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Anomalous variations of spectral linewidth in internal excitonic quantum transitions of ultrafast
resonantly excited single-walled carbon nanotubes
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How the exciton fine structure and spectral linewidth in single-walled carbon nanotubes (SWNTs) evolve after
ultrafast photoexcitation is critical for both understanding the fundamental optoelectronic properties and the
development of nanophotonic functional devices. Yet, studies so far have mostly detected a subset of excitons
near the Brillouin-zone center due to symmetry and momentum restrictions of the interband optical probes
used, such as photoluminescence and absorption. Here we use ultrafast terahertz spectroscopy to probe the
excitonic spectral linewidth associated with internal quantum transition across the entire momentum K space
in resonantly excited semiconducting SWNTs. The lowest-lying intraexcitonic transition surprisingly sharpens
at both high pump fluence and initial times immediately following the photoexcitation. We attribute these
anomalous variations in the spectral linewidth to the role of the dark state 1s(g) that influences the lifetime
broadening of the bright state 1s(u), consistent with the temperature-dependent dephasing time with a crossover
temperature set by the internal quantum level spacing of excitons.
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I. INTRODUCTION

Single-walled carbon nanotubes (SWNTs), with appealing
optical and electronic properties [1,2], are not only ideal
model one-dimensional (1D) systems for fundamental sci-
entific studies [3,4], but have a great potential for novel
applications, such as nanometer-scaled photodetectors, light
emitters, and other optoelectronic devices [5–7]. It is well rec-
ognized that the optical and electronic properties of SWNTs
are primarily dominated by Coulomb-bound electron-hole
pairs, called excitons [8,9], which, due to strong 1D Coulomb
interaction and reduced screening, have a large binding energy
of hundreds of meV [10,11], as illustrated in Fig. 1, distinct
from two-dimensional (2D) and three-dimensional systems
with a binding energy of several meV [12–14]. The band
structure of excitons, as described in a 1D hydrogen-atom-like
model, is characterized by the center-of-mass momentum K
and internal quantum numbers, such as 1s, 2s, 2p, etc. The
presence of two equivalent valleys K and K’ arising from
graphene lattice and Coulomb interaction split each state into
even (g) and odd (u) symmetries [15,16]. They have slightly
different energy on the order of several meV and correspond
to optically dark and bright states, e.g., the lowest-lying states
1s(g) and 1s(u) shown in Fig. 1(b). Prior studies on excitons in
carbon nanotubes focus primarily on the photoluminescence
(PL) [17,18], absorption [19], energy levels [20,21], ultra-
fast formation and dynamics [22,23], improvement of low
quantum yield [24], and lifetimes [16,25]. However, to the
best of our knowledge, the ultrafast evolution of the exciton
spectral linewidth of SWNTs is only studied near K ≈ 0 by
a limited number of techniques, e.g., utilizing near-infrared
interband probe [26] or interband PL [27]. Particularly, there
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has been no report studying exciton spectral linewidth across
the entire K space using the direct terahertz (THz) internal
excitonic transition free from the symmetry and momentum
restrictions of interband optical probes [22,23]. The ultrafast
evolution of exciton spectral linewidth after photoexcitation is
very crucial for deeper understanding of the photophysics of
carbon nanotubes and the development of carbon-nanotube-
based optoelectronic devices.

Optical pump and THz probe spectroscopy, illustrated in
Fig. 1(a), represents one of the most versatile techniques,
which is very sensitive to many quasiparticles, such as elec-
trons, phonons, and excitons, and suitable to measure their
ultrafast dynamics quantitatively [28,29]. The meV energy
of THz photons (1 THz = 4.1 meV) is especially suitable to
probe the SWNTs intraexcitonic transitions with a similar en-
ergy gap. Specifically, THz photons can couple directly to the
1s(g) → 1s(u) intraexcitonic transition, i.e., between optically
dark and bright ground states, across the entire center-of-mass
momentum K space, as indicated by red arrows in Fig. 1(b).
This is unlike conventional interband PL and absorption mea-
surements, in which only a small portion of excitons near
K ≈ 0 is measured because of the symmetry restriction and
small momentum of photons [25]. Therefore, THz pulses can
measure ultrafast time-resolved exciton density and spectral
linewidth involved in transition across the entire K space.
These important aspects about excitons are absent from prior
SWNT studies, especially under strong and resonant pumping
regimes that generate a large density of excitons, although the
internal excitonic transitions are well established [20,22,23].

