUSSION

In the following study, we compare two CNT
samples, containing, respectively, a low (sample 1) and
high (sample 2) percentage of aggregates. Intertube ef-
fects, like ET, should therefore be enhanced in sample
2 (details of sample preparation are given in the Meth-
ods section). Figure 1a (b) shows the ground state ab-
sorption spectrum of the suspension from which
sample 1 (2) has been obtained.!” Both panels show a
series of maxima which are due to Sy — S; transitions in
tubes of various chiralities.'”® A multi-Voigt line shape
analysis (dashed lines in Figure 1a,b) gives the spectral
weights of different tube types found in the histogram
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of Figure 1c. Note, that a tube’s spectral weight is pro-
portional to the product of tube concentration and os-
cillator strength. Oscillator strengths depend on tube
chirality, diameter, and possibly doping'® and therefore
need to be accounted for if spectral weights from tubes
with widely different structural properties are to be
compared. However, tubes within the narrow diameter
range used in this study are expected to have similar os-
cillator strengths, and we therefore tentatively associ-
ate concentration with spectral weight.

Figure 1c clearly shows that the procedure used for
isolation and chirality enrichment in sample 1 leads to
an enhancement of small (and thus high optical band-
gap, see Figure 1d) CNTs and to a strong suppression of
larger CNT with smaller optical bandgaps. The most
prominent CNT in both cases is the (6,5) CNT with a rela-
tive abundance of 47% (30%) for sample 1 (2).

In Figure 2, we show AT/T spectra at a delay time
of t = 50 fs between pump and probe pulses for sample
1 and 2 (panel a and b, respectively). For comparison,
we include the ground state absorption (GA) spectra of
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Figure 2. Comparison of AT/T spectrum at 50 fs delay time
(blue solid line), ground state absorption (GA, black dashed
line), and pump pulse spectrum (red dash—dotted line) for
sample 1 (panel a) and sample 2 (panel b).

the respective films and the pump pulse spectrum
(dashed and dash-dotted lines, respectively). In panel
a, the AT/T spectrum shows a positive band at 1.25 eV
with a shoulder at 1.21 eV. In panel b, the main maxi-
mum is at 1.21 eV, with a shoulder at 1.25 eV. The posi-
tive bands at 1.21 and 1.25 eV can be associated with
photobleaching (PB) of the Sy — S; transitions in (7,5)
and (6,5) tubes, respectively.

Figure 3 shows a series of AT/T spectra from t =
—40 fs to t = +50 fs for both samples 1 and 2 (panel a
and b, respectively). We see for both samples that the
PB at 1.21 eV shows a delayed build-up with respect to
the PB at 1.25 eV. While the PB band at 1.25 eV reaches
its maximum at t = 30 fs, the PB band at 1.21 eV con-
tinues to rise until t = 50 fs.
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Figure 3. AT/T spectra during and a short time after pump-
ing with 15 fs pulses: (a) sample 1 containing a low amount
of aggregates; (b) sample 2 containing a higher amount of
aggregates. The pump spectra are given in Figure 2.
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Considering the available S; energies in Figure 1c,
we expect also small contributions from the (8,1) and
(7,3) tubes to the PB at 1.25 eV in Figure 2. Note also
that in a previous publication, a photoinduced absorp-
tion (PA) band at 1.28 eV was reported.?’ This PA band
however does not significantly contribute to our spec-
tra on the very fast time scale (t < 50 fs) in which we are
interested. As Figures 2 and 3 show, there is no sign of
such a PA band at 1.28 eV for t > 10 fs.!

