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ABSTRACT: Interactions between elementary excitations, such as
carriers, phonons, and plasmons, are critical for understanding the
optical and electronic properties of materials. The significance of
these interactions is more prominent in low-dimensional materials
and can dominate their physical properties due to the enhanced
interactions between these excitations. One-dimensional single-
walled carbon nanotubes provide an ideal system for studying such
interactions due to their perfect physical structures and rich
electronic properties. Here we investigated G-mode phonon
dynamics in individual suspended chirality-resolved single-walled carbon nanotubes by time-resolved anti-Stokes Raman
spectroscopy. The improved technique allowed us to probe the intrinsic phonon information on a single-tube level and exclude
the influences of tube−tube and tube−substrate interactions. We found that the G-mode phonon lifetime ranges from 0.75−2.25
ps and critically depends on whether the tube is metallic or semiconducting. In comparison with the phonon lifetimes in
graphene and graphite, we revealed structure-dependent carrier−phonon and phonon−phonon interactions in nanotubes. Our
results provide new information for optimizing the design of nanotube electronic/optoelectronic devices by better understanding
and utilizing their phonon decay channels.

KEYWORDS: Single-walled carbon nanotubes, phonon dynamics, time-resolved anti-Stokes Raman spectroscopy, chirality,
carrier−phonon coupling, phonon−phonon interaction

Ever since the discovery of single-walled carbon nanotubes
(SWNTs),1 their plentiful physical properties that are

uniquely determined by the chiral indices (n,m) or chirality
have attracted tremendous scientific and technological interests.
In such a one-dimensional (1D) system, enhanced interactions
between elementary excitations such as carriers, phonons, and
plasmons, play an important role in determining their physical
properties.2−5 Among these interactions, phonon scattering is
one very important aspect, which dominates not only the
Raman spectra, but also other physical properties such as
electrical and thermal conductivity. For example, carrier−
phonon coupling leads to current saturation in high-field
ballistic transport,6−8 and phonon−phonon coupling provides
anharmonic decay channel for optical phonons and affects
thermal conductivity.8−12 These phonon dynamics have been
studied by the line width of corresponding Raman mode, which
provides an indirect (and inaccurate) method to reveal phonon
lifetime.13,14 Meanwhile, femtosecond pump−probe techniques
are known to probe the dynamics in time domain.15 Indeed,
many pump−probe studies have been done on carbon
nanotubes in the past, and even a few reports were done at a
single-tube level.16−18 Yet, most of these pump−probe studies
were based on transient absorption spectroscopy, in which the

phonon lifetime is indirectly deduced from carrier dynamics
and many different phonons could contribute to the relaxation
of excited carriers. Recently, time-resolved anti-Stokes Raman
(ASR) spectroscopy was developed to directly probe the
dynamics of zone-center optical phonons in two-dimensional
(2D) graphene or nanotube films by using the ASR intensity to
monitor the time evolution of phonon population.11,12,19−23

However, at a single-tube level, due to the extremely small anti-
Stocks Raman scattering signal, the detection of phonon
dynamics of individual nanotubes with defined chirality is still
of great challenge.
Here we revealed the first chirality-dependent phonon

lifetime of individual suspended SWNTs by time-resolved
anti-Stokes Raman spectroscopy so that tube-substrate and
tube−tube interactions could be excluded. Furthermore, we
found that the phonon lifetime decays faster in metallic SWNTs
than that in semiconducting SWNTs because the carrier−
phonon coupling via Landau damping acts as additional
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phonon relaxation channel in metallic tubes. In comparison
with the previous results from 2D graphene and 3D
graphite,21−23 the role of dimensionality in affecting phonon
relaxation is also discussed. These findings would not be
possible without a direct measurement on chirality-resolved
suspended SWNTs. Our experimental results would also
stimulate detailed theoretical understanding of energy dis-
sipation in low-dimensional graphitic materials and further
foster the technological developments based on individual
SWNTs.
In our studies, all suspended SWNTs were grown across an

open slit fabricated on silicon substrates by chemical vapor
deposition (CVD) with the method described in the
Supporting Information. The SWNTs were sparsely distributed
such that there is only one tube within diffraction limited laser
focal spots. This sample geometry, schematically shown in
Figure 1a, enables the possibility for electron diffraction in

transmission electron microscope (TEM) and optical spectros-
copy without the influence of scattering background from
neighboring tubes and extrinsic effects from the substrate.
Therefore, the chiral index of each SWNT can be identified
precisely by both TEM electron diffraction24−26 and optical
spectroscopy.27−30 Figure 1b−d show the results of one
representative SWNT. The chiral index of this SWNT was
determined to be (28,7) from the electron diffraction pattern
(Figure 1b), indicating that it is a metallic tube with a diameter
of 2.51 nm. The corresponding Rayleigh scattering (Figure 1c)
and absorption spectra (Figure 1d) revealed two optical
resonances at 2.01 and 2.28 eV in energy range of 1.50−2.60
eV, corresponding to M22

− and M22
+ transitions of this SWNT.