In this paper, we use the unique quantitative intraexcitonic
probe of nonequilibrium state to reveal anomalous variations
in the spectral linewidth of the 1s(g) → 1s(u) transition around
1.5 THz in individualized (6,5) SWNTs at low temperature
T = 5 K. The absorption spectrum of the SWNTs film at room
temperature displays both E11 and E22 excitonic absorption
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FIG. 1. THz measurement and sample characterization.
(a) Schematic of the experiment and (b) the electronic energy
dispersion of semiconducting SWNTs showing that 572-nm pump
beam resonantly excites E22 excitons in (6,5) SWNTs (blue arrow)
which is probed by subsequent THz beam via 1s(g) → 1s(u)
intraexcitonic transition (red arrows), from which exciton density
and spectral linewidth are calculated. (c) Absorption spectrum (blue
curve) of the SWNT film measured at room temperature showing
both E11 and E22 excitonic absorption peaks of dominant (6,5)
and (7,5) chiralities, e.g., E11 at 991 nm for (6,5) and at 1050 nm
for (7,5), and E22 at 572 nm for (6,5) and at 652 nm for (7,5),
respectively. Two pump spectra, 572 nm (green shade) and 800 nm
(red shade), are also plotted.

peaks of dominant (6,5) and (7,5) chiralities, as shown in
Fig. 1(c). The 572-nm pump spectrum (green shade) used
for resonant excitation matches very well with the E22 band
of (6,5) SWNTs, and the subsequent THz pulses probe the
1s(g) → 1s(u) transition, whose spectral line shapes and
amplitudes yield quantitatively the spectral linewidths and
densities of photogenerated free charge carriers and lowest-
lying excitons. We observe that the spectral linewidth of free
carriers increases both with increasing pump fluence and at
the initial delay time after photoexcitation, which is consistent
with prior studies of normal semiconductor materials [12,30].
However, in strong contrast, the spectral linewidth of the

1s(g) → 1s(u) internal excitonic transition surprisingly
exhibits completely opposite behavior. We attribute this to
excitation-induced competing channels in the 1s(g)/1s(u)
exciton pair transition, i.e., carrier relaxation to the dark
1s(g) state vs activation from 1s(g) to higher energy levels
which lead to the unusual excitation-dependent lifetime
broadening of the bright state 1s(u). This is consistent with
the temperature-dependent nonmonotonic dephasing time
of 1s(u) state extracted in coherent transient spectroscopy
measurements [26].

II. METHODS

A. Sample preparation

The sample we study is Co-Mo-catalyst-grown SWNTs of
mostly (6,5) and (7,5) chiralities embedded in a 50-μm-thick
freestanding sodium dodecylbenzenesulfonate (SDBS) film,
which is air dried to optical quality from a D2O solution of
SDBS-dispersed SWNTs. The preparation basically follows
procedures from Ref. [31]. The absorption spectrum of the
film at room temperature is shown in Fig. 1(c). It exhibits clear
excitonic signature of absorption peaks from (6,5) and (7,5)
nanotubes, which is consistent with prior measurement of
high-quality nanotube samples and corroborates the inclusion
of the nanotubes into SDBS matrix [22,32]. SDBS not only
ensures the transparency of the polymer matrix in THz range
[33], but serves as a surfactant to effectively reduce SWNT
bundles which are found to greatly weaken optical qualities
of carbon nanotubes, such as PL quenching, extremely rapid
carrier relaxation, and large-spectrum linewidth broadening,
etc. [10,34].