PB is an unspecific probe for the presence of photo-
excited states. Apart from neutral excitons, also charge
transfer (CT) excitons (“indirect excitons”)?? and sepa-
rated charge carriers?® (by virtue of oxidizing/reducing
of the respective CNT bands) can give rise to PB of the
So — S transitions. We can exclude CT excitons because
these are expected to occur at lower transition ener-
gies than direct excitons. In Figure 2, we find that the
PB bands occur at the same energy as the respective
ground state transitions. We can also exclude separated
charge carriers: the intrinsic formation of separated
charge carriers requires additional energy in order to
overcome the exciton binding energy; however, under
our experimental conditions (resonant excitation), this
additional energy is not provided. Extrinsic formation of
separated charge carriers provides the additional en-
ergy, e.g., by the deep trapping of one carrier species,
releasing the other; however, carrier trapping does not
take place significantly on a 20 fs time scale. In sum-
mary, we can exclude any significant contribution from
charged photoexcitations and assign the PB bands at
1.21 and 1.25 eV to the presence of S; excitons on the
respective chiralities. The pump pulse spectrum, given
as the dash—dotted line in Figure 2, is predominantly in
resonance with the (6,5), (8,1), and (7,3) tubes. Reso-
nant excitation should therefore lead to a similar excita-
tion density N (per unit tube length) in these chirali-
ties, while N in the (7,5) tube is expected to be
significantly less because it is clearly off-resonance. Af-
ter resonant excitation, we can therefore expect a re-
duction of the (7,5) PB with respect to the other PB fea-
tures. However, Figure 2 shows that the opposite is
observed: the excitation density on the (7,5) tube is
clearly higher than in the other chiralities. We conjec-
ture that the excess exciton density on the (7,5) tubes
with respect to resonant excitation is caused by ET from
the resonantly excited tubes, predominantly from the
(6,5) tube. The conjecture of ET from the (6,5) to the
(7,5) tubes is in line with the observation of a delayed
population rise of the (7,5) PB in Figure 3, and with the
fact that the excess exciton density on the (7,5) tubes is
much higher in sample 2 than in sample 1. From a
rough analysis of Figure 3, we conclude that ET from
the (6,5) to the (7,5) tubes occurs in less than 20 fs.

To obtain a refined value for the ET rate, we need to
consider that the spectral evolutions shown in Figure 3
are not only due to population transfer but also show
coherent effects, as can be clearly seen from the spec-
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Figure 4. Calculation of coherent contributions to total AT/T spectrum according to ref 24: (a) population, (b) coherent cou-
pling, (c) pump perturbed probe free induction decay, (d) overall signal.

tral oscillations at negative times (minimum AT/T shifts
to the blue for t — 0). To separate coherent effects from
population, we are now going to predict the coherent
effects, based on our knowledge about the pump/
probe pulses and the electronic resonances, which will
allow us to subtract the coherent effects from the AT/T
spectra, retaining the pure population contribution. We
use the approach by Brito Cruz et al.?* This theory is
based on the perturbative approach for the third order
nonlinear response of the two-level system and de-
scribes the pump—probe signal as a superposition of
three contributions, worked out separately: polarization
coupling, pump-perturbed free induction decay (PP-
FID), and population dynamics. To account for the ac-
tual experiment, we consider two electronic reso-
nances: one represents the So — S; transition of the
(7,5) tubes at 1.21 eV, while the other chiralities ((6,5),
(7,3), and (8,1)) are represented by a single oscillator at
1.25 eV, this is justified by their spectral proximity lead-
ing to their appearance as a single band in the film ab-
sorption spectra (compare Figure 1 and dashed lines in
Figure 2). In the weakly absorbing regime, the calcula-
tion can be done by solving the equations separately
for either of the two resonances and then simply sum-
ming them up according to their assumed spectral
weight. This allows us to quantify the coherent contri-
butions to the overall AT/T spectrum, to subtract them
from raw data and obtain the pure population dynam-
ics. We highlight that in the calculation of the coherent
effects, energy transfer is not taken into account, be-
cause a delayed population transfer has negligible influ-
ence on the coherent effects that arise from an interac-
tion between the pump field and resonant electronic

@NTAINKE VOL. 4 = NO.7 = LUER ET AL.

states for a probe pulse preceding or overlapping with
the pump. We demonstrate our approach with sample
1, in which the coherent spectral oscillations at negative
times are much clearer than in sample 2. This is prob-
ably a consequence of enhanced inhomogeneous
broadening in the latter. However, an analogous treat-
ment of sample 2, not shown here, led to a similar
result.

