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Photoluminescence of metallic single-walled carbon nanotubes:
Role of interband and intraband transitions
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The photoluminescence (PL) properties of metallic single-walled carbon nanotubes were investigated. Steady-
state measurements showed interband excitonic PL in the first hyperbolic dispersion region. The decay kinetics
of this interband excitonic PL was observed by femtosecond time-resolved measurements, which also showed
the occurrence of intraband PL in the linear dispersion region. The decay time constant of interband excitonic PL
is approximately 40 fs, while that of intraband PL is slower at the lower photon energy. This study demonstrates
the role of interband and intraband transitions in the PL of a one-dimensional metal.
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I. INTRODUCTION

Metals have gapless electronic structures where the
Coulomb interaction is strongly screened by free carriers. This
screening prevents the formation of a bound electron-hole
pair, i.e., an exciton, which is a quasiparticle where an electron
and a hole are bound by the Coulomb interaction that charac-
terizes the optical properties of semiconductors and insulators.
Although transient excitons at metal surfaces have been
observed using ultrafast multiphoton photoemission spec-
troscopy [1], photoluminescence (PL) of metals in most cases
originates not from excitons (bound electron-hole pairs) but
from free electron-hole pairs (unbound electron-hole pairs),
which recombine in interband [2–8] and intraband transitions
[6,7,9–11]. However, low dimensionality can suppress the
screening effect and thus a relatively stable exciton state is
expected to be realized in one-dimensional (1D) metals.

Metallic single-walled carbon nanotubes (SWNTs) are
quasi-1D metals [12–15] that exhibit low-dimensional trans-
port properties such as those of Coulomb blockades [16,17]
and Tomonaga-Luttinger liquids [18]. The schematic of a
band diagram near the Fermi energy of the metallic SWNT
is shown in Fig. 1. The red lines indicate linear dispersion
bands, with the Fermi energy in the nondoped state situated
at the contact point of the upper and lower bands. The blue
lines are hyperbolic dispersion curves, which have different
quantum numbers from the linear dispersions along the cir-
cumferential direction of the nanotube. The exciton associated
with the interband transition between the hyperbolic disper-
sion bands has been theoretically predicted, and its binding
energy was calculated to be approximately several tens of
meV [19,20]. Exciton formation in metallic SWNTs has also
been experimentally investigated by optical absorption [21],
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optical reflection [22], Raman scattering [23,24], Rayleigh
scattering [25], and PL measurements [26]. The PL measure-
ments of the interband transition between the first hyperbolic
dispersion bands established the excitonic nature of this PL
and demonstrated an exciton lifetime of 40 ± 10 fs, which has
been supported by a recent theoretical study [27].

A linear dispersion, though two dimensional, is formed in
graphene, and the interband PL of free electron-hole pairs
in the linear dispersion bands has previously been observed
[28–36]. However, in the metallic SWNT, the interband transi-
tion between the linear dispersion bands is optically forbidden
[37–40]. Instead, infrared absorption due to excitation of
plasmons with conductive electrons in the linear dispersion
bands have been observed [41–45]. It is expected that metallic
SWNTs will emit intraband PL in the linear dispersion region
with enhancement by plasmon resonance. A recent theoret-
ical study [46] indicated that thermal radiation from metallic
SWNTs is a probe of non-Fermi liquid behavior in 1D electron
systems and that the radiation in the spectral region below the
energy corresponding to the electron temperature is a test for
expressions within and beyond the Tomonaga-Luttinger liquid
framework. However, it is difficult to observe this radiation as
its spectrum is situated in the infrared region, where detec-
tor sensitivity is much lower than that in the visible region.
Measurements of PL (both hot luminescence and thermal
radiation of electron system) in the linear dispersion region
of metallic SWNTs have not been performed to date, while
electrically driven thermal radiation in the linear dispersion
region has been observed up to 1500 nm [47]. In this study,
we investigated the PL of metallic SWNTs in both the first
hyperbolic dispersion and linear dispersion regions.

