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hilation rate is known to be appropriate only for extended sys-

tems with a dimensionality greater than 2. As a result, stochastic

models describing annihilation of coherent excitons were devel-

oped12,25,27,28 and successfully used to describe the experimen-

tally observed excitation decay kinetics. However, final agree-

ment on the nature of exciton–exciton annihilation in CNTs has

still not been achieved.

Recently, we investigated excitation dynamics in semiconduct-

ing CNTs following excitation to both E11 and E22 bands.12 Tran-

sient absorption kinetics corresponding to different excitation

conditions, obtained in that work, could be readily described in a

quantitative manner only when treated separately, yielding intrin-

sically inconsistent decay rates. However, inconsistencies were re-

vealed when attempting simultaneous description of both kinetics

using the same model parameters, especially on a ps timescale.

Therefore, transient absorption kinetics following direct excita-

tion of the E22 manifold can provide additional information about

the specific properties of singlet–singlet annihilation that were

overlooked in the previous studies dealing with single E11 or E22

pumping conditions.11,29 An example of such additional infor-

mation is the insight into the pathways of excitation relaxation

following exciton–exciton annihilation. Conventional theoretical

description of this process presumes exciton relaxation to occur

in a consecutive manner, through all the intermediate excitonic

manifolds. However, strong experimental evidence for such a suc-

cessive process has not been reported. Instead, our recent analy-

sis has suggested the branching scheme for the exciton relaxation

from the Enn
∼= 2E11 state, with one pathway involving intermedi-

ate population of the E22 manifold, and another one exhibiting di-

rect relaxation to the E11 exciton state bypassing the E22 state.12

Thus, for a complete understanding of the processes governing

exciton–exciton annihilation, additional studies are needed.

In the current work, we further develop the conventional model

of exciton–exciton annihilation by considering both the coherent

and the diffusion-limited regimes. The resulting model is applied

to our previously measured excitation kinetics in the (6, 5) single-

walled CNTs as well as the (7, 5) inner tube of a double-walled

carbon nanotube species12 and demonstrates good agreement for

all excitation conditions over a time range of several fs up to tens

ps. A quantitative explanation for the observed much faster ex-

citation kinetics probed at the E22 manifold, comparing to those

probed at the E11 band, is also provided.

2 Methods

The femtosecond transient absorption measurement on (6,5)

single-walled CNTs or the inner-tube of (7,5)/(17,6) double-

walled CNTs have been fully described elsewhere.12 The elec-

tronic relaxation dynamics of these chiral-enhanced aqueous sus-

pensions of CNTs were measured both in 200 µm cell and in a

PVP polymer matrix.30,31 The E11 or E22 transitions were excited

resonantly with 60 or 45 fs laser pulses at a 250 kHz repetition

rate, respectively. The probe beam was selected to match the res-

onant transition with a 8 nm bandwidth section of a white-light

supercontinuum. The polarization of the pump beam was set to

the magic angle (54.7◦) with respect to the probe beam.
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Fig. 1 (a) Schematic energy level diagram that is usually used to

describe exciton dynamics in CNTs. Black lines correspond to the

excitonic states participating in the exciton–exciton annihilation while

arrows indicate possible transitions between these energetic states.

Additionally, branching factor α determining relaxation from the

doubly-excited state, Enn
∼= 2E11, is taken into account. (b) Schematic

energy level diagram for CNTs that was determined from our modeling

of exciton decay kinetics following different excitation condition at room

and 110 K temperatures.

