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Abstract: We report ultrafast mid-infrared studies of individualized semiconducting carbon nanotubes. 
Transient spectra of (6,5) and (7,5) nanotubes evidence photoinduced absorption around 200 meV, associated 
with intra-excitonic transitions that reflect quasi-1D exciton correlations and dynamics. 
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The quasi-1D confinement of photoexcited charges in single-walled carbon nanotubes (SWNTs) gives rise to 
strongly enhanced Coulomb interactions and large exciton binding energies on the 100 meV energy scale, key 
elements of nanotube physics [1]. Following the availability of “individualized” SWNT ensembles, this strong 
excitonic behavior was independently confirmed by interband absorption-luminescence maps, two-photon excited 
luminescence, and ultrafast spectroscopy [1-4]. Optical interband probes, however, are limited by symmetry and 
momentum to detect only a small subset of excitons. Here, we report ultrafast mid-infrared (mid-IR) studies of 
photoexcited (6,5) and (7,5) SWNTs, providing resonant-excitation access to quasi-1D intra-excitonic transitions 
that are independent of such restrictions. 
 As illustrated in Fig. 1(a), SWNT excitons exhibit a center-of-mass momentum K and relative-motion quantum 
state (1s, 2p,..), split further into even (g) and odd (u) cell-periodic symmetry levels. This results in optically-dark 
excitons, including the 1s-(g) lowest-energy exciton that lacks both single- and two-photon interband coupling [3]. 
Interband transitions are further limited to K ≈ 0. Intra-excitonic transitions [arrows in Fig. 1(a)] are intrinsically 
different: as transitions into higher-bound states with the same cell-periodic symmetry, they can detect both bright 
and dark excitons across momentum space. Previous ultrafast experiments in the relevant spectral range, however, 
are scarce and focused mainly on bundled SWNT dynamics or mixtures of semiconducting and metallic tubes [5-7].  
 In our experiments, widely tunable pump and probe pulses were generated with a 1-kHz Ti:sapphire amplifier 
coupled to two optical parametric amplifiers, followed by sum and difference frequency generation. Femtosecond 
transmission changes were recorded between 4-11 µm probe wavelength, with visible/near-IR pump pulses enabling 
resonant and off-resonant interband excitation. We investigated individually-suspended CoMoCAT SWNTs of 
mainly (6,5) and (7,5) chiralities embedded into 50-µm thick polyethylene. The polymer matrix ensures wide 
transparency throughout the mid-IR. The luminescence and absorption spectra exhibit distinct interband emission 
and absorption peaks corresponding to the individualized SWNT chiralities. 
 Ultrafast spectrally-resolved mid-IR transmission changes ∆T/T are shown in Fig. 1(b) for different time delays 
∆t after 1.55 eV excitation. A strong photo-induced absorption appears within the time-resolution after 
photoexcitation and decays on a ps timescale. The transient spectra are characterized by an asymmetric shape that 
peaks above ≈160 meV. This mid-IR resonance occurs in the transparent region far below the lowest interband 

 
 

 

Fig. 1. (a) Two-particle (e-h pair) energy dispersion in SWNTs, illustrating odd- and even-parity E11 exciton bands (u and g) 
and 1s → 2p intra-excitonic transitions (arrows) as a direct consequence and measure of e-h correlations. (b) Ultrafast 
mid-IR transmission changes observed after 1.55 eV photoexcitation of the SWNTs at room temperature. 
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exciton (E11 ≈ 1.2 eV) and intersubband transitions (E22 - E11 > 0.6 eV). The peak energy is close to the (6,5) and 
(7,5) exciton binding energy Eb obtained from two-photon luminescence studies and calculations [3]. Thus, we can 
associate this absorption with intra-excitonic transitions between 1s and 2p exciton levels of opposite parity. 
 To further substantiate the nature of the transition, Fig. 2(a) shows the excitation wavelength dependence. 
Resonant photoexcitation of the (6,5) and (7,5) interband E22 transitions leads to significant enhancement of the 
transient mid-IR absorption. The amplitude closely tracks the photoluminescence-excitation (PLE) spectrum, 
underscoring the tube-specific origin of the transient mid-IR response. This conclusion is further supported by the 
disappearance of the photoinduced signal for excitation below the E11 transition. Hence, the observed photo-induced 
absorption around ≈200 meV arises from intra-excitonic transitions of the (6,5) and (7,5) SWNTs. The response 
exhibits a non-exponential kinetics which further underscores its excitonic origin. With increasing fluence, the mid-
IR amplitude shows a distinctly nonlinear behavior [Fig. 2(b)] which is well described by a 1D saturation density 
nS = 1.4 × 106 cm-1. In a phase-space filling model this density corresponds to an average exciton spacing dXX ≈ 7 
nm, in rough agreement with the calculated extent of the exciton wavefunction. This density is close to that 
extrapolated from interband E11 bleaching at lower density [8]. 
 The mid-IR transmission changes can be used to estimate the absorption cross section σ||

MIR of the intra-excitonic 
transition, whose dipole is oriented parallel to the SWNT axis. It is defined as σ||

MIR = 3·ln(1−∆T/T)/nexc, where ∆T is 
the initial transmission change, nexc is the photoexcited density, and the factor 3 accounts for the random SWNT 
orientation in the sample. This yields the experimentally-derived value for the cross-section of σ||

MIR ≈ 4×10-15 cm2. 
For comparison, we have carried out calculations of the SWNT intra-excitonic oscillator strength based on dipole 
transitions between Wannier-like excitons on a cylindrical surface, as will be discussed. The squared 1s and 2p 
wavefunctions are shown in Fig. 2(b) [inset] for the given (6,5) SWNT radius and binding energy. The resulting 
quasi-1D intra-excitonic cross section is found to be in excellent agreement with the experimentally measured value. 
 In conclusion, our experiments provide insights into the chirality-specific mid-IR response of electronic 
excitations in individualized SWNTs. We believe that the mid-IR probe will provide a versatile and powerful tool to 
investigate correlated quasi-1D e-h pairs unhindered by interband symmetry restrictions. 
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Fig. 2. (a) Pump wavelength dependence, for excitation on- and off-resonant to the (6,5) and (7,5) E22 interband transitions, 
compared with the E11 luminescence-excitation spectrum. (b) Pump fluence dependence of the initial mid-IR transmission 
change (dots) after resonant (6,5) E22 excitation. Inset: Calculated squared wavefunctions |ψ(x)|2 for 1s and 2p excitons. 
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