II. METHODS

The metallic SWNTs were extracted from SWNT raw
materials with the average nanotube diameters of 1.2 and
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FIG. 1. Schematic of band diagram of a metallic SWNT. The
blue curves and red lines indicate hyperbolic and linear dispersion
relations, respectively. The blue and red arrows indicate interband
and intraband transitions, respectively.

1.4 nm by density gradient ultracentrifugation [48]. The ratios
of metallic SWNTs to total SWNTs were determined by com-
paring the spectral weights of the exciton bands of metallic
SWNTs and semiconducting SWNTs in the absorption spec-
tra [48], and the ratios were 0.90, and 0.96 in the aqueous
dispersions of the extracted SWNTs for the thick and thin
metallic SWNTs, respectively. The dispersions were filtered,
and films were formed, where the SWNTs were bundled. The
focus of this study was a film of thick metallic SWNTs on
filter paper (sample 1). For comparison, thin metallic SWNTs
in film form were transferred onto a quartz glass substrate
(sample 2). The counterpart semiconducting SWNTs were
obtained during the density gradient ultracentrifugation pro-
cedure, and a film sample of the semiconducting SWNTs with
the average nanotube diameter of 1.4 nm was also prepared on
filter paper.

The absorption spectra of the aqueous dispersions were
measured using a spectrophotometer (Jasco V-560). The
steady-state emission spectra of the film samples were
measured using a Raman microspectroscopy instrument (Ren-
ishaw inVia) with a He-Ne laser (633 nm, corresponding
photon energy 1.96 eV) and a laser diode (488 nm, 2.54 eV).
The diameter of the laser beam on the sample was approxi-
mately 2 μm. The spectral sensitivity for every experimental
setup was calibrated using a standard tungsten lamp. The
lamp was placed just at the position of sample to measure the
spectrum, and the calibration curve was obtained for a full
range of the detection region from 1.56 to 2.53 eV.

The PL decay of the film samples was measured using
the frequency up-conversion technique, which is a powerful
tool to observe the femtosecond PL decay especially in the
infrared region [49,50]. The light source was a mode-locked
Ti:sapphire laser [82 MHz, 80 fs, 800 nm (corresponding
photon energy 1.55 eV)]. The output of the laser was divided
into excitation and gate pulses. The excitation pulse passed
through a variable neutral density filter to adjust the excitation

density, and it was focused on the sample. The diameter of
the excitation pulse on the sample was approximately 50 μm.
The PL from the sample was collected by using a paraboloidal
mirror and focused onto a β-barium borated (BBO) crystal
by another paraboloidal mirror. Just at the focused position,
the gate pulse was directed into the BBO crystal and com-
bined with the PL (sum-frequency generation), converting
the frequency to that within the visible or ultraviolet range
(frequency up-conversion), which is more easily detected. The
sum-frequency light was directed into a monochromator and
detected by using a photomultiplier with a photon counting
technique. The intensity of the sum-frequency light is propor-
tional to that of the PL. The PL decay curve was obtained by
alternately repeating the measurement of the sum-frequency
intensity and adjustment of the deference in arrival time at
the BBO crystal between the PL and gate pulse, which was
changed by moving a delay line in the optical path of the gate
pulse.

The instrument response function of the measurement sys-
tem was determined by measuring the cross-correlation trace
between the gate pulse and the excitation pulse scattered from
the sample surface. The instrument response function was
fitted to a Gaussian function with a full width at half maximum
of 140 fs. In the fitting analysis of the PL decay curves, a con-
volution method with the instrument response function was
used to determine the decay time constants with a precision of
±10 fs. The spectral sensitivity of the system was calibrated
by using an infrared standard light source. The sample was
replaced by the light source to measure the sum-frequency
light. The calibration curve was obtained for the detection
region from 0.6 to 1.8 eV. We conducted PL measurements
for the quartz glass substrate and filter paper, and found that
no PL was observed from the quartz glass substrate, and the
signal from the filter paper passing through the SWNT film
was time delayed and sufficiently small to be ignored.