B. Experimental setup

We perform optical pump and THz probe spectroscopic
measurement, which is driven by a 1-kHz Ti:sapphire regener-
ative amplifier with 40-fs pulse duration and 800-nm central
wavelength. The majority of the output is used to pump an
optical parametric amplifier to generate visible laser pulses at
572 nm for resonant excitation of excitonic E22 band of (6,5)
nanotubes as shown in Fig. 1. The other part of the output is
used to generate and detect phase-locked THz field transients
through optical rectification and electro-optic sampling in two
1-mm-thick 〈110〉-oriented ZnTe crystals, respectively. The
relative time delay between THz field and sampling beam is
defined as the gate time t . The produced THz pulses, used as
a probe, exhibit a faithful spectral width from 0.5 to 2.5 THz
with a signal-to-noise ratio over 5000 at the peak of the spec-
trum. The sample is mounted onto a 2.5-mm-diameter copper
aperture to ensure uniform photoexcitation of the sample, and
the other copper aperture with the same diameter is used as
a reference to measure free propagation of THz pulses. The
sample and apertures are placed into a vacuum cryostat in
order to measure the sample at low temperature down to 5
K. The THz part of the setup is enclosed in a dry N2 gas purge
box to get rid of THz absorption by water vapor.

C. THz data analysis

In order to obtain transient dynamics of THz conductivity
and dielectric function of the sample after photoexcitation, we
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FIG. 2. Fluence-dependent spectral linewidth broadening. (a) Raw THz fields in time domain transmitted through clear aperture ERef (t )
(black), static sample without pump ESWNT(t ) (cyan), and pump-induced THz field changes �ESWNT(t, τ ) (red) after 572-nm resonant
excitation for several selected fluences from 2.3 to 334.6 μJ/cm2 at T = 5 K and pump-probe delay time τ = 0.5 ps. The blue arrows indicate
the amplitude change of �ESWNT(t, τ ), which increases from 2.3 μJ/cm2 to the maximum at 192.6 μJ/cm2, and afterward it starts to decrease
with further increasing fluence to 334.6 μJ/cm2. ERef (t ) and ESWNT(t ) are scaled down by 1/20 for clarity. (b) The integrated spectral weight of
�σ NT

1 (ω) from 0.5 to 2.5 THz as a function of pump fluence. (c) The 2D false-color plot of �σ NT
1 (ω) as a function of fluence. The amplitude of

�σ NT
1 (ω) for all fluences is normalized in order to more intuitively compare the peak linewidth of the 1s(g) → 1s(u) intraexcitonic transition.

The two red dashed lines mark the position of two pump fluences (8 and 269 μJ/cm2) with their fitting details shown in (d)–(g). The THz
spectra �σ NT

1 (ω) and �εNT
1 (ω) for (d), (e) 269 μJ/cm2 and (f), (g) 8 μJ/cm2 (red dots), respectively, are fitted very well by the analytical

model (black solid lines) from Eq. (1), which is the sum of 1s(g) → 1s(u) intraexcitonic transition (blue dashed lines), Drude free carriers
(magenta dashed lines), and 4-THz absorption band (cyan dashed lines).

firstly measure THz fields in time domain through the clear
aperture ERef (t ), static sample ESWNT(t ), and pump-induced
THz field change �ESWNT(t, τ ) at a pump-probe delay time
τ , as shown in Figs. 2(a) and 3(a). The phase-sensitive nature
of the time-domain THz spectroscopy technique ensures the
calculation of both real and imaginary parts of the conductiv-
ity and dielectric function without the use of Kramers-Kronig
relations [28]. Specifically, through the fast Fourier transfor-
mation and Fresnel equations, the complex-valued static trans-
mission coefficient through the sample can be calculated as
T (ω) = ESWNT(ω)/ERef (ω), from which the static refractive
index ñ(ω), dielectric function ε̃(ω) = [ñ(ω)]2, and conduc-
tivity σ̃ (ω) = i[1 − ε̃(ω)]ε0ω in THz range are obtained [28].

Similarly, from the photoexcited transient transmission coeffi-
cient T ′(ω, τ ) = [ESWNT(ω) + �ESWNT(ω, τ )]/ERef (ω), the
photoexcited transient THz spectra σ̃ ′(ω, τ ) and ε̃′(ω, τ ), and
their pump-induced changes �σ̃ (ω, τ ) = σ̃ ′(ω, τ ) − σ̃ (ω)
and �ε̃(ω, τ ) = ε̃′(ω, τ ) − ε̃(ω), are thus obtained. For sim-
plicity, the term τ is omitted in the expression of �σ̃ (ω)
and �ε̃(ω) when no confusion arises. Note the THz spectra
calculated above are actually the averaged effective values
from a small portion of nanotubes embedded in bulky SDBS
material. Therefore, effective medium approximation needs
to be applied in order to calculate the pure contribution
from carbon nanotubes [23,28]. To do so, the nanotube space
filling ratio (FR) of the sample ∼0.88% is calculated through