3 Model for exciton–exciton annihilation

Exciton–exciton annihilation in CNTs is usually described accord-

ing to a simple kinetic scheme outlined in Fig. 1a and suitable

for the extended systems with large number of initially generated

excitons. In terms of this model, the populations of the E11, E22,

and Enn
∼= 2E11 exciton manifolds, denoted as n1, n2, and nn, re-

spectively, obey the following Pauli Master equations:12

dn1

dt
= G1 (t) · f1 − γ (t)n2

1 + kn1nn · f1 + k21n2 · f1 −Kn1, (1)

dn2

dt
= G2 (t) · f2 + kn2nn · f2 − k21n2 · f1, (2)

dnn

dt
=

1

2
γ (t)n2

1 − (kn1 · f1 + kn2 · f2)nn, (3)

where Gi (t) are the generating functions of the pump pulse cor-

responding to different excitation conditions (either to the E11 or

E22 state), γ (t) is the rate of exciton–exciton annihilation from the

E11 state, ki j is the linear relaxation rate from the ith to the jth

state, and K is the rate of E11 exciton decay to the ground state.

In order to account for the saturating effect observed at high ex-

citation density, additional space-filling factors fi = 1− ni/Ni are

also considered, here Ni is the maximum number of excitons that

can be generated in the ith state.

Since relaxation from the Enn state is usually assumed to be

much faster than other typical timescales, Eq. 3 can be simplified

by assuming a steady-state regime implying dnn/dt = 0, so that

nn ≃
1

2

γ (t)

kn1 · f1 + kn2 · f2
n2

1. (4)

If we also define the branching factor of the corresponding relax-

ation pathway as α = kn2/(kn1 + kn2), Eqs. 1 and 2 can be rewrit-
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ten as follows:

dn1

dt
=G1 (t) · f1+k21n2 · f1−Kn1−

1

2
γ (t)n2

1

2α f2 +(1−α) f1

α f2 +(1−α) f1
, (5)

dn2

dt
= G2 (t) · f2 − k21n2 · f1 +

1

2
γ (t)n2

1

α f2

α f2 +(1−α) f1
. (6)

The transient absorption spectrum ∆OD(t,λ ), observed in the

pump–probe measurements at different wavelengths λ , is then

defined by the exciton populations in various excited states and

therefore can be given by25

∆OD(t,λ ) ∝ ∑
i

ni (t)
[

σESA
i (λ )−σSE

i (λ )−σ0 (λ )
]

, (7)

where σ0 (λ ) is the ground state absorption spectrum while

σESA
i (λ ) and σSE

i (λ ) are the cross-sections of the excited state

absorption and stimulated emission of the ith excited state, re-

spectively. Neglecting the effect of the latter two components

and attributing the transient absorption kinetics probed at E11

energy merely to the ground state bleaching, we obtain ∆OD(t) ∝

n1 (t)+n2 (t).

The exciton–exciton annihilation rate, γ (t), is usually assumed

to represent the diffusion-limited excitation relaxation process in

an extended system whose size is comparable to or larger than

the exciton diffusion radius. For one-dimensional CNTs, the anni-

hilation rate then attains a time-dependent form of γ ∝ t−1/2.23,24

However, our experimental observations12 revealed that the tran-

sient absorption kinetics possesses the properties of the diffusion-

limited regime only asymptotically, with a clear indication of

time-independent annihilation rate on a sub-ps timescale. This re-

sult suggests that shortly after the initial excitation, the coherence

length of the optically generated excitons is comparable with the

nanotube length yielding to coherent exciton annihilation. Later,

due to interactions with phonons, exciton coherence length no-

tably decreases to the typical values of the order of 10 nm as

determined from the photoluminescence measurements.32 As a

result, the diffusion-limited annihilation process starts to domi-

nate. The switch from one regime to another occurs gradually;

however, there is not any theory developed to describe the inter-

mediate process. Therefore, in order to account for both limiting

regimes and at the same time not to over-complicate the model,

we assume that the time-dependence of the annihilation rate can

be approximated by the following simple equation

γ (t) =

{

γ0, for t ≤ τ,

γ0

√

τ/t, for t > τ,
(8)

here τ is the mean coherence lifetime, determining the time mo-

ment of the switch from coherent exciton–exciton annihilation to

the diffusion-limited one. In the second line of Eq. 8, an addi-

tional factor
√

τ ensures the continuity of γ (t).