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the emission spectra of sample
1 (average nanotube diameter, 1.4 nm) with excitation densi-
ties of 3.1 × 107 and 9.0 × 106 W s−1 at the photon energies
of 1.96 and 2.54 eV, respectively. We also measured the spec-
tra with excitation densities of 2.8 × 105 and 3.2 × 106 W s−1

at 1.96 eV. The intensity was proportional to the excitation
density, and the spectral shape exhibited no excitation-density
dependence, indicating that the observed spectra are in the lin-
ear response regime. The spectra in Figs. 2(a) and 2(b) include
sharp structures superimposed on a broad structure. To clarify
these components, Lorentz functions were fitted. The overall
spectra were reproduced well by the black curves, which were
decomposed into multiple sharp Lorentz functions and a broad
Lorentz function. The peak positions of the sharp functions
differ in the two spectra as they correspond to the excitation
photon energy, and these components are assigned to the
phonon Raman bands of radial breathing mode, intermediate
frequency phonon modes, D, G, and G′ [51] as well as the
multiphonon Raman bands of them [52]. It should be noted
that the peak position of the broad function is common in the
two spectra, indicating that this component is not a Raman
signal.
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FIG. 2. Emission spectra of sample 1 (average nanotube diameter, 1.4 nm) with an excitation photon energy of (a) 1.96 eV and (b) 2.54 eV,
and sample 2 (average nanotube diameter, 1.2 nm) with an excitation energy of (d) 1.96 eV and (e) 2.54 eV. (c),(f) Differential spectra obtained
by subtracting sharp structures from the emission spectra with excitation photon energies of 1.96 eV (red) and 2.54 eV (green). The blue curves
indicate broad structures. The dashed curves indicate the absorption spectra.

To closely observe the broad component, differential spec-
tra were obtained by subtracting the fitted sharp functions
from the observed emission spectra and plotted in Fig. 2(c).
The red and green curves correspond to the excitation photon
energy of 1.96 and 2.54 eV, respectively. The blue curve
indicates the fitted broad function. The peak position and full
width at half maximum of the broad component are 1.8 and
0.6 eV, respectively. These are similar to those of an absorp-
tion band observed at 1.2–2.3 eV in the absorption spectrum
of aqueous dispersion (dashed curve). This absorption band
is assigned to an exciton band of the interband transition
between the first hyperbolic dispersion bands, i.e., the M11

exciton band. It is well known that the interband excitonic
PL spectrum of an ensemble of surfactant-wrapped individ-
ual semiconducting SWNTs corresponds to the absorption
spectrum [53]. Hence, the correspondence of the broad com-
ponent and the M11 exciton band in the absorption spectrum
in Fig. 2(c) suggests that the broad component is PL of this
exciton band.

Figures 2(d) and 2(e) display the emission spectra of sam-
ple 2 (average nanotube diameter, 1.2 nm) with excitation
photon energies of 1.96 and 2.54 eV, respectively. As with
Figs. 2(a) and 2(b), the spectra were fitted to Lorentz func-
tions, with the overall spectra (black curve) consisting of
a common broad Lorentz function with a peak position of
2.0 eV and full width at half maximum of 0.4 eV (blue
curve), in addition to multiple sharp Lorentz functions. The
differential spectra between the fitted sharp functions and the
observed emission spectra with the excitation photon energies
of 1.96 eV (red curve) and 2.54 eV (green curve) are plotted in
Fig. 2(f) together with the fitted broad function (blue curve).
The broad component is consistent with the M11 exciton band

(1.4 to 2.5 eV) in the absorption spectrum of sample 2 (dashed
curve). This exciton band is situated in the higher energy
region than that of sample 1 in Fig. 2(c).