026003-3



LIANG LUO et al. PHYSICAL REVIEW MATERIALS 3, 026003 (2019)

15

10

5

D
el

ay
 ti

m
e 

 (
ps

)

2.52.01.51.00.5
Frequency (THz)

1.0
0.5
0.02

0

-2

E
le

ct
ro

-o
pt

ic
 s

ig
na

l (
a.

u.
)

420-2
Gate time t (ps)

delay time

ESWNT(t, )
0.5 ps 
1.5 ps
2.5 ps
4.0 ps
6.0 ps

10 ps
18 ps

ERef(t)
ESWNT(t)

(a)

(b)

(c)

5

4

3

2

1

0S
pe

ct
ra

l w
ei

gh
t (

-1
cm

-1
T

H
z)

151050
Delay time (ps)

0.4

0.2

0.0
21

10 ps

 Exp
 Fit

1

0

4 ps

0.4

0.0

-0.4
21

 Drude
 exciton
 4 THz

-1

0

1

)

)(
-1

cm
-1

)

Frequency (THz)

(d)

(e)

(f)

(g)

FIG. 3. Time-dependent spectral linewidth broadening. (a) Raw THz fields in time domain transmitted through clear aperture ERef (t )
(black), static sample without pump ESWNT(t ) (cyan), and the pump-induced THz field changes �ESWNT(t, τ ) (red) after 572-nm resonant
excitation for several pump-probe delay times τ from 0.5 to 18 ps, at T = 5 K and 48 μJ/cm2. The blue arrow indicates that the amplitude
of �ESWNT(t, τ ) decreases monotonically with τ from 0.5 to 18 ps. ERef (t ) and ESWNT(t ) are scaled down by 1/20 for clarity. (b) Integrated
spectral weight of �σ NT

1 (ω) from 0.5 to 2.5 THz as a function of τ . (c) The 2D false-color plot of �σ NT
1 (ω) as a function of delay time τ .

The amplitude of �σ NT
1 (ω) for all delay times is normalized in order to compare more intuitively the peak linewidth. The two red dashed lines

mark the position of two delay times (4 and 10 ps) with their fitting details shown in (d)–(g). The THz spectra �σ NT
1 (ω) and �εNT

1 (ω) for (d),
(e) 4 ps and (f), (g) 10 ps (red dots), respectively, are fitted very well by the analytical model (black solid lines) from Eq. (1), which is the sum
of 1s(g) → 1s(u) intraexcitonic transition (blue dashed lines), Drude free carriers (magenta dashed lines), and 4-THz absorption band (cyan
dashed lines).

absorption measurement, from where a simple relationship
of �ε̃NT(ω) = �ε̃(ω)/FR is obtained for FR � 1 as shown
in Refs. [23,35,36], and the equation for �σ̃ NT(ω) takes the
same mathematical relationship. In our study, the real parts of
the THz spectra, i.e., �σ NT

1 (ω) and �εNT
1 (ω) are presented,

which measure the dissipative and inductive responses of
carriers in nanotubes, respectively.

D. Theoretical fitting

The experimentally obtained THz spectra can be fitted very
well by a theoretical model consisting of three components,
which assumes the coexistence of excitons, free charge carri-
ers, and 4-THz absorption band:

ε̃NT(ω) = ε̃X (ω) + ε̃Drude(ω) + ε̃α (ω). (1)

The corresponding conductivity can be calculated from
σ̃ NT(ω) = i[1 − ε̃NT(ω)]ε0ω [23,37]. The first term in Eq. (1)
accounts for the 1s(g) → 1s(u) intraexcitonic transition
ε̃X (ω) = ε∞ + f (�nX e2/ε0mX )/(ω2