4 Modeling results

4.1 Excitation dynamics in single-walled CNTs at room tem-

perature

The transient absorption kinetics in solubilized (6,5)-enriched

single-walled CNTs, measured at room temperature by imple-
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Fig. 2 (a) Normalized transient absorption kinetics probed 12 at the E11

manifold in (6,5) CNTs at 292 K (dots) and several best-fitted kinetics

simulations calculated according to Eqs. 5 and 6 by either fixing the

relaxation branching parameter α to 1 (black lines) or allowing it to vary

(red lines). Inset: the comparison of both experimental kinetics when

that corresponding to the E22 pump is shifted to the left by 350 fs along

the horizontal axis. (b) Dependence of the calculated maximal ground

state bleaching signal, (n1 (t)+n2 (t))max, on the excitation intensity

Gimax, obtained for different pumping conditions using the parameters

from Table 1 (lines and bottom axis). Red stars indicate intensities used

to obtain excitation kinetics presented in the panel (a). For comparison,

the corresponding experimental observations 12 are also shown

(symbols) by mapping actually used excitation laser intensities (top

axes) to the modeled values of Gimax. Inset: normalized excitation

kinetics, calculated at different E11 pumping amplitudes.

menting different resonant excitation wavelengths12 and E11

probe conditions, are presented in Fig. 2a. The multi-exponential

behavior of both decay kinetics, normalized at their maximum

and corresponding to either E11 or E22 excitation, clearly indi-

cates the effect of the non-linear annihilation process. Compared

to the case of E11 pump conditions, the E22 pump excitation ki-

netics exhibits a considerably slower decay rate on the sub-ps

timescale, but both kinetics approach each other at later times

1–9 | 3

Page 3 of 10 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Page 4 of 10Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



one would expect that, independently of the initial pumping con-

ditions, on a ps timescale all the excitation should reside in E11

state. Due to asymptotically negligible exciton–exciton annihila-

tion rate, both kinetics should then decay with the same linear

rate K, that, however, is not the case. Indeed, the best-fitted ki-

netics, shown with black lines in Fig. 3a, asymptotically decay in

absolutely the same way and do not follow the measured ones.

Moreover, for these kinetics the maximal numbers of excitons per

manifold, entering the phase-filling factors fi, were found to dif-

fer more than 15 times (N1 = 61 and N2 = 4) that probably do not

represent the real situation.

Such a striking asymptotic behavior, however, might be eas-

ily understood if one assumes the presence of an additional en-

ergy level accessible after the E22 excitation and denoted as Ex in

Fig. 1b. This state might arise due to interactions with polymer

environment or it can be related to the formation of the exciton

surface trap or the generation of a trion state.20,21 Alternatively,

this state can even be one of the optically-dark states belonging

intrinsically to CNT itself and predicted by ab-initio calculations of

the excitonic spectra of semiconducting CNTs.28,33 If the branch-

ing factor α is close to 0, the excitation dynamics under E11 pump

conditions is determined merely by the annihilation rate γ (t) and

the linear relaxation rate from the E11 manifold, K; both E22 and

Ex states remain unoccupied. However, the overall dynamics can

change drastically in the case of direct excitation into the E22

manifold. In such excitation conditions, Ex state becomes pop-

ulated and can act as a trap for excitation energy. Provided that

both relaxation rate Kx and de-trapping rate kx2 (see Fig. 1b for

the notation) are slower than the linear decay rate K of the E11

manifold, the E22 state becomes repopulated at later times result-

ing in considerably slower excitation dynamics.

Excitation decay kinetics, calculated by assuming this expanded

energy level diagram with an additional energy level, are pre-

sented with red lines in Fig. 3. Similarly to the case of room tem-

perature measurements, the branching parameter α converged

to 0, and all the rest of model parameters used to calculate these

kinetics are listed in Table 1. In Fig. 3 we now see much bet-

ter agreement with the experimental results as well as obviously

different asymptotic decay rates of the simulated kinetics corre-

sponding to the E11 and E22 pump conditions. The small discrep-

ancy from the experimental kinetics, still appearing after delay

time t & 5ps in the case of E11 excitation might indicate the exis-

tence of even more additional energy levels, similar in nature with

our introduced level Ex. The resulting energy diagram and possi-

ble relaxation pathways then become much more complicated.