The energy of M11 exciton band increases as the nanotube
diameter decreases, because the transition energy between
the hyperbolic dispersion bands increases with decreasing
nanotube diameter [13–15,19,20]. In contrast, the linear dis-
persion bands are almost independent of the diameter. The
nanotube diameter of sample 2 is 1.2 nm and smaller than that
of sample 1 (1.4 nm), which explains the higher energy of
exciton band of sample 2. The observed broad component in
Fig. 2 is consistent with the M11 exciton band corresponding
to the nanotube diameter. Consequently, the broad component
is verified to be the PL of this exciton band.

Figure 3(a) shows the PL decay curves of sample 1 at the
emission photon energies of 1.2, 1.3, 1.4, and 1.8 eV in the
M11 exciton band [see the absorption spectrum of aqueous
dispersion in Fig. 3(b)], and also at 0.6, 0.7, 0.8, 0.9, and
1.0 eV. The excitation photon energy is 1.55 eV, which is
situated in the M11 exciton band, and the excitation density
is 3.1 × 10–2 J m–2 per pulse. The intensities in Fig. 3(a) are
normalized at the respective maxima of the PL decay curves.
All the curves show ultrafast decay, and the intensities become
zero within about several hundreds of a femtosecond. The
measured results for the film sample of counterpart semi-
conducting SWNTs are shown by gray curves at 0.7, 1.2,
and 1.8 eV. The curves at 0.7 and 1.2 eV show long decay
behaviors compared with the corresponding decay curves of
the metallic SWNT sample, while the PL at 1.8 eV is not ob-
served. These differences between the two samples indicated
that PL from residual semiconducting SWNTs in the metallic
SWNT sample was not observed.
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FIG. 3. (a) Cross-correlation trace (instrument response function) and PL decay curves of metallic SWNTs (sample 1) at 0.6, 0.7, 0.8, 0.9,
1.0, 1.2, 1.3, 1.4, and 1.8 eV. Symbols show experimental results; the intensities are normalized at their maxima. The black curves are the
fitted results: a Gaussian function for the cross-correlation trace, and single-exponential functions convoluted with the Gaussian function for
the PL decay curves. The gray curves show the measured results of PL from the counterpart semiconducting SWNTs at 0.7, 1.2, and 1.8 eV.
(b) Photon energy dependence of the maximum intensities of PL decay curves. The excitation density is 3.1 × 10–2 J m–2 per pulse. The solid
curve indicates the absorption spectrum of aqueous dispersion. (c),(d) Semilogarithmic plots of instrument response function and PL decay
curves of metallic SWNTs (sample 1) at (c) 1.2, 1.3, 1.4, and 1.8 eV and (d) 0.6, 0.7, 0.8, 0.9, and 1.0 eV. Symbols show experimental
results. The black dashed curve is the fitted result (Gaussian function) for the instrument response function. The black solid curves are single-
exponential functions convoluted with the Gaussian function. The time constants are indicated in the figure. (e) Excitation density dependence
of the maximum intensities of PL decay curves at 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.3, and 1.4 eV. The dashed lines indicate linear dependence on
the excitation density.

The maximum intensities of the PL decay curves of
sample 1 are plotted with respect to the emission photon
energy in Fig. 3(b). As the PL at 1.8 eV is an anti-Stokes
emission of intensity ∼ 10–4 counts eV–1 s–1, it is out of the
frame. Figure 3(b) also shows the absorption spectrum in the
range of the M11 exciton band above 1.1 eV, with the PL in this
range mainly attributed to this exciton band (the details are
discussed later). However, the intensity of PL below 1.1 eV
increases with decreasing photon energy. This spectral behav-
ior indicates the PL below 1.1 eV cannot be assigned to the
M11 exciton band. Instead, transitions in the linear dispersion
region are involved in such low energy PL (Fig. 1). Since
the interband transition between the linear dispersion bands
are optically forbidden in the metallic SWNT [37–40], we
attribute the PL below 1.1 eV to the intraband PL in the linear
dispersion region.