Time-resolved ASR spectroscopy is a direct method to
measure the phonon lifetime of materials in time domain. The
phonon populations can be directly traced out by recording the
ASR intensity under different time delay between the near-
infrared pump and visible probe laser beams.11,12,15,19−23

Compared to 2D graphene, 1D SWNT has on average three

orders of magnitude smaller ASR signal (due to 1D ≈ 1 nm
nanotube diameter in a 2D ≈ 1 μm diameter laser focus),
making the measurement more challenging. Here in our
experiment, since we have already known the electronic
structure of every nanotube, we can purposely choose the
photon energy of the probe beam to match the nanotube
optical resonance, which greatly enhanced the very weak ASR
intensity by orders of magnitude and made the single-tube level
signal detectable. Meanwhile, the wavelength of the pump
beam was fixed at 820 nm, which is longer than that of the
probe beam. In addition, our time-resolved ASR spectroscopic
measurements were performed under a home-built optical
microscopic setup (see Supporting Information, Figure S2).
The pump and probe beams were sent collinearly through a
microscopic objective (Nikon, 50X/NA0.45) onto the
individual SWNTs. The laser polarizations were parallel to
the SWNT axis to obtain stronger excitation and detection
signal. The emitted ASR signal in the backscattered direction
was collected by the same objective and analyzed by a liquid
nitrogen cooled silicon CCD detector after passing through a
spectrograph with appropriate filters.
We first examined the ASR spectra at different time delays.

Figure 2a displays the selected ASR spectra of G-mode

phonons at ∼1585 cm−1 for a semiconducting (25,24)
SWNT acquired at five different time delays. At time delay of
−3.4 ps (the probe pulse ahead the pump pulse), the ASR peak
was very weak. However, when the probe pulse arrived after the
pump pulse, the ASR peak intensity became higher and evolved
with time delay indicating obvious phonon dynamics. To
quantitatively see how the phonon population of the G-mode
evolves with time, we monitored the G-mode phonon dynamics
by varying the time delay and recording the corresponding ASR

Figure 1. Electron diffraction pattern and optical spectra of a
suspended SWNT. (a) Schematic of suspended nanotube sample for
both electron diffraction and optical measurements. (b) Electron
diffraction pattern indicates the chirality of this SWNT to be (28,7), a
metallic tube with diameter of 2.51 nm. (c) Rayleigh and (d)
absorption spectra of (28,7) SWNT, respectively. The two resonances
at 2.01 and 2.28 eV correspond to the M22

− and M22
+ electronic

transitions, respectively. Figure 2. Phonon dynamics of individual SWNTs with defined
chirality. (a) Anti-Stokes Raman (ASR) spectra at different time delays
between pump and probe pulses measured from a (25,24) SWNT.
While the pump beam was fixed at 820 nm, the probe beam was
purposely tuned to the photon energy that matches with the nanotube
optical resonance. In the case of (25,24) SWNT, the photon energy of
the probe beam was 1.95 eV. The exposure time for each spectrum was
1 min. (b−d) Integrated intensity of G-mode ASR peak at ∼1585
cm−1 plotted as a function of time delay for three representative
SWNTs with different chiralities of (b) (25,24), (c) (35,21), and (d)
(28,7), respectively. The fitted lifetimes are 1.86 ± 0.21, 1.90 ± 0.28,
and 0.74 ± 0.12 ps, respectively.
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intensity. The integrated intensity of the ASR peaks was
extracted from the spectra and plotted as a function of time
delay. Figure 2b depicts the time-resolved ASR integrated peak
intensity of the same semiconducting (25,24) SWNT as in
Figure 2a. The ASR peak intensity, which is proportional to the
phonon population, was very weak before time-zero but
reached the maximum after several hundred femtoseconds,
then decayed away to a lowest constant value in the next few
picoseconds. The nonzero constant ASR intensity is attributed
to a weak, time-independent background from hot phonons
created by the probe beam.
For comparison with semiconducting (25,24) SWNT with