X − ω2 − iω�). Here ε0

and ε∞ are the vacuum and background electrical permit-
tivity, respectively, �nX = n1s(g) − n1s(u) is the population
difference between the two states involved in transition, e is
electron charge, � is intraexcitonic transition linewidth, mX =
0.068m0 (m0 is electron mass) is exciton effective mass taken
from Ref. [38], ω is frequency, ωX is the resonant frequency
of the intraexcitonic transition found to be ∼1.5 THz, and f
is the oscillator strength of the intraexcitonic transition deter-
mined to be 0.79 [23]. In the fitting, ε0, ε∞, e, mX , and f are
constant. �nX , ωX , and � are varied to reproduce experimen-
tal results. The second term ε̃Drude(ω) = −(nee2/ε0me)/(ω2 +
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iωγ ) describes the Drude free charge carriers. me = 0.131m0

is electron effective mass taken from Ref. [38], γ and ne are
free-carrier linewidth and density, respectively. In the fitting,
γ and ne are varied to reproduce experimental results, and
other parameters are constant. The third term describing the
4-THz absorption band has the same mathematical form as
the first one, i.e., ε̃α (ω) ∼ A/(ω2

α − ω2 − iω�α ), where A is
a prefactor, ωα and �α are the oscillator resonant frequency
and linewidth, respectively, but the resonant frequency ωα is at
4 THz instead, as confirmed in many prior studies [35,39–41]
as well as our fitting. A and �α are varied to reproduce the
experimental results, which are trivial and not reported in the
current study. The fitting results of �, γ , �nX , and ne as a
function of delay time and pump fluence are plotted in Fig. 4.

The fact that each component has a distinct spectral line
shape and both conductivity and dielectric function line
shapes need to be simultaneously fitted guarantees the best
set of fitting parameters is unique. A fitting will not match
with experimental results if any component is missing or
their respective spectral weight is not set correctly. Therefore,
the extracted fluence-dependent and time-dependent carrier
densities and spectral linewidths allow us to faithfully study
ultrafast carrier dynamics of photogenerated lowest-lying ex-
citons and free charge carriers. Data with individual fitting
components and fitting validity are discussed next.

III. RESULTS AND DISCUSSION

Typical ultrafast pump-induced THz spectra of �σ NT
1 (ω)

and �εNT
1 (ω) (red dots), carrying information of photogener-

ated carrier dynamics of SWNTs, are shown in Figs. 2(d)–2(g)
and Figs. 3(d)–3(g). A pronounced photoinduced absorptive
peak appears in �σ NT

1 (ω) near ∼1.5 THz (6.2 meV), and
an inductive response near the same frequency is clearly
visible in �εNT

1 (ω). These two features are characteristic
of a photoinduced THz oscillator with a resonant frequency
of ∼1.5 THz from the internal excitonic transition 1s(g) →
1s(u), which is marked by red arrows in Fig. 1(b) and is
reported in detail in our prior study [23]. In addition, the finite
conductivity �σ NT

1 (ω) persisting towards low frequency and
the negatively offset dielectric function �εNT

1 (ω) indicate an
additional Drude spectral weight, from coexisting photogen-
erated free charge carriers [12,23]. Lastly, the contribution to
the THz spectra includes a broad absorption band centered
at ∼4 THz, which is outside our THz probe spectral range.
Although it cannot be completely observed from the THz
spectral line shape, it is clearly identified by fitting the theo-
retical model as described in Methods. The 4-THz absorption
band appears to be “universal” in all SWNTs and the origin is
still debated [35,39–41].

Figure 2 presents the ultrafast THz raw data and extracted
THz spectra as a function of pump fluence. In Fig. 2(a), the
pump-induced THz field change �ESWNT(t, τ ) (red curves)
exhibits a nonmonotonic behavior. It initially increases by
increasing pump fluence from 2.3 to 192.6 μJ/cm2, where
it reaches its maximum. Afterward, it starts to decrease
when pump fluence is further increased to 334.6 μJ/cm2.
This interesting nonmonotonic variation can be explained
as follows. When pump fluence is below a critical value
Ic ∼ 192.6 μJ/cm2 in the case of E22 resonant excitation at
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FIG. 4. (a) Temporal evolution of photoinduced spectral
linewidths of excitons (red dots, left axis) and free carriers (blue
triangles, right axis) after 572-nm resonant photoexcitation at
T = 5 K and 48 μJ/cm2. The error bar indicates fitting uncertainty.
(b) The linewidth of excitons (red dots, left axis) and free carriers
(blue triangles, right axis) as a function of pump fluence after
572-nm resonant excitation at T = 5 K and delay time τ = 0.5 ps.
(c) The density of free carriers ne (blue triangles, right axis) and the
density difference of the two excitonic states �nX = n1s(g) − n1s(u)

(red dots, left axis) after 572-nm resonant photoexcitation at
T = 5 K and τ = 0.5 ps. The inset shows �nX under the same lab
conditions but with 800-nm off-resonant photoexcitation instead.