In Figure 4 we show the results of our calculations,
which predict substantial contributions of polarization
coupling (Figure 4b) and PPFID (Figure 4c) that add to
the pure population dynamics (Figure 4a) and form the
total AT/T spectrum (Figure 4d). Please note that the
formalism of ref 24 contains no free parameter that
would allow weighting the coherent contributions
against the population dynamics. In spite of these re-
strictions, the calculation reproduces the measured
transient absorption spectrum quite well; compare Fig-
ure 5a to Figure 4d. To highlight quantitative agree-
ment between calculation and theory, we extract in Fig-
ure 5c single time traces at probe energies which are
dominated by PPFID (blue curves, E,, = 1.25 eV) and by
polarization coupling (red curves, £, = 1.30 eV). We
find that both temporal behavior and absolute dynam-
ics are rendered very well, showing that we successfully
isolated coherent effects from population dynamics.
To obtain pure population dynamics from the experi-
ment, we therefore can subtract the contributions of
polarization coupling and PPFID from the measured
AT/T spectrum in Figure 5a. The result is shown in Fig-
ure 5b. The successful removal of coherent effects is evi-
denced by the absence of the tailing of the PB into the
negative time region and the strong reduction of spec-
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Figure 5. (a) Measured AT/T spectrum in sample 1 as a function of probe energy and delay. (b) Pure population contribu-
tion to panel a obtained by subtraction of the coherent contributions (Figure 4 panels b and c) from Figure 5a. (c) Experi-
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tively. Solid curves, experimental data; dashed curves, calculated data; blue curves, 1.25 eV; red curves, 1.30 eV. (d)
Normalized time traces of population build-up, obtained as horizontal cuts through panel b at various probe energies.

tral oscillations at negative times. In Figure 5d, we re-
port horizontal cuts (single time traces) at various probe
energies, representing population rise curves. It be-
comes evident that at probe energies dominated by
the PB of the (7,5) tube, population rise is delayed by
about 10 fs against the population rise of the (6,5) tube.
This result allows us to fix an upper limit of the energy
transfer time of 10 fs.2° This transfer time is orders of
magnitude shorter than the competing relaxation to
the electronic ground state of the (6,5) tubes, occur-
ring within picoseconds.> Nonetheless, the ET yield is
far less than unity, as evidenced by a significant residual
(6,5) PB after ET toward (7,5). In sample 1, the residual
(6,5) PB can be explained by the dominance of isolated
tubes and small aggregates composed of only 2 or 3
CNTs; in such a case, the probability to include in the ag-
gregate an acceptor tube for the (6,5) tube (with an S,
exciton lower in energy than that of the (6,5) tube) is far
below unity, as can be estimated from Figure 1c. How-
ever, in sample 2, with up to seven-member aggregates
and a higher concentration of low optical bandgap
CNTs, statistics predicts the presence of at least one ac-
ceptor tube in nearly every aggregate. Still, we ob-
serve only partial ET in sample 2. Such a partial ET has
recently been explained by efficient phonon-mediated
backtransfer from (7,5) to (6,5) because the respective S;
energies are within kT, making these phonons ther-
mally populated.’ Our measurements confirm this pic-
ture and show that the achievement of the equilibrium
between forward and back energy transfer occurs in
less than 10 fs. The fact that we do not observe any
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population dynamics between the (6,5) tube and the
(8,1) and (7,3) tubes, is explained on the same footing:
energetic proximity of their respective S; excitons leads
to nearly equal occupation in thermal equilibrium, so
the population dynamics after resonant excitation will
be negligible. The authors of ref 15 note that apart from
energetic considerations, energy transfer might also
be inhibited by a strong exciton momentum mismatch,
occurring when the dispersion curves of the involved
exciton bands differ strongly. In our case, the Brillouin
zones for the S; excitons of both (6,5) and (7,5) tubes are
very similar, so ET in both directions will be favored.
On the other hand, the Brillouin zone of the S, state of
the (8,4) tube differs strongly from that of the (6,5) tube
leading to strongly different momenta for S; excitons
of the same energy. This might explain why the (8,4)
tube, which is present in sample 2 in significant concen-
tration, is not an efficient acceptor from either (6,5) or
(7,5), as has been demonstrated in a previous study (at
200 fs resolution) showing the absence of excess exci-
ton density on the (8,4) tube.?®