Here, we consider other possibilities of the PL below
1.1 eV. When the light polarization is perpendicular to the

tube axis, the transition between the hyperbolic dispersion
band and the linear dispersion band is allowed. If the per-
pendicularly polarized photoexcitation creates an electron in
the hyperbolic conduction band and a hole in the linear va-
lence band, the electron can experience radiative relaxation
to the linear conduction band (intersubband transition). This
radiative relaxation emits a low energy photon. However,
the oscillator strength for the perpendicular polarization is
much lower than that for the parallel polarization [40]. Hence,
PL with the perpendicularly polarized photoexcitation and
emission is ignorable. Another possibility is that the 1.55-eV
excitation with parallel polarization generates an exciton,
which dissociates into an electron and a hole at the edges of
the hyperbolic bands, and the electron (hole) relaxes to the
vicinity of the contact point of the linear bands by photon
emission with perpendicular polarization. However, infinitely
small density of states at the vicinity of the contact point as
well as the low oscillator strength for perpendicular polar-
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ization of photon emission make the PL due to this radiative
relaxation ignorable. Consequently, the possibility of perpen-
dicularly polarized PL is ruled out. In the following, the details
of PL of the M11 exciton band, i.e., interband excitonic PL in
the first hyperbolic dispersion region, and intraband PL in the
linear dispersion region are analyzed.

First, we examined the interband excitonic PL in the first
hyperbolic dispersion region. Figure 3(c) shows the semiloga-
rithmic plot of the decay curves at 1.2, 1.3, 1.4, and 1.8 eV
with the instrument response function. Single-exponential
functions with a time constant of 20, 30, 40, and 50 fs (black
solid curves) are also plotted after convolution with the in-
strument response function. The decay curves at 1.2, 1.3, and
1.4 eV are reproduced by the function with a time constant
of 30 fs, and that at 1.8 eV is reproduced by the function
with a time constant of 40 fs [see also Fig. 3(a) for the linear
plot]. These values are consistent with experimentally and
theoretically reported lifetimes of excitons in metallic SWNTs
[26,27]. As shown in Ref. [26], the recovery of excitonic
absorption is longer than the decay of excitonic PL, indicating
that unbound electrons and holes survive after the exciton
decay with a time constant of 40 fs. Since the excitation
photon energy of 1.55 eV is resonant with the M11 exciton
band, the excitation pulse forms the excitons. The unbound
electrons and holes are generated by the exciton dissociation
due to exciton-carrier scattering in the time constant of 40 fs,
and they survive over this time. It is noted that, as the oscillator
strength of excitons is much higher than that of free electron-
hole pairs, the excitonic PL is stronger than that of the free
electron-hole pairs. Thus, the observed PL decay in this spec-
tral region is mainly attributed to exciton dissociation.

Other possible mechanisms, such as exciton-exciton anni-
hilation (Auger recombination of excitons) [54–57], cannot
explain the ultrafast exciton decay. When the excitation den-
sity is sufficiently high to generate two excitons closely, the
excitons can interact with each other and potentially undergo
Auger recombination. In this case, PL decay rapidly becomes
fast with increasing excitation density [54,55], whereas no ex-
citation density dependence of the decay behavior is observed
in the weak excitation regime [58,59]. Figure 3(a) shows the
same decay curves at 1.2, 1.3, and 1.4 eV with excitation
densities of 3.1 × 10–2, 6.2 × 10–3, and 3.1 × 10–3 J m–2 per
pulse, suggesting a weak excitation regime. If the lowest exci-
tation density of 3.1 × 10–3 J m–2 per pulse is still in the region
of exciton-exciton annihilation, and it occurs within the time
resolution of the experiments, this alternate decay behavior
is not observed. In this case, the maximum intensity in the
PL decay curve shows sublinear dependence on the excitation
density because of the faster decay of excitons [54,55]. In con-
trast, Fig. 3(e) illustrates the proportionality of the maximum
PL intensity to the excitation density. Therefore, under these
experimental conditions, exciton-exciton annihilation could
not have occurred.