572 nm, the photogenerated excitons primarily populate in
the lowest-lying dark exciton state 1s(g) [42], which leads to
the rapid signal increase from 1s(g) → 1s(u) intraexcitonic
transition with increasing pump fluence. However, above Ic,
photogenerated excitons have a greater probability to populate
at the lowest-lying bright exciton state 1s(u), due to photoin-
duced electronic heating of the many-body system, and there-
fore the 1s(g) → 1s(u) intraexcitonic transition is weakened.
A similar nonmonotonic behavior has been reported in our
prior study with 800-nm off-resonant excitation, in which a
smaller Ic ∼ 130 μJ/cm2 is found [23], because off-resonant
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excitation should create a hotter electronic distribution and be
easier to thermally populate the 1s(u) state. This statement
is further corroborated by exciton density dependence to be
shown in Fig. 4(c).

The conductivity �σ NT
1 (ω) extracted from Fig. 2(a) is pre-

sented in Fig. 2(b) in the form of an integrated spectral weight
from 0.5 to 2.5 THz, i.e.,

∫ 2.5
0.5 �σ NT

1 (ω)dω, as a function of
fluence, which follows the variation of �ESWNT(t, τ ). This
consolidates our interpretation of photoinduced THz field
transmission as conductivity changes. More importantly, two
salient features can be seen from a 2D false-color plot of
normalized �σ NT

1 (ω) in Fig. 2(c). We emphasize two key
observations. First, the absorption peak of �σ NT

1 (ω) near
1.5 THz, which originates from the intraexcitonic transition,
does not exhibit noticeable spectral drift as marked by the
white dashed line, indicating the resonant frequency of the
intraexcitonic transition is stable over the whole range of
pump fluence from 2.3 to 334.6 μJ/cm2. In our prior study
of off-resonant photoexcitation at 800 nm [23], we found
that coexisting free carriers could redshift the intraexcitonic
transition peak when their density is comparable to that of
excitons, due to the interaction of free carriers and excitons
leading to the energy renormalization of the excitonic states.
The peak position stability under high-density excitons ob-
served here with resonant photoexcitation otherwise attests
to the strong Coulomb binding and indicates the density of
free carriers is still much smaller than that of excitons, as
to be confirmed in Fig. 4(c). Second, most intriguingly, the
transition peak linewidth narrows gradually with increasing
pump fluence. This can be seen instructively from the 2D plot
or from detailed THz spectra fitting shown in Figs. 2(d)–2(f).
The dashed blue lines for lower fluence (8 μJ/cm2) are clearly
broader than that of higher fluence (269 μJ/cm2). Because
this observation is based on our fitting, we want to make
sure the fitting results are faithful. To kill any ambiguity,
we also have tried to intentionally fit the data, particularly
the intraexcitonic transition broadening, with the “normal”
trend one would expect at first glance, i.e., exciton broadening
increases with fluence and decreases with time, but we finally
found we could not fit our data this way. More importantly, our
fitting results, particularly the anomalous exciton broadening
dynamics, can be fully supported by many SWNT exciton
studies from other perspectives, such as the temperature-
dependent PL and the exciton dephasing measurement to
be discussed later. Therefore, we believe the reported fitting
results are faithful.

Figure 3 plots the THz raw data and extracted THz spectra
as a function of pump-probe delay time τ in the same manner
as Fig. 2. �ESWNT(t, τ ) in Fig. 3(a) exhibits a monotonic
behavior, which decreases with delay time from 0.5 to 18 ps.
This can be easily understood as the relaxation of photogener-
ated exciton and free-carrier densities, leading to a decreased
THz transient conductivity. The integrated spectral weight in
Fig. 3(b) similarly follows �ESWNT(t, τ ). Two similar fea-
tures are observed in the 2D false-color plot in Fig. 3(c). First,
the spectral position of the transition peak has no noticeable
shift with delay time as marked by the white dashed line. Sec-
ond, the transition peak linewidth increases with delay time
markedly, which can be seen instructively from the 2D plot or
from the detailed THz spectra fitting shown in Figs. 3(d)–3(g).