4.3 Excitation dynamics in double-walled CNTs at room tem-

perature

Similarly to the results shown above, more complex exciton re-

laxation scheme might also be expected for the double-walled

CNTs due to inter-tube interactions. Indeed, transient absorption

measurements of the excitation dynamics in the inner tubes of

the (7,5)/(17,6) double-walled CNTs revealed that even at room

temperature the two decay kinetics following resonant excitation

of the E11 and E22 transitions did not approach the same asymp-
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Fig. 4 (a) Normalized transient absorption kinetics, measured for the

inner (7,5) tube in double-walled CNTs at 292 K under different

excitation conditions 12 (dots) and best-fitted kinetics, calculated

assuming the same energy relaxation scheme as in Fig.1b (red lines).

(b) Approximately linear dependence of the calculated maximal ground

state bleaching signal on either excitation intensity G2max (E22 pump, top

axis) or the square root from excitation intensity G1max (E11 pump,

bottom axis). For comparison, the corresponding experimental

observations 12 are also shown with dots by mapping actual excitation

laser intensities to the modeled values of Gimax.

totic behavior, at least during the initial several hundreds of ps.12

In order to quantitatively understand such a striking behavior,

we have applied our model to simulate excitation decay kinetics

in double-walled CNTs as well.12 The experimental kinetics to-

gether with the best fit are shown in Fig. 4a. Interestingly, for

proper description of the experimental kinetics we also had to ac-

count for the Ex state introduced above. The corresponding fitting

parameters are listed in Table 1, and the branching factor α again

converged to 0, as we found for single-walled CNTs.

During the experimental measurements it was observed that

in the case of E22 excitation the amplitude of the detected tran-

sient absorption scales linearly with the laser pumping intensity

whereas for E11 pump it increases proportionally to the square

root of the pumping intensity.12 These approximately linear de-
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pendencies were much more pronounced than in the the corre-

sponding measurements of the single-walled CNTs and can be

easily reproduced with our model using the same parameters

obtained from the fitted excitation kinetics, as demonstrated in

Fig. 4b. Meanwhile, at higher intensities the effect of space-filling

factors starts to dominate and saturates the intensity curves.

5 Discussion

In previous studies, transient absorption measurements of

exciton–exciton annihilation were usually performed by utiliz-

ing pump intensities of 1014–1016 photons/cm2.13,23,25 In our

case, however, special care for the sample preparation as well as

carefully tuned spectral overlap of the excitation pulse with the

E11 and E22 absorption peaks of the studied CNTs allowed us to

generate a similar amount of initial excitons at the considerably

lower excitation pulse intensities. Indeed, the mean number of

the generated excitons can be evaluated as n0 ≈ σCNCI, where

σC ≈ 10−17 cm2 is the mean absorption cross-section of a single

carbon atom,34 NC ≈ 7.2 ·104 is the mean number of carbon atoms

in our ~800-nm-long (6,5) CNTs. For the typical excitation flu-

ence of I ≈ 3 ·1013 photons/cm2 (see red star in Fig. 2b for the E11

pump conditions), we obtain n0 ≈ 22. This number is very close

to the actual number obtained by fitting the corresponding exci-

tation decay kinetics (n0 ≈ 25).

By holistically combining the coherent and the diffusion-limited

regimes of exciton–exciton annihilation in semiconducting CNTs,

we were able to quantitatively reproduce both the E11 and E22

pump transient absorption kinetics of (6,5) single- and (7,5)

double-walled CNT samples for different lattice temperatures. For

simplicity, we have not explicitly accounted for the formation of

the trions, triplets or exciton–phonon bound states that were pre-

viously reported.13,18–22 since we did not resolve the distinct tem-

poral and spectral signatures of these quasi-particles during our

measurements. Nevertheless, the existence of such additional re-

laxation pathways might be responsible for the slight mis-fitting

of our calculated excitation kinetics, especially in the polymer-

composite measurements on a timescale of tens ps.