mod(n−m,3) = 1, the phonon dynamics of a semiconducting
(35,21) SWNT with mod(n−m,3) = 2 and a metallic (28,7)
SWNT with mod(n−m,3) = 0 are also presented in Figure 2c
and d, respectively. All of these three types of nanotubes
showed similar phonon dynamic behavior except the decay
time. We reproduced the dynamic results by convoluting the
finite pulse duration with intrinsic phonon dynamics in SWNT,
with the details described in the Supporting Information and ref
23. G-mode phonon lifetime was also determined by fitting the
relaxation section with a single exponential decay. The lifetimes
were found to be 1.86 ± 0.21, 1.90 ± 0.28, and 0.74 ± 0.12 ps
for the semiconducting (25,24), (35,21), and metallic (28,7)
SWNT, respectively. According to these values, the phonon
lifetimes of the two semiconducting SWNTs are very close to
each other although these two SWNTs have different chiralities
and mod(n−m,3) values. However, the phonon lifetime of the
metallic SWNT is much smaller than that of the two
semiconducting SWNTs.
To have more statistic information, we conducted time-

resolved ASR spectroscopy measurements on 14 SWNTs in
total (summarized in Table S1 in Supporting Information).
Figure 3a displays the phonon lifetime statistics of all these

SWNTs. We also plotted the phonon lifetimes of metallic/
semiconducting SWNTs films,11,19,20 suspended 2D gra-
phene,23 and 3D graphite21−23 for comparison. To investigate
the difference of phonon lifetime between semiconducting and
metallic SWNTs, the phonon lifetimes of SWNTs are classified
by mod(n−m,3) values. For mod(n−m,3) = 0, all of the four
metallic SWNTs show phonon lifetimes shorter than 1.4 ps,

while for mod(n−m,3) = 1 or 2, the semiconducting SWNTs
show phonon lifetimes longer than 1.4 ps. The statistic result
shows no obvious trend differences of phonon lifetimes
between the two kinds semiconducting SWNTs with mod-
(n−m,3) = 1 or 2. However, metallic SWNTs have shorter
phonon lifetimes (∼1.0 ps) than that of semiconducting
SWNTs (∼1.75 ps). In addition, the phonon lifetimes of
suspended monolayer graphene (∼2.0 ps) and graphite (∼2.2
ps) are longer than the average value of metallic SWNTs. We
also plotted the phonon lifetime as a function of tube diameter
in Figure 3b. For both semiconducting and metallic SWNTs,
the phonon lifetime increases with tube diameter in the range
of 1.5−4.0 nm. Furthermore, the phonon lifetime increases
much faster in metallic SWNTs when the tube diameter
enlarges. In addition, we also found that when the chiral angle
increases, the phonon lifetime increases correspondingly in
metallic SWNTs, while it remains constant in semiconducting
ones (Figure S1 in Supporting Information).
To understand these nontrivial phonon dynamics differences,

the electronic band structure of graphene and SWNTs are
shown in Figure 4. The band structure of SWNTs can be

simply derived from that of graphene by zone-folding
method,31 as shown in Figure 4a. Different periodic boundary
condition along the circumferential direction of SWNTs
determines the different position of cutting lines. If the cutting
line passes through the Dirac point of graphene, SWNT shows
a zero band gap in the 1D band structure and becomes a
metallic tube. Otherwise, SWNT is semiconducting. Figure 4b
shows the band structure difference between metallic and
semiconducting SWNTs.
We first discuss why the G-mode phonons decay faster in 1D

metallic SWNTs than 2D graphene and 3D graphite. Phonon−
phonon interaction and carrier−phonon coupling are two main

Figure 3. Phonon lifetime statistics of 14 SWNTs and the other two
graphitic materials (2D graphene and 3D graphite). (a) Phonon
lifetimes of SWNTs are shown by classifying mod(n−m,3) values. The
metallic SWNTs with mod(n−m,3) = 0 show phonon lifetime ∼1.0
ps, while the semiconducting SWNTs with mod(n−m,3) = 1 or 2
show phonon lifetime ∼1.75 ps. For comparison, the phonon lifetimes
of metallic (M) and semiconducting (S) SWNTs films (0.9−1.2
ps),11,19,20 suspended monolayer graphene (2.0 ps)23 and graphite (2.2
ps),21−23 are also plotted. (b) Phonon lifetime as a function of
nanotube diameter. Blue and orange circles correspond to semi-
conducting and metallic SWNTs, respectively. The phonon lifetime
increases correspondingly with diameter enlarging and exhibits larger
increase rate in metallic SWNTs than in semiconducting ones.

