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ABSTRACT: Quantum-confined electrons in one-dimensional (1D) metals are described by a Luttinger liquid. The collective
charge excitations (i.e., plasmons) in a Luttinger liquid can behave qualitatively different from their conventional counterparts.
For example, the Luttinger liquid plasmon velocity is uniquely determined by the electron−electron interaction, which scales
logarithmly with the diameter of the 1D material. In addition, the Luttinger liquid plasmon is predicted to be independent of the
carrier concentration. Here, we report the observation of such unusual Luttinger liquid plasmon behaviors in metallic single-
walled carbon nanotubes, a model system featuring strong electron quantum confinement. We systematically investigate the
plasmon propagation in over 30 metallic carbon nanotubes of different diameters using infrared nanoscopy. We establish that
the plasmon velocity has a weak logarithm dependence on the nanotube diameter, as predicted by the Luttinger liquid theory.
We further study the plasmon excitation as a function of the carrier density in electrostatically gated metallic carbon nanotubes
and demonstrate that the plasmon velocity is completely independent of the carrier density. These behaviors are in striking
contrast to conventional plasmons in 1D metallic shells, where the plasmon dispersion changes dramatically with the metal
electron density and the 1D diameter. The unusual behaviors of Luttinger liquid plasmon may enable novel nanophotonic
applications based on carbon nanotubes.
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Interacting electrons in three- and two-dimensional metals
are well described by quasi-particles within the Fermi liquid

theory. In one dimension (1D), however, Coulomb
interactions qualitatively alter the electron behaviors and lead
to a new type of correlated electron system, the Luttinger
liquid.1−7 Many novel phenomena can emerge in the Luttinger
liquid, such as charge-spin separation, where the collective
charge excitation (plasmon) and collective spin excitation
(spinon) propagate independently at different velocities.8−10

Metallic single-walled carbon nanotubes (SWNTs) provide an
ideal model system to study the Luttinger liquid behavior due
to the strong electron quantum confinement in the lateral
dimensions and the presence of different metallic nanotubes of
varying chiralities and diameters.11−13 It has been predicted
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that the electron−electron interaction strength, and therefore
the Luttinger liquid plasmon excitation, has a logarithm
dependence on the nanotube diameter. In addition, the
electron density in SWNTs can be controlled conveniently
through electrostatic gating in a field-effect transistor device
configuration.14−17 Despite intense interests in the Luttinger
liquid physics in SWNTs,18−25 the dependence of Luttinger
liquid behavior on the nanotube diameter and the carrier
density has never been explored experimentally.
In this Letter, we report the observation of logarithm

diameter scaling and carrier density independence of Luttinger
liquid plasmons in metallic SWNTs. We systematically
investigate over 30 metallic SWNTs with different diameters
using infrared nanoscopy. The plasmon velocities in SWNTs
with diameters ranging from 0.7 to 1.8 nm are determined with
a high precision (within 3% uncertainty). Such high-precision
measurements enabled us to reveal the weak but clearly
observable logarithm diameter dependence of the plasmon
velocity, which scales linearly with the Luttinger parameter g,
as a function of the nanotube diameter. In addition, the study
of plasmon excitation in gated metallic nanotubes shows that
the plasmon velocity in metallic SWNTs has no dependence
on carrier density. These plasmon signatures agree excellently
with the Luttinger liquid theory and stand in stark contrast to
plasmons in conventional metal nanostructures. The unusual
behaviors are prime examples of quantum size effects in
nanoscale plasmonic systems.26−28 These in-depth under-
standings may enable novel nanophotonic applications based
on carbon nanotubes.
Results and Discussion. Ultraclean SWNTs were directly

grown on exfoliated hexagonal boron nitride (h-BN) flakes on
silicon substrate with 285 nm oxide layers by chemical vapor
deposition (CVD).25,29 Different species of SWNTs on h-BN

substrates can be grown by such CVD processes. Atomic force
microscopy (AFM) characterization of the SWNTs shows that
SWNTs with diameters ranging from 0.7 to 2.0 nm exist in our
samples. Plasmons in these nanotubes were probed by means
of an infrared scanning near-field optical microscopy
(SNOM).24,25,30−32 This infrared nanoimaging technique is
based on a tapping mode AFM. Infrared light with wavelength
10.6 μm is focused onto the apex of a gold-coated AFM tip.
The sharp tip with its large momentum enables the excitation
of plasmons and simultaneously scatters this plasmon field to
the far field, which is captured by an HgCdTe detector. The
excited plasmon wave propagates along the nanotubes and is
reflected by nanotube ends or other scatters. The interference
between the tip-launched plasmon field and the reflected
plasmon field produces a periodic electric field distribution.
Probing of this periodic electric field by scanning the tip along
the nanotube enables the direct visualization of the
propagating plasmon waves.
Figure 1a−d displays infrared nanoimaging results of

representative metallic SWNTs with varying diameters. It is
evident that prominent oscillations persist in these different
metallic SWNTs. The oscillation peaks in the near-field images
correspond to the constructive interference between the
plasmon wave excited by the tip and that reflected by the
end of the nanotube. The plasmon wavelength λp thus can be
simply determined as twice the separation between adjacent
peaks in the near-field images. Plasmon velocity can then be
readily acquired as vp = λp f where f ∼ 28.3 THz is the
frequency of the excitation light. The diameters of the SWNTs
can be determined from the topography images, which are
obtained simultaneously with near-field images during the
scanning. Figure 1e−h shows the topography images
corresponding to the near-field images Figure 1a−d. Insets