The validity of our model was further supported by the calcu-

lated intensity dependencies of maximal signal on the excitation

amplitude, shown in Figs 2b and 4b. We found that, at room tem-

perature, the lifetime τ of initially generated coherent excitons

in the solubilized CNTs, both single- and double-walled species,

is comparable to the duration of the pump pulse. That means

that time-independent annihilation of coherent excitons switches

to the diffusion-limited regime shortly after the end of the initial

excitation, which agrees with the previous studies on excitation-

induced dephasing times.35,36 On the other hand, upon embed-

ding CNTs into polymer film and cooling them down to 110 K,

the coherence lifetime has exhibited a 3-fold increase, resulting in

more efficient exciton–exciton annihilation and, therefore, faster

kinetics under the E11 pump conditions (cf. Figs. 2a and 3).

This result stays in line with the previously reported 2–4 fold in-

crease of the pure optical dephasing time upon temperature drop

from 290 K down to 110 K.37 However, we note that our de-

termined annihilation coherence times are considerably shorter

than the corresponding optical dephasing times, indicating that

our determined timescale of coherent annihilation represents a

lower bound for the electronic coherence timescale. Indeed, in

our simplified formulation of the time-dependence of the anni-

hilation constant (Eq. 8) the switch from the coherent regime to

the diffusion-limited one occurs instantaneously. Therefore, we

do not account for the intermediate process when some coher-

ent excitons still exist but time-dependent annihilation starts to

dominate. This simplification eventually results in shorter coher-

ence times, although the correlation between them and optical

dephasing times remains.

The relaxation time of the E22 → E11 transition was found to

be about k−1
21 = 65fs in all the samples of both single- and double-

walled CNTs, again in line with previous studies.38 Nevertheless,

this time, resembling the duration of the laser pulses used, might

also be slightly overestimated so that E22 → E11 relaxation may be

somewhat faster. The obtained rate of singlet–singlet annihilation

was rather slow, γ−1
0 ≈ 3.5–4ps, and the maximum number of the

excitons that can be generated in each manifold was determined

to be between 30 and 40 (see Table 1). The later values are of

the same order of magnitude as the saturation exciton density of

~100 excitons/µm evaluated in earlier works32 (our CNTs were

about 800-nm-long).

The most unexpected outcome of our modeling is that in all

the cases we have examined in this work, the branching param-

eter α eventually converged to 0. This result holds for the (6,5)

tubes embedded in different environment and even for the inner

(7,5) tube of the double-walled CNT species, which might indi-

cate a fundamental property of excitation relaxation pathways

common for CNTs of various chirality. This finding means that

after exciton–exciton annihilation the generated doubly-excited

Enn
∼= 2E11 state decays directly into the E11 state, bypassing the

intermediate E22 manifold, as indicated in Fig. 1b. As a result, un-

der E11 pumping conditions the E22 state remains unpopulated.

On the other hand, in the case of direct E22 pump, this state de-

cays with a rate constant k21 = (65fs)−1, so that after the time

delay of ~300–400 fs all the excitation should reside in the E11

state and exhibit absolutely the same decay behavior as in the

case of the E11 pump. This effect has been indeed observed and

is illustrated in the inset of Fig. 2a, where excitation kinetics fol-

lowing E22 pump after shifting it to the left by 350 fs overlaps to-

tally with the E11 pump kinetics, thus supporting our conclusion

that α = 0. Obviously, such a determination of exciton relaxation

pathways became possible only by investigating excitation decay

kinetics following multiple pumping conditions12 and was over-

looked in the previous studies dealing with just single case of E11

pump.11,25,26 This results can have serious implications for the

impact ionization observed in the CNT photodiodes only upon

excitation with the energies exceeding E22.2 Indeed, excitation

to the E11 band just induces strong exciton–exciton annihilation,

while excitation to higher manifolds can also populate other avail-

able states, those of separated charges in particular. On the other

hand, our measurements did not reveal the physical reason for

such direct relaxation of doubly-excited excitons bypassing the

E22 manifold, so that additional experimental studies should be

designed to resolve this question. In fact, our obtained result

might indicate that some additional intermediate short-lived state

6 | 1–9
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is formed followed by a fast relaxation to the E11 manifold. Sim-

