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Surface plasmons?, collective oscillations of conduction electrons, hold great
promise for nanoscale integration of photonics and electronics'#. However,
nanophotonic circuits based on plasmons have been significantly hampered
by the difficulty in achieving broadband plasmonic waveguides that exhibit
simultaneously strong spatial confinement, high quality factor, and low
dispersion. Quantum plasmons, where quantum mechanical effects of
electrons play a dominant role, such as plasmons in very small metal
nanoparticles5¢ and plasmons affected by tunneling effects’, can lead to novel
plasmonic phenomena in nanostructures. Here we show that Luttinger
liquid®? of one-dimensional Dirac electrons in carbon nanotubes0-13 exhibit
quantum plasmons that behave qualitatively different from classical plasmon
excitations: the Luttinger-liquid plasmon propagates at “quantized” velocities
that are independent of carrier concentration or excitation wavelength, and
they exhibit extraordinary spatial confinement and a high quality factor
simultaneously. Such Luttinger-liquid plasmons could enable novel low-loss

plasmonic circuits for the sub-wavelength manipulation of light.



Quantum-confined electrons in one dimension (1D) behave as Luttinger liquid, a
strongly correlated electronic matter distinctly different from quasi-free electrons
described by the Fermi liquid8°. A defining characteristic of the Luttinger liquid is
the spin-charge separation, where the spin and charge excitations propagate at
different speeds. The elementary charge excitations of the Luttinger liquid are 1D
quantum plasmons, which are distinctly different from their classical counterparts:
classically plasmons are determined by the free electron density and effective mass
as in Drude conductivity. This description completely breaks down for Luttinger-
liquid plasmons, which are instead determined by the electron Fermi velocity and
the number of quantum conducting channels!®1l, Metallic single-walled carbon
nanotubes (SWNTs), with their extraordinary 1D quantum confinement, provide the
ideal platform to explore such Luttinger-liquid plasmons. Due to strong quantum
confinement, Luttinger-liquid plasmons in SWNTs of 1 nm diameter should persist
to visible frequencies before the first inter-subband transition appears!4. In
addition, the forbidden backscattering of Dirac electrons>16, evidenced by ballistic
transport up to micron lengths17-19 in metallic SWNTs, can lead to strongly confined
but low loss Luttinger-liquid plasmons. However, the experimental observation of
such Luttinger liquid plasmons in SWNTs has remained an outstanding challenge for
over a decade, although pervious electrical transport and photoemission
measurements have shown the presence of Luttinger liquid in SWNTs12.13,20,

Here we report the first observation of Luttinger-liquid plasmons in SWNTs
using infrared (IR) scattering-type scanning near-field optical microscopy (s-

SNOM)?21-23, We show that the Luttinger liquid plasmons can be excited in a broad



frequency range, and they propagate at a “quantized” velocity in individual SWNTs.
This velocity, unlike classical plasmon oscillations, does not depend on the free
carrier density, and varies only weakly with the plasmon frequency or nanotube
diameter. Instead, it is mainly determined by the quantized number of conducting
channels in SWNTs. At the same time, Luttinger-liquid plasmons in SWNTs exhibit
strong spatial confinement and high-quality factor simultaneously, a most sought-
after feature in plasmonics?4. Our observed quantum plasmon behavior agrees
quantitatively with the Luttinger liquid theory of nanotubes. Such Luttinger-liquid
plasmons in SWNTs holds great potential for novel broadband plasmonic
waveguides and nanophotonic circuits with low dispersion, high quality factor, and
strong subwavelength confinement.

Metallic SWNTs with diameter from 1.2 nm to 1.7 nm were grown by the arc-
discharge method, which were then suspended in a micelle solution using
ultrasonication and purified to 95% metallic SWNTs using density gradient
ultracentrifugation2s. Afterwards, the nanotube solution was spin-coated onto thin
hexagonal boron nitride (BN) flakes on SiO2/Si substrates to yield isolated
individual and small bundles of SWNTs. Here we choose BN as substrates because
BN is atomically flat and extremely clean, which facilitates the observation of
Luttinger liquid plasmon in nanotubes. In contrast, it is very difficult to observe
plasmon excitation in nanotubes spin-coated directly on SiO2/Si substrates.
Plasmons in these metallic SWNTSs are probed using IR s-SNOM, as illustrated in Fig.
1a. Infrared light at 6.1 pm or 10.6 um is focused onto the apex of a metal-coated

atomic force microscope (AFM) tip with a curvature radius r = 25 nm, the large



near-field momentum of which enables optical excitation of plasmons in SWNTs.
The excited plasmon wave propagates along the SWNT and is reflected at the
nanotube end. The back-reflected plasmon wave interferes with the excitation wave
underneath the tip, which modifies the intensity of tip-scattered IR radiation
measured by an HgCdTe detector in the far field. As the tip is scanned along the
nanotube, the scattered IR radiation varies periodically, with intensity peaks
appearing at positions of constructive interference232627. Figure 1b displays a
representative IR s-SNOM image of a metallic SWNT, the topography of which is
recorded simultaneously (shown in the inset). Prominent plasmon oscillation along
the whole length of the nanotube can be clearly observed in ambient conditions.