Another possible mechanism is the energy transfer be-
tween the SWNTs in a bundle. A previous study demonstrated
that the rate of energy transfer in the exciton band from semi-
conducting SWNTs to neighboring semiconducting SWNTs
in a bundle is 1.8–1.9 × 1012 s–1 [50,60]. As an SWNT is
surrounded by six other SWNTs in a bundle, the total rate of
transfer from the semiconducting SWNT to the surrounding

semiconducting SWNTs is approximately 1.1 × 1013 s–1, with
a corresponding time constant of 90 fs. As the transfer rate is
proportional to the spectral overlap between the energy donor
and acceptor, and the spectral overlap in the M11 exciton band
between the metallic SWNTs is similar to or less than that
between the semiconducting SWNTs, the time constant of
the energy transfer between metallic SWNTs will be 90 fs
or more. As this is larger than the observed time constant
in Figs. 3(a) and 3(c), this energy transfer cannot explain the
observed exciton decay.

Next, the intraband PL in the linear dispersion region is
analyzed. Figure 3(a) shows that the decay curves at 0.6, 0.7,
0.8, 0.9, and 1.0 eV with excitation densities of 3.1 × 10–2

and 6.2 × 10–3 J m–2 per pulse are of a similar shape, which is
a feature of weak excitation. Figure 3(d) shows the semiloga-
rithmic plot of the decay curves at 0.6, 0.7, 0.8, 0.9, and 1.0 eV
with the instrument response function. Single-exponential
functions with a time constant of 30, 40, 50, and 60 fs (black
solid curves) are also plotted after convolution with the instru-
ment response function. The functions with a time constant
of 40 and 60 fs reproduce the decay curves at 0.7–1.0 and
0.6 eV around the time origin, respectively [see also Fig. 3(a)].
Although these curves reflect the experimental results around
the time origin, the mismatch between the fitted curves and
experimental results especially at 0.6 eV is observed after
0.2 ps, at which point the PL decay can no longer be described
by a single-exponential function.

The intraband PL intensity of free electron-hole pairs is
proportional to the distribution functions of electrons and
holes, which are governed by the carrier temperature after
thermalization of the photoexcited carrier system [7,9,10,11].
Cooling of the carrier system occurs due to carrier-phonon
scattering leading to the heating of phonon system. After the
carrier and phonon temperatures become equal, the decrease
in carrier temperature is limited by that of the phonon temper-
ature, that is, the hot phonon bottleneck. Thus, the PL decay
slows, and the decay curve cannot be reproduced by a single-
exponential function. As the values of the electron and hole
distribution functions at high energy approach zero faster than
those at low energy, the PL at higher photon energy decays
faster. This behavior is observed in the experiments, indicating
that the origin of PL in this spectral range is the radiative
recombination of free electron-hole pairs. It is noted that, in
our experiments, the excitons were formed by the excitation
pulse, and then the unbound electrons and holes were gener-
ated mainly by the exciton dissociation. Hence, the decay of
PL of the free electron-hole pairs was limited by the exciton
dissociation, even if electrons and holes underwent the in-
traband relaxation with the faster time constant. Indeed, the
PL at 0.7–1.0 eV around the time origin decayed with a time
constant of 40 fs, which is the exciton dissociation time.