ilarly, some additional state could, in principle even participate

in the E22 → E11 transition, so that our obtained rates γ0 and k21

might intrinsically account for the relaxation from these states.

Nevertheless, we did not introduced these additional possibly ex-

isting states in our model since such complication would hardly

improve an already good description of the excitation decay ki-

netics while introducing additional ambiguity to the simulation

results due to the increased number of the model parameters.

In this work, we have assumed that the measured transient ab-

sorption kinetics, probed at the first optically allowed state E11,

follow the dynamics of the ground state bleaching. However, this

assumption might be not valid for different probe wavelengths.

Indeed, previous studies revealed essential differences between

the kinetics probed in (8,3) single-walled CNTs at the E11 and

E22 transitions after E11 excitation:25,26 both kinetics manifested

an excellent match between the normalized profile of the kinet-

ics probed at E22 transition and the squared profile of the kinet-

ics recorded at E11 wavelength. At first glance, that observation

counteracts our statements of α = 0 since, if E22 remains unoc-

cupied, both transient absorption signals probed at E11 and E22

wavelengths should represent the same kinetics of the n1 (t) pop-

ulation. However, one should note that, despite being very fast,

the dynamics of the doubly-excited state Enn can also have some

influence. Since under E11 pump conditions the E22 state re-

mains unpopulated, the detected transient absorption signal can

be rewritten, according to Eq. 7, as

∆OD(t,λ ) ∝ c1 (λ ) ·n1 (t)+ cn (λ ) ·nn (t) ,

here the weighting factors ci (λ ) = σESA
i (λ )− σSE

i (λ )− σ0 (λ ).

When probing at the E11 transition, the coefficients c1 and c2

are expected to be of the same order, while the Enn population

remains almost negligible: nn (t) ≪ n1 (t), so that the detected

signal ∆OD(t,E11) ∝ n1 (t), as we have used in our simulations.

However, when the probe wavelength is set to the E22 transition,

the cross-section for transitions from Enn, cn, might become larger

than c1 at the same wavelength. If so, then the observed result is

fully consistent with our analysis. This is because from Eq. 4 we

have that steady-state population of the Enn manifold is nn ∝ n2
1,

so that in this case we obtain ∆OD(t,E22) ∝ nn (t) ∝ n2
1 (t), i.e.

∆OD(t,E22) ∝ [∆OD(t,E11)]
2 , (9)

the same result that was observed experimentally.25,26 This ef-

fect, obtained for (8,3) CNT species, provides indirect support for

our proposal that α = 0 (resulting in excitation relaxation which

bypasses the E22 manifold entirely) will also hold in other semi-

conducting CNTs.

A similar relationship between the kinetics probed at the E11

and E22 manifolds is also observed in the case of the E22 pumping

conditions, although now the kinetics probed at the E22 transition

matches the squared profile of the kinetics probed at E11 wave-

length only asymptotically, after ~0.5 ps following initial excita-

tion (see Fig. 5a). This can be easily understood since at such

delay times the population of the E22 state completely decays,

whereas the remaining populations of the E11 and Enn states yield
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Fig. 5 (a) Comparison of the excitation decay kinetics, probed at the E11

and E22 transitions following E22 excitation. Both the experimental and

the fitted kinetics corresponding to the case of E22 pump, E11 probe

(green squares and black line) are taken from Fig. 2a, the magenta line

represents the same kinetics after being squared and rescaled to

asymptotically match the E22 pump, E22 probe kinetics (gray circles).