Figure 1. Correlation of near-field optical response and nanotube size in various metallic SWNTs. (a−d) Near-field images of representative
metallic SWNTs with varying diameters. Prominent oscillation peaks persist in various metallic SWNTs. (e−h) Corresponding topography images
to the near-field images above. Insets are the line profiles across SWNTs along the white dashed lines. From the height profiles, diameters of
nanotubes in (e−g) are determined to be 0.7, 1.0, 1.4, and 1.8 nm, respectively. Note that all images share the same scale bar as shown in (a) for
direct comparison.
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are the line profiles across SWNTs taken along the white
dashed lines. From the height profiles, diameters of SWNTs in
Figure 1e−h are determined to be 0.7, 1.0, 1.4, and 1.8 nm,
respectively. Correlation of the near-field optical response and
the structural property enables a systematic revelation of the
size dependence of the plasmon velocity.
To better present the measured data, we plot in Figure 2a

(solid lines) the near-field response profiles taken along the
nanotubes between two white bars in the near-field images
Figure 1a−d. Plasmon wavelength equal to twice the
oscillation period is marked by the black double arrow. From
the near-field response profiles, it is clearly seen that the
plasmon wavelength decreases as the diameter increases. This
trend is in sharp contrast to conventional 1D metal nanoshells
with electrons described by the Drude model. Plasmon
wavelength in a 1D metal nanoshell under the Drude model
has been theoretically predicted to increase almost in a linear
fashion as diameter increases.33,34 Experimentally, plasmon
wavelength in 1D metallic nanowires have been observed to
increase dramatically with increasing diameter.35 The different
trend highlights the unique quantum nature of 1D plasmons in
metallic SWNTs.
Near-field line profiles along the nanotubes represented by

the solid lines in Figure 2a reveal how the plasmon wave gets
damped as it propagates. For a quantitative study, we can
extract both the plasmon wavelength λP and quality factor Q as
a function of diameter by fitting the line profiles with a damped

oscillator form λ
λ

− π · πe sin( )Q2 x/( ) (4 x)p
p

from the nanotube

end.24,25 The fitting curves for each diameter are shown as
dashed lines in Figure 2a. In our measured diameter range
from 0.7 to 1.8 nm, plasmon wavelength λp is determined to be
from 95.4 to 81.5 nm with a 95% confidence interval of ∼2.0
nm from the fitting. Plasmon velocity is then easily calculated

as vp = λp f ∼ 2.7 × 106 to 2.3 × 106 m/s where f ∼ 28.3 THz is
the frequency of the excitation light. In metallic SWNTs, vF ∼
0.8 × 106 m/s is the Fermi velocity. Figure 2b summarizes the
dependence of plasmon velocity in terms of vp/vF on diameter
for metallic SWNTs with an ample range of diameters
including those shown in Figure 1. Horizontal error bars
reflect the precision with which diameter can be determined
from the AFM topography measurement. Vertical error bars
indicate the uncertainty from the fitting. These data points can
be explicitly compared with predictions by the Luttinger liquid
theory. For an individual SWNT of diameter d residing on a
substrate, the Luttinger liquid theory predicts the Luttinger
liquid interaction parameter g to be12,24
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where vp is the velocity of the collective charge mode, that is,
plasmon velocity, vF ∼ 0.8 × 106 m/s is the Fermi velocity, εeff
is the effective dielectric constant due to substrate screening,
and the plasmon wavelength λp determines the cutoff length of
the Coulomb interactions and acts as the screening length. The
second term arises from the long-range Coulomb interaction
which goes as q2/2C, where πε∼ λ

π( )C
In

2
d

eff p is the capacitance

per unit length. Therefore, the electron−electron interaction in
the Luttinger liquid exhibits a logarithm scaling with the
nanotube diameter. In our measured diameter range from 0.7
to 1.8 nm, plasmon velocity vp has been obtained to be from
2.7 × 106 to 2.3 × 106 m/s. The Luttinger liquid parameter g
describing the interaction in SWNTs can then also be
determined to be = ∼g v

vF
p

0.29 to 0.34, which indicates

strong Coulomb repulsion between electrons in all studied
metallic SWNTs. Because interaction energy dominates in

Figure 2. Logarithmic diameter dependence of the plasmon velocity. (a) Near-field response line profiles and extraction of plasmon wavelength.
Solid lines represent the near-field profiles taken along SWNTs between two white bars in the near-field images, Figure 1a−d. Plasmon wavelength
equal to twice the oscillation period in the near-field images is marked by the black double arrow. We can extract both the plasmon wavelength λP
and quality factor Q as a function of diameter by fitting the line profiles with a damped oscillator form λ