If the ET time is shorter than the relaxation time
from S, into S; (the latter estimated around 40 fs)?” the
observation of ET within the second excitonic manifold
is possible. In Figure 6, we present time-resolved AT/T
spectra in the region of the S, resonance for both
samples. In these experiments both pump and probe
are 7 fs visible pulses, so here the instrumental resolu-
tion of about 10 fs is higher than for the experiments
discussed above. Sample 1 shows a rather simple be-
havior: at time zero, we see PB features around 1.8 and
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Figure 6. (a and b) AT/T spectra of samples 1 and 2, respectively, using 7 fs degenerate broadband pulses for pump and
probe. Coherent oscillations of the G mode frequency can clearly be seen and are a sign of high time resolution; their phase
profile shows that the pulses are nearly transform-limited (chirp-free). (c and d) Time traces (full curves) at 2.17 and 2.08
eV, respectively, and biexponential fits (dashed lines). The fitting parameters are given in Table 1. (e and f) Single normal-
ized pump probe spectra (vertical sections through panels a and b, respectively) for sample 1 and 2, respectively. For com-
parison, the ground state absorption (GA) spectra are given as dash-dotted lines

2.15 eV and a PA band at 2.0 eV. All of these features de-
cay on a several hundred femtosecond time-scale. Dur-
ing decay, there is negligible spectral evolution, as can
be clearly seen in Figure 6e. A biexponential fit repro-
duces the time trace at 2.17 eV (Figure 6c). The fast pro-
cess with 39 fs decay constant accounts for 37% of the
total dynamics and is caused by internal conversion
from the S, to the S; manifold?” Even when all of the
population has decayed into the S; manifold of the
tubes, S, still remains partially bleached; this is most
likely due to the common ground state of the excitonic
transitions. The absence of spectral evolution during
decay in sample 1 is an important point because it high-
lights that the dynamics, obtained from the biexponen-
tial fit, are valid not only for the dominant (6,5) tubes,
but also for the other tubes that have been resonantly
excited. In particular, we conclude that the (6,4) and

AN AN voL. 4 « NO.7 = LUER ET AL

(8,4) tubes, with their S, resonances slightly red-shifted
with respect to that of the (6,5) tube (see Figure 1c), re-
lax to the S; manifold with 40 fs time constant but still
retain a partial bleach of the S, due to the presence of a
common ground state. The absence of spectral evolu-
tion in sample 1 thus allows us to conclude that on the
time scale of the experiment, the excitation density N
of the S; states remains similar for the (6,5) and the mi-
nority tubes.

|
TABLE 1. Biexponential Fit Parameters From Figure 6,
Panels cand d

A; (% of total A; (% of total
sample Eye (eV) 71 (fs) dynamics) T, (fs) dynamics)
1 217 39 37 368 63
2 217 52 59 336 4
2 2.08 42 82 400 18

www.acsnano.org



Sample 2, when compared to sample 1, shows quite
different dynamics and spectral shape: The initial PB
feature around 2.15 eV is clearly broadened with re-
spect to sample 1. Since the GA spectrum of sample 2
is broadened as well compared to that of sample 1, we
can ascribe the initial PB broadening in sample 2 to en-
hanced resonant excitation of chiralities whose S, reso-
nance is slightly red-shifted with respect to the one of
the (6,5) tube. During decay, spectral narrowing occurs
on a time scale of 100 fs. Single spectra at 20, 50, and
200 fs time delay in Figure 6f show the presence of a
shoulder at 2.08 eV at very early times, which decays
much faster than the main PB peak at 2.15 eV. Refer-
ring to the common ground state for S; and S, states,
valid for all excited chiralities, we can explain this nar-
rowing by a strongly accelerated population loss of
both S, and S; for one or both of the minority CNTs
(6,4) or (8,4). Since the narrowing occurs only in sample
2, containing a high percentage of aggregates, we as-
cribe the population loss to an intertube transfer event.
In sample 2, the concentration of (8,4) is much higher
than that of (6,4), so that we ascribe the population loss
predominantly to the (8,4) tube. Addressing the ques-
tion whether an exciton or a single charge is trans-
ferred, we note that in the latter case, the PB of the orig-
inally occupied tube would remain, due to the presence
of the countercharge. The observation of strong popu-
lation loss is therefore an indication for ET rather than
charge transfer.