Red line was calculated using the same population kinetics n1 (t) and

n2 (t) as obtained from the previous fit using the model parameters listed

in Table 1. (b) Dependence of the calculated maximal E22-probed signal,
(

0.007n2
1 (t)+n2 (t)

)

max
(see text), on the excitation intensity G2max,

obtained for different pumping conditions using the parameters from

Table 1. For comparison, the corresponding experimental observations

are also shown with dots by mapping actually used excitation laser

intensities (top axis) to the modeled values of G2max.

the relationship of Eq. 9. For further quantitative verification,

we used the population kinetics n1 (t) and n2 (t), determined from

our previous fit in Fig. 2a, to reconstruct the E22-probed kinetics,

found to decay as follows: ∆OD(t,E22) ∝ 0.007n2
1 (t)+ n2 (t) (see

red line in Fig. 5). Using the same relationship, we were also able

to quantitatively describe the approximately linear dependence of

the measured signal amplitude on the square root from the pump-

ing intensity (Fig. 5b). Note that in contrast, the signal probed at

the E11 transition scales linearly with the G2 pumping intensity

itself and not its square root.12
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In order to describe low-temperature excitation dynamics in

CNTs embedded into a polymer film, we had to introduce an

additional energy level Ex in the vicinity of E22 manifold. With

respect to excitation dynamics, this state acts as a trap that at

first enhances the decay of the n2 population, but eventually re-

populates the E22 state. From the ratio of the obtained ‘trapping’

and ‘de-trapping’ rates, k2x and kx2, we can evaluate the energy

difference ∆E = E22 −Ex ≈ 33meV which is much smaller than

the exciton binding energy or the energy gap between the E11

and E22 transitions. As was already mentioned above, the ori-

gin of this additional energy state might either be related to the

polymer environment or it may represent an intrinsic optically-

dark exciton state of the CNTs.28,33 In the later case, the same

state should in principle also be accounted for when modeling

excitation dynamics at room temperature. However, under such

conditions, the energy gap ∆E is very similar to the thermal en-

ergy kBT of the lattice phonons, so that both rates k2x and kx2

are of the same order and therefore do not influence overall ex-

citation dynamics very much. This is, however, not the case for

double-walled CNTs, for which we had to implicitly include this

state in order to properly fit the excitation decay kinetics even at

room temperature. Now, the energy gap E22−Ex is about 120meV

which may indicate the effect of inter-tube interactions resulting

in the efficient (140 fs, see Table 1) excitation energy transfer

from the inner to the outer tube.

Concluding remarks

In this work we combined two regimes of exciton–exciton annihi-

lation in carbon nanotubes—the annihilation of coherently delo-

calized excitons, generated during the initial excitation, and the

diffusion-limited regime that starts shortly after the end of the ex-

citation pulse and describes incoherent annihilation of excitons,

diffusing along the CNT. The application of this model to the two-

color transient absorption measurements of differently prepared

samples of single- and double-walled CNTs resulted in a reason-

ably good description of excitation decay kinetics following both

E11 and E22 pump conditions in the full experimentally accessible

time range, from several fs to 15 ps. Simultaneous analysis of

both pumping conditions helped us to investigate possible exci-

ton relaxation pathways. It was shown that after non-linear an-

nihilation a doubly-excited exciton relaxes directly to its E11 state

bypassing the intermediate E22 manifold, so that after excitation,

resonant with the E11 transition, the E22 state remains unpopu-

lated. To complete a self-consistent model of this non-trivial exci-

ton relaxation scheme, we were able to quantitatively explain the

much faster excitation kinetics probed at the E22 transition com-

pared with the E11 probe conditions. In addition, we detected

the existence of additional long-lived optically dark state which

is energetically located just slightly below the E22 manifold and

influences the dynamics of its population. We believe that these

results provide insight into the peculiarities of energy levels and

inter-state transitions as well as broaden the current understand-

ing of the ultrafast exciton dynamics in semiconducting CNTs.
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