The intraexcitonic transition linewidth for earlier delay time
[4 ps in Fig. 3(d)] is clearly narrower than that of larger delay
time [10 ps in Fig. 3(f)]. Note the asymmetric conductivity
line shape shown in Figs. 2 and 3 arises mostly from the
asymmetric feature of the intraexcitonic transition itself as
shown by the blue dashed lines or in other excitonic study
[28]. The 4-THz absorption band also makes some contribu-
tion at higher energy side. These experiments clearly show
that the transition peak linewidth can be tuned by both the
pump fluence and delay time.

To put our observation of the ultrafast dynamics of car-
riers and spectral linewidths on a solid footing, we fit the
experimentally determined THz spectra by the theoretical
model of Eq. (1). This allows us to faithfully extract the
spectral linewidths and densities of excitons and free carriers
as a function of delay time or pump fluence, as shown in
Fig. 4. The linewidth of free carriers (blue triangles) decreases
by 50%, from ∼0.8 to ∼0.4 THz, when the delay time is
increased from 0.5 to 18 ps, as in Fig. 4(a). This is consistent
with typical photoinduced carrier dynamics in semiconductors
such as GaAs [43]. In contrast, the excitonic spectral linewidth
(red dots) exhibits an opposite trend, which increases by 80%,
from ∼1.0 to ∼1.8 THz by decreasing the transient population
although it may seem contradictory to what one would nor-
mally expect from population dependence. Nevertheless, this
observation is in accord with results from fluence-dependent
spectral linewidth data as shown in Fig. 4(b), which corrob-
orates the validity of the above observation. By increasing
pump fluence from 2.3 to 334.6 μJ/cm2, the transient lattice
temperature Tl and exciton density increase, and the exciton
transition linewidth decreases from ∼1.1 to ∼0.9 THz accord-
ingly. The linewidth of free carriers, however, increases with
increasing fluence, as expected.

In order to explain the observed anomalous variations of
excitonic spectral linewidth, we firstly survey the relevant
experimental results in the literature. Graham et al. [26]
observed that in semiconducting SWNTs, the dark exciton
state 1s(g) plays a very critical role in the temperature-
dependent dephasing time (i.e., inversely proportional to
spectral linewidth) of the bright exciton state 1s(u), which
is just a few meV above 1s(g). They found a crossover
behavior that the 1s(u) spectral linewidth initially decreases
when lattice temperature is decreased from 292 to ∼70 K,
where it reaches its minimum. Then it starts to increase when
the lattice temperature is further reduced from 70 to 2.5 K.
On the one hand, lowering temperature from 292 to 70 K
one lowers phonon population and weakens phonon-exciton
scattering, which yields a larger dephasing time and smaller
spectral linewidth. On the other hand, the increase of the
spectral linewidth from 70 to 2.5 K cannot be attributed
to phonon-exciton scattering, but is instead associated with
another competing mechanism that gets dominated below 70
K, i.e., the accelerated relaxation of 1s(u) excitons to the
lower 1s(g) state. When the lattice temperature is lowered
below 70 K, the thermal energy kBT (kB is the Boltzmann
constant) is getting smaller than the gap of the intraexcitonic
transition ∼1.5 THz (6.2 meV) as shown in our study and
several others [20,24,44], so that the 1s(u) state is no longer
thermally accessible for excitons in 1s(g) state and thus the
overall relaxation rate of 1s(u) excitons to 1s(g) state is
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accelerated. Therefore, 1s(u) dephasing time decreases
quickly and spectral linewidth increases due to such lifetime
broadening with decreasing temperature from 70 to 2.5 K. In
addition, temperature-dependent PL measurements in SWNTs
see a similar nonmonotonic behavior near ∼20–80 K depend-
ing on chiralities and sample details [16,18,45,46], in which
the suppressed PL intensity at low temperature is attributed to
the accelerated relaxation of 1s(u) bright excitons to the 1s(g)
dark state.