Comparing time traces, we see that at 2.17 eV (Fig-
ure 6¢) sample 2 has a much stronger contribution of
the initial fast decay, (59% against 37%), with a time
constant of 52 fs. At 2.08 eV (Figure 6d), the decay dy-
namics is entirely dominated by the fast decay process,
with only a weak contribution of the slower one. We
find 42 fs lifetime for the fast process with a relative
weight of 82%.

To quantify the dynamics of this spectral narrow-
ing, that only occurs in sample 2, we compared the
biexponential fits at selected probe wavelengths in
samples 1 and 2.2 The obtained fast and slow decay
times, as well as their relative contribution to the over-
all decay dynamics, are given in Table 1. Please note
that due to the absence of spectral evolution in sample
1, the observed dynamics at 2.17 eV is representative
for the whole spectral region while in sample 2, a strong
dependence on the probe energy becomes evident.
The slow decay time is not systematically sample de-
pendent; it is related to dispersive nonradiative decay
of S; to the ground state.? The fast decay time is slower
in sample 2 than in sample 1. The largest difference is
however seen in the relative weights of the processes.
The fast process is much more dominant in sample 2
than in sample 1. At 2.08 eV, it accounts for 82% of the
total decay, while in sample 1, its contribution is only
37%. The probe energy 2.08 eV is close to the S, reso-
nance of both the (6,4) and (8,4) tubes; indeed Figure 6f

www.acsnano.org

evidence a shoulder at this spectral position. Therefore
this observation is consistent with fast population loss
of the (6,4) and (8,4) tube due to energy transfer. How-
ever, we need to assess whether the population is trans-
ferred from the S, or the S; state. If it were transferred
from S,, then internal conversion toward S; and energy
transfer would compete, adding up to an increased
overall decay rate. In the absence of any process com-
peting with internal conversion, the relative weight A, is
supposed to be 50% because the contribution of stimu-
lated emission (occurring only in S,) to the observed
positive band should equal the amount of pure PB from
the common ground state (occurring in both S, and
S1). Experimentally, at 2.08 eV we find A, = 18%, so the
yield of S; production is only 18/50 = 0.36. Conse-
quently, the ET yield defined as ®gr = Tor/Ter With the
overall decay time 1/7iot = 1/7er + 1/731, Where 1y is the
internal conversion time, should be at least 64%. If
there is spectral overlap with other chiralities at 2.08
eV, then ®gr > 0.64. Since at 2.08 eV in sample 2, Ty

= 42 fs, we obtain g1 < 65.6 fs and 157 > 117 fs. The in-
ternal conversion time, postulated here, is in stark con-
trast with the measured one on the isolated CNTs (see
Figure 6a), which holds for all chiralities including the
(8,4). Therefore, we discard this scenario and conclude
that ET from (8,4) takes place after S,—S; internal con-
version. In this case, the overall decay time is expected
to increase with respect to pure internal conversion,
which indeed is observed experimentally (42 against
39 fs at 2.08 eV for sample 2 and 1, respectively). From
the difference in the experimental decay between
sample 1 and 2, we conclude that the ET time should
be below 10 fs. We note that we do not expect to see
a clear population build-up anywhere in the spectrum,
since the rate-limiting step for ET is internal conversion.
As a consequence, the population transfer toward other
chiralities occurs on the same time scale as their “own”
internal conversion, leading only to a slight apparent
slowing down of the latter.

Considering the S; energies of the chiralities (Figure
1c), we find that in sample 2, the (8,4) tubes, although
being relatively low-energy tubes, still find sufficient
neighbors with even lower S; energy. As we have noted
above, the transfer from (6,5) toward (8,4), that should
be energetically favored in S; and lead to a depopula-
tion of (6,5), is not observed even in sample 2 probably
due to a momentum mismatch between the respec-
tive S; excitons.