λ
− π · πe sin( )Q2 x/( ) (4 x)p

p
from the nanotube

end. The fitting curves for each diameter are shown as dashed lines. (b) The experimental data (black squares) agree excellently with a logarithmic
diameter dependence (red curve). Horizontal errors bars reflect the precision with which diameter can be determined from the AFM topography
measurements. Vertical error bars indicate a 95% confidence interval determined from the curve fitting of the near-field profiles with a damped
oscillator form.
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studied metallic SWNTs, we can safely neglect the first term in
e q 1 . Th e p l a smon v e l o c i t y t h u s b e c ome s

= ∝
πε π

λ

π

λ

πℏ ( ) ( )v In Ine v
d dp

8
4

2
F

eff

p p . Note that plasmon wave-

length λp also varies with diameter but the change (∼16%) is
much smaller compared to the change in diameter (more than
100%). This predicted logarithmic dependence on the
diameter is depicted in Figure 2b by the red curve, which
shows excellent agreement with the experimental results
represented by the black squares.
We next systematically investigate the dependence of

plasmon behaviors on carrier density in metallic SWNTs.
Figure 3a illustrates the schematic of infrared nanoimaging of
SWNTs with carrier density controlled by applying a back gate
voltage Vg. In order to observe the prominent Luttinger liquid
plasmon oscillations by our infrared nanoimaging technique,
we utilize the nanotube end as a well-defined reflector to create
the standing plasmon wave. Therefore, we are not able to use a
two-terminal nanotube device for the near-field measurements.
However, the metallic nanotubes are sitting on hBN substrates
and their charge neutral points tend to be close to a zero gate
voltage. To make sure that this is the case, we have carried out
electrical transport measurements for many two-terminal
metallic nanotube devices fabricated using exactly the same
procedures. Representative electrical transport data for two-
terminal metallic nanotube devices are shown in Figure S2.
These transport data clearly show that the metallic nanotubes
can be gated efficiently by the back gate and the charge neutral
points tend to be relatively close to zero gate voltage and
within our measured voltage range. When gate voltage Vg is
varied from −20 to 30 V, the carrier type in carbon nanotubes
changes from hole doping to charge neutrality and then to
electron doping. The near-field optical responses at these

different gate voltages are shown in Figure 3c−h. It is evident
that prominent plasmons are excited at different gate voltages
or carrier densities. Line profiles along the nanotube in the
near-field images Figure 3c−h for different gate voltages are
plotted in Figure S1. Plasmon wavelength determined as twice
the oscillation period and plasmon amplitude reflected in the
near-field intensity are largely independent of gate voltages.
Note that even at around charge neutrality (Figure 3d,e), the

plasmon oscillations still exist and behave the same way as the
highly doped ones (Figure 3h). This counterintuitive carrier
density-independent plasmon behavior in metallic nanotubes
stands in striking contrast to conventional plasmons. In
conventional 2D or 3D systems, plasmon wavelength and
amplitude are closely associated with the carrier density for a
given frequency. For instance, plasmons in graphene have been
demonstrated to be continuously tuned by changing gate
voltages.30−32 This peculiar plasmon behavior in metallic
SWNTs arises from its unique 1D massless Dirac electrons.
Figure 3b illustrates the band diagram of a metallic SWNT
which features a linear dispersion. With this linear dispersion
and 1D nature, the Fermi velocity as well as the density of state
remain a constant independent of the Fermi energy. Quantum
excitations including the plasmons of an electron liquid close
to the Fermi energy are determined by the Fermi velocity and
density of state rather than the total carrier concentration. The
plasmon excitation in metallic SWNTs therefore shows no
dependence on carrier density. The peculiar behavior is also
explicitly evident in the prediction by the Luttinger liquid
theory as shown in eq 1. It is clear from the prediction that
plasmon wavelength is a function of only the Fermi velocity for
a given nanotube under certain dielectric environment.
Because Fermi velocity is a constant in metallic SWNTs with

Figure 3. Infrared nanoimaging of an electrostatically gated metallic nanotube. (a) Schematic of infrared nanoimaging of a nanotube with carrier
density controlled by applying a back gate voltage Vg. (b) Illustrative band diagram of metallic SWNTs. With this linear dispersion and 1D nature,
the Fermi velocity as well as the density of state remain a constant independent of the Fermi energy. (c−h) Near-field responses of a metallic
SWNT at different gate voltages. From (c−h), the gate voltage is varied from −20 to 30 V and the nanotube changes from hole doping to charge
neutrality and then to electron doping. Plasmon wavelength determined as twice the oscillation period and plasmon amplitude reflected in the near-
field intensity are largely independent of gate voltages.
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linear dispersion, the plasmon behaviors will remain exactly the
same regardless of carrier density.
In summary, we report the observation of peculiar Luttinger

liquid plasmon signatures in metallic SWNTs, including an
intriguing logarithmic dependence of plasmon wavelength on
diameter and a counterintuitive independence on carrier
density. These signatures stand in stark contrast to conven-
tional plasmons and are prime examples of quantum size
effects in nanoscale plasmonic systems. Our findings not only
provide fundamental insight into Luttinger liquid physics in 1D
systems but also pave the way for promising nanophotonic
applications based on SWNTs.
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