A physical picture emerges for the observed transition peak
linewidth vs the pump fluence and delay time. The observation
of monotonic variation of excitonic spectral linewidth [red
dots, Figs. 4(a) and 4(b)] can be satisfactorily explained
as follows: after 572-nm resonant photoexcitation, excitons
are created predominately at 1s(g) and 1s(u) states within
100 fs [17,47]. The photoinduced transient temperature Tl is
elevated, yet still below ∼70 K, so that the lifetime broadening
is suppressed. This leads to a reduced spectral linewidth.
The subsequent relaxation process decreases Tl and recovers
the original spectral linewidth as shown in Fig. 4(a). This
is also consistent with the pump fluence narrowing seen
in Fig. 4(b) where the spectral linewidth starts to decrease
with further increasing photoexcitation or temperature. Here
we see a nearly monotonic decrease of exciton linewidth as
pump fluence increases, which implies that the pump-induced
transient Tl of the sample is still no more than the crossover
temperature of 70 K up to the maximum pump fluence of
334.6 μJ/cm2, or we would see a nonmonotonic variation of
the spectral linewidth. Finally, it should be noted that although
the spectral linewidth of the intraexcitonic transition relies on
that of both 1s(g) and 1s(u) states, the 1s(g) dark state does
not optically couple to the ground state, so it has much longer
dephasing time and narrower linewidth compared to that of
1s(u) state. Therefore, the observed spectral linewidth of the
1s(g) → 1s(u) intraexcitonic transition predominately counts
on the 1s(u) state.

The fluence-dependent carrier densities are plotted in
Fig. 4(c). The density difference of excitons �nX exhibits
a distinct nonmonotonic variation with increasing fluence,
which peaks at Ic ∼ 192.6 μJ/cm2 and followed by a reduc-
tion when the fluence is further increased to 334.6 μJ/cm2,
consistent with raw data of THz field in Fig. 2(a). However,
the free-carrier density exhibits a sublinear relationship with
fluence, as expected. In addition, the linewidths of free carriers
and excitons exhibit no significant variation above Ic as shown
in Fig. 4(b). These indicate the reduction of �nX above Ic is
not due to exciton annihilation, but rather from the evolution
from a predominate 1s(g) dark exciton population at low pump

fluence to the occupancy of both the 1s(g) dark and 1s(u)
bright exciton states at higher fluence with gradually elevated
electronic temperature [23].

As an example of off-resonant photoexcitation at 800
nm, �nX shows a nonmonotonic variation in the inset of
Fig. 4(c). However, both the exciton saturation density and the
crossover fluence Ic ∼ 130 μJ/cm2 of 800-nm off-resonant
photoexcitation are lower than that of 572-nm resonant pho-
toexcitation, because off-resonant excitation is expected to
induce more electronic heating and free carriers into the
many-body system. Note that the resonant photoexcitation
used in the experiment is preferred and expected to generate
minimum free carriers comparing to off-resonant photoexci-
tation. This allows the clearer observation of the excitation-
induced excitonic linewidth narrowing with dominant exciton
population.

Finally, we note that the pump-induced THz conductivity
of internal excitonic states arises from two competing pro-
cesses of the absorption and induced emission within the
boson approximation. The phase space filling can also con-
tribute to these two competing processes at the high exciton
density regime since exciton Bohr radius is comparable to in-
terparticle spacing. Note that these two processes are naturally
taken into account in our theoretical modeling as positive or
negative oscillator strength.

IV. CONCLUSION

We perform the measurement of the spectral linewidths of
excitons and free carriers under intense resonant photoexcita-
tion using ultrafast THz probes of internal excitonic quantum
levels. We clearly see anomalous variation of excitonic spec-
tral linewidth after photoexcitation, absent in free carriers. The
several-meV energy gap between the dark 1s(g) and bright
1s(u) ground states is found to play a crucial role in the
observed anomalous variation of the linewidth. These results
shine light on better understanding many-body quantum states
and photophysics required for development of optoelectronic
devices involving excitonic transitions of SWNTs. This offer
perspectives of exploring related elementary excitations in
other complex materials such as superconductors [48], mag-
netic [49], and topological materials [50].
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