There are alternative scenarios leading to a short-
lived spectral broadening, as shown here, among which
are biexcitons? or two-photon excitations.” However,
the absence of this short-lived broadening in sample 1
clearly argues against such kinds of states, because their
formation does not require intertube interaction. More-
over, also the coincidence of the spectral position of
the short-lived shoulder in Figure 6f with the S, reso-

\NIC
VOL. 4 = NO.7 = 4265-4273 = 2010 ”@@%{¥)

4271



nance of the (8,4) tube speaks against an effect occur-
ring in (6,5) tubes.

CONCLUSIONS

We have reported direct evidence for ultrafast en-
ergy transfer between aggregated tubes of different
chirality. We have found ET from the (6,5) to the (7,5)
tube as well as from the (8,4) and (6,4) tubes to a mani-
fold of acceptor tubes. In both cases, the transfer oc-
curred in the S; state although in the second case the
S, state was populated resonantly. In both cases we
found that the transfer is not instantaneous, and deter-
mined an upper limit for the transfer time of 10 fs. This
exceptionally short transfer time poses the question of
the possible transfer mechanism. We can rule out Foer-
ster type dipole —dipole coupling, because this approxi-
mation breaks down at the high transfer rates that we
find.3° One possibility is the full Coulomb multipolar
coupling, involving also “dark” (nondipole allowed) and
coherent states, followed by ultrafast relaxation, charac-
terizing the “intermediate coupling regime” of reso-
nance energy transfer. Additionally, tunneling®' and su-

METHODS

Single-wall carbon nanotubes (SWeNT SG 65) were enriched
by diameter using density gradient ultracentrifugation, and solid
films were prepared by incorporating the supernatant in a xero-
gel gelatin matrix; details of the procedure can be found else-
where.? We compared samples with different degrees of aggre-
gation: sample 1 consisted predominantly of isolated (6,5) tubes
and very small aggregates (2 or 3 tubes in a pseudohexagonal
lattice) enriched by density gradient ultracentrifugation, and
sample 2 consisted predominantly of small tube aggregates (up
to 7 tubes) commonly what is found in traditional nanotube col-
loidal suspensions.>? Hence, effects that are induced by inter-
tube interaction should be strongly enhanced in sample 2.

Near infrared light pulses in the 900—1100 nm wavelength
region were generated by a home-built noncollinear optical
parametric amplifier (NOPA)*3 and compressed to nearly
transform-limited 15-fs duration by a fused silica prism pair. Vis-
ible pulses in the wavelength region of 500—700 nm were ob-
tained by a similar NOPA, operated under a different angle to al-
low broadband phase matching. The resulting pulses were
compressed close to the Fourier transform limit by a pair of dou-
bly chirped mirrors, resulting in virtually chirp free pulses of
about 7 fs duration.>* We used a degenerate pump—probe setup
equipped with fast spectral acquisition via a computer-
controlled optical multichannel analyzer (OMA) enabling single-
shot detection at the full 1 kHz repetition rate. This setup allows
recording two-dimensional (2D) differential transmission (AT/T)
maps as a function of probe wavelength and delay in a few min-
utes measurement time with high sensitivity. Pump and probe
pulses pass through the same focusing mirrors and thus have an
equal spot size of about 60 pwm, as measured by the “razor blade
method”. Instrumental response function and time zero were
verified daily by measuring the cross-correlation of the pump
and probe pulses. More details of the experimental setup have
been published elsewhere.>* CNT graphics were built using Qu-
teMol >
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perexchange, or Dexter transfer via wave function
overlap might play a role. The latter could take place be-
cause of the cylindrical symmetry and the pseudohex-
agonal lattice in the bundles which suggest strong
—r interaction. At this stage, we cannot be more spe-
cific in our assignment and leave the question open
for further theoretical investigations.

ET studies after pumping resonantly the S, exci-
tons did not show any clear evidence for ET from
S,. This result is mainly based on the absence of a
clear ultrafast population transfer from (6,5) toward
(8,4) in sample 2. This couple is however affected by
momentum mismatch of the respective excitons,
strongly suppressing ET; therefore this result should
not be generalized.

So far, ET has been largely ignored in the develop-
ment of a theory for the electronic structure and dy-
namics of CNT networks. Near future applications how-
ever will indeed regard such networks more than single
tubes, and the phenomena here investigated will be de-
terminant for understanding and improving device
performances.
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