Figure 4. Electronic structures of graphene and SWNTs. (a) Diagram
of zone-folding method. Band structure of SWNT is composed of
curves from series of cutting lines (gray lines) on that of graphene.
Considering the positions of cutting lines, SWNT can be classified by
the value of mod(n−m,3). Mod(0) corresponds to metallic SWNT,
while the other two are semiconducting SWNT. (b) Illustration of
Landau damping in metallic SWNTs. Low energy carriers in a form of
electron−hole pairs can be excited by absorbing G-mode phonons.
This coupling mechanism forms an equilibrated phonon−carrier
system, effectively expediting the G-mode phonon relaxation in
metallic SWNTs, while the Landau damping is forbidden in
semiconducting SWNTs due to their large electronic bandgap (>0.5
eV).
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channels for phonon relaxation in graphitic materials. In
nanotube system, phonon−phonon interaction is much
stronger than that in graphene or graphite system because
momentum matching for anharmonic phonon coupling is
generally relaxed in 1D system. Specifically, zone-center G-
mode optical phonons strongly couple to the unique 1D low-
frequency mode phonons such as the radial breathing, pinch,
bending modes, and long-wavelength acoustic phonons in
carbon nanotube.12,32 In addition, the carrier−phonon coupling
in 1D system is generally stronger than 2D or 3D system due to
the reduced dimensionality and stronger localization of
excitonic wave function.33−36 Therefore, phonons in metallic
nanotubes decay faster than graphene or graphite.
Then we elucidate why the G-mode phonons decay faster in

metallic SWNTs than semiconducting ones. The strength of
phonon−phonon interaction is almost the same for these two
kinds of tubes, while the carrier−phonon coupling is much
different. In metallic SWNTs, the coupling between low energy
carriers and acoustic phonons is largely enhanced, and they
become an equilibrated system after the first few hundred
femtoseconds.23 G-mode phonons not only could decay into
acoustic phonons via anharmonic coupling, but also could
interact strongly with low energy carriers via Landau damping37

(schematically shown in Figure 4b). Thus, the coupled system
between low energy carriers and acoustic phonons expedites
the relaxation of G-mode optical phonons. In contrast, the
carrier−phonon coupling via Landau damping is forbidden in
semiconducting SWNTs because the small energy of G-mode
phonons (∼0.2 eV) is unable to generate electron−hole pairs in
a large bandgap (typically >0.5 eV in our nanotubes). Thus, the
carrier−phonon coupling in semiconducting SWNTs is much
weaker than that in metallic ones, which results in shorter
phonon lifetime in metallic SWNTs.
At last, we explicate the mechanism of diameter-dependent

phonon lifetime in SWNTs. When the diameter enlarges, both
nanotube curvature and phonon−phonon coupling strength
reduce, giving rise to an increase of phonon lifetime. For
metallic SWNTs, soften quantum confinement in larger
diameter nanotube leads to even weaker electron−phonon
coupling, accounting for more rapid lifetime increment. This is
consistent with the line width narrowing of G-mode Raman
peak in metallic SWNTs for larger tube diameter.13,14

Now knowing the phonon dynamics of individual SWNTs
with defined chirality, it would be interesting to compare the
phonon lifetime with ensemble measurements. Song et al.
measured on a thin film of SWNTs that was predominantly of
(6,5) semiconducting tubes, and the G-mode phonon lifetime
was determined to be 1.1 ± 0.2 ps.11 Similar measurements
were done on thin films of semiconducting and metallic
SWNTs by Kang et al.,19 and the phonon lifetimes were found
to be 1.2 and 0.9 ps, respectively. The measured values on the
ensemble of SWNTs are noticeably shorter than that of an
isolated and suspended single semiconducting SWNT (∼1.75
ps) and almost resemble that of individual metallic SWNT
(∼1.0 ps). This fact suggests that the tube−tube interaction
could also affect the phonon relaxation, much as the effect of
substrate for the phonon relaxation in monolayer graphene.23

In summary, we demonstrated the first measurement on
ultrafast phonon dynamics in individual chirality-resolved
SWNTs. Our results revealed that the phonon lifetime in
different species, metallic or semiconducting, is different and
relates to their unique electronic structures. With the recent
advances on the growth of chirality-controlled metallic and

semiconducting SWNTs,38 the realization of 5 nm gate lengths
in individual semiconducting SWNT field-effect transistors,39

and the achievement of an overall device footprint of 40 nm in
an extremely scaled individual semiconducting carbon nano-
tube transistor,40 our study can be useful for optimizing the
design of SWNT electronic/photonic devices with better
understanding of the energy dissipation in SWNTs.
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