The intraband transition is a high-order perturbation pro-
cess and much weaker than the direct interband transition,
which is a first-order perturbation process. However, the PL
spectrum in Fig. 3(b) shows strong intraband PL below 0.7 eV
compared with the interband excitonic PL. This strong PL
can be explained by the enhancement by plasmon resonance.
Indeed, the early studies [42,45] showed that a broadband
infrared absorption due to plasmon resonance with a peak at
0.06 eV and a high energy tail to 0.8 eV was observed in a
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film of metallic SWNTs with the same nanotube diameters
and the same purification procedure as our study. The peak of
this infrared absorption is 0.7 times as high as the M11 exciton
peak, and the absorption at 0.6 eV is comparable to those
around 1.3 eV. This plasmon resonance effect also causes the
enhancement of PL intensity. In addition, the long decay of
carrier populations in the low energy region compared with
the ultrafast exciton decay causes the large maximum PL
intensity in the low energy region.

The lack of excitation density dependence of PL decay in
Fig. 3(a) and the linear dependence of PL intensity on the
excitation density in Fig. 3(e) indicate that PL in the weak ex-
citation regime is observed in this study. Weak excitation can
also be confirmed in terms of the number of absorbed photons
per nanotube. The absorption cross section per carbon atom
of the M11 exciton band in metallic SWNTs is estimated to be
∼3 × 10–22 m2 at 1.55 eV [61]. The length of SWNTs with
vigorous sonication used in this study is typically 0.25 μm
[62]. For a metallic SWNT with a chirality of (18,0), a di-
ameter of 1.4 nm, and a length of 0.25 μm, the number of
carbon atoms in the nanotube is 4.2 × 104, and the absorption
cross section per nanotube is estimated to be ∼1 × 10–17 m2.
For the maximum excitation density of 3.1 × 10–2 J m–2 per
pulse (1.3 × 1017 photons m–2 per pulse), the average number
of excitons per nanotube generated is ∼1. Consequently, our
experimental conditions were in the weak excitation regime.

Here, we estimate the onset excitation density of exciton-
exciton annihilation. If the exciton diffusion constant is
5 cm2 s–1 [63], 10.7 cm2 s–1 [64], or 44 cm2 s–1 [65], the same
as in a semiconducting SWNT at room temperature, an ex-
citon moves 4.5, 6.5, or 13 nm in the exciton lifetime of
40 fs, respectively. The exciton radius in metallic SWNT is
estimated to be ∼3 nm [21]. Hence, when two excitons are
excited in a nanotube with a separation of less than ∼30
nm, they can interact with each other. This exciton density
is expected for the excitation density of ∼0.4 J m–2 per pulse
(∼2 × 1018 photons m–2 per pulse), which is the onset of
exciton-exciton annihilation in this experimental condition.

Finally, we discuss the impact of low-energy PL in metallic
SWNTs. A recent theoretical study indicated that thermal
radiation from metallic SWNTs is a probe of non-Fermi liquid
behavior in 1D electron systems [46]. In this theoretical study,
thermal radiation spectra expressed within and beyond the
Tomonaga-Luttinger liquid framework in the case of long
quantum coherence demonstrated distinct differences from
the black-body radiation in the spectral region below the
energy corresponding to the electron temperature. More ob-
servations of the emissions in this spectral region are required
for further examination. Additionally, ultrashort-pulse pho-
toexcitation can increase the temperature of electron systems
until the rise of the electron-phonon coupling (in graphene,
an electron temperature exceeding 3000 K achieved by 30-fs
pulse excitation with an absorbed fluence of 0.33 J m–2 was
reported [28]), which will expand the spectral region where
the 1D non-Fermi liquid behavior is expected. Hence, PL
measurement with such ultrashort strong pulses is a potential
method for studying 1D electron liquids and is expected to be
performed in the future.

IV. CONCLUSION

In this study, we fabricated film samples of metallic
SWNTs and investigated their PL in the M11 exciton band and
the linear dispersion region. The PL in the M11 exciton band
decayed with a time constant of 30–40 fs, which is consistent
with previous studies. The PL decay in the linear dispersion
region is slower at the lower photon energy, which is explained
by the cooling of the electron temperature. This study demon-
strates the PL of interband and intraband transitions in a 1D
metal.
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