We systematically investigated plasmons in different SWNTs on BN substrates.
The nanotubes spin-coated on BN were first characterized by a recently developed
in-situ single tube spectroscopy?8. Figure 2a and 2b show optical spectra of two
representative individual SWNTSs, which are characterized by one or two prominent
optical resonances. From these resonances, we can identify the nanotube chirality to
be (11, 11) and (15, 6)14, corresponding to metallic nanotubes with diameters of
1.49 nm and 1.47 nm, respectively. Figure 2c displays the optical spectrum of a
typical small bundle, which is characterized by broader optical features and more
resonances. We found that the spin-coated nanotubes are either individual SWNTs
or small bundles, and almost all individual SWNTSs are metallic, consistent with the
high metallic nanotube percentage in these samples.

Figure 2d-2g show four AFM topography images of SWNTs on BN substrates,

and Fig. 2h-2k display the corresponding near-field IR s-SNOM images of 1D



plasmons in these nanotubes with 10.6 um or 6.1 pm photon excitation. Periodic
oscillation of the tip-induced IR scattering from 1D Luttinger-liquid plasmons is
apparent in all nanotubes. The oscillation period, however, varies for different IR
excitation wavelengths and in different nanotubes. Figure 2h and 2i show near-field
IR scattering images with 10.6 um and 6.1 um excitation, respectively, for the same
nanotube. The oscillation period is longer for 10.6 um excitation, and the oscillation
period and the excitation wavelength have almost the same ratio, consistent with a
linear scaling. Figure 2i-2k display near-field IR scattering images in different
nanotubes. Fig. 2k shows clearly that the oscillation period becomes longer in a
bundle than those in the constituent nanotubes. Next, we determine the Luttinger-
liquid plasmon wavelength and propagation velocity in different nanotube samples.
The scattering peaks in the IR s-SNOM images (Fig. 2h-2k) are determined by
constructive interference where the reflected plasmon accumulates a phase change
Ap = 2-2nL/A, + @, = 2mm. Here L is the distance between the tip and tube end,
Ap is the plasmon wavelength, ¢, is the reflection phase change, and m is an integer.
Therefore the plasmon wavelength A, is simply twice the oscillation period
observed in the IR s-SNOM images. The propagation velocity of a 1D plasmon (v,)
can be readily calculated from its frequency and wavelength by v, =v-1, =c-

Ap/Ao, where v is the frequency, ¢ is the speed of light, and Ao is the free-space

photon wavelength.
We plot in Fig. 3a and Fig. 3b the plasmon wavelength (4p, left axis) and the
corresponding plasmon velocity (v, /v, right axis) in different nanotubes with 10.6

um and 6.1 um excitation, respectively. We found that the plasmon velocity exhibits



a quantized behavior: among 22 measured nanotubes with 10.6 um excitation, 10
tubes have a plasmon velocity “quantized” at a minimum value of 3.2 vg, another 7
nanotubes have v, clustered around 4.4 vg, and the others have v, of 5.3 v and 6.2

vg. These “quantized” velocities can be well approximated by a simple ratio of

1:4/2:v/3: V4. Similar “quantized” velocities are also observed for 6.1 um excitation,
although the absolute values are slightly larger. Such “quantized” plasmon
propagation velocities in as-prepared nanotubes, which have different diameters
and carrier concentrations from environmental doping, is qualitatively different
from the behavior of classical plasmons.

To understand the unusual propagation of Luttinger-liquid plasmons, we
examine quantitatively the Luttinger liquid behavior in individual and small bundles
of metallic SWNTs. The pioneering work by Kane et al. shows that interacting
electrons in metallic SWNTs are described by strongly renormalized Luttinger
liquid®. This Luttinger liquid in SWNTs is fully characterized by the Luttinger liquid
parameter g describing the type and strength of the interaction. Non-interacting
electron gases are described by g=1, while attractive interactions have g>1 and
repulsive interactions have g<1. The plasmon velocity v, is related to g simply by
v,=Vg/g. For individual suspended SWNTs of radius R screened by a concentric

metal shell of radius Rs, the Luttinger liquid parameter can be calculated

quantitatively as 1/g=\/1 + (8e?/mhvp)In(Rg/R), where the second term arises
from long-range Coulomb interactions and is proportional to the number of
conducting channels and the unit length capacitance between the coaxial nanotube

and metal shelll?, For plasmons in small nanotube bundles residing on a substrate,



the Coulomb interaction term is modified, and the Luttinger liquid parameter

becomes

1/g=v,/vp = \/1 + (2 X 4Ne?/e.rrmhvp)ln (A, /21R,), (1)
where N is the number of SWNTs in a bundle and 4N is the number of quantized
conducting channels, eeff is the effective dielectric constant due to the substrate
screening, R: is the effective radius of the nanotube bundle, and the plasmon
wavelength 4, determines the cut-off length of Coulomb interactions. (See
supplementary information for details.)

The Luttinger liquid theory indeed predicts very unusual plasmon propagation
velocities. Unlike classical plasmon excitations, the Luttinger-liquid plasmon
velocity in Eq. 1 does not depend on the electron density at all. Instead, it is mainly
determined by the quantized number of conducting channels 4N. The plasmon
velocity varies with R and A, only weakly in a logarithmical fashion. The theory
accounts for our observed quantization of the plasmon propagation speed:
plasmons travels at the velocities with a ratio around 1:v/2:+/3:/4 for individual
SWNTs and bundles containing 2, 3, and 4 tubes; and nanotubes with different
diameters and carrier density have almost the same plasmon velocity. More
quantitatively, we calculated the predicted range of plasmon velocities for N-tube
bundles using Eq. 1 and plot them in Fig. 3 (shaded areas). Here we have included
the tube diameter distribution between 1.2 nm and 1.7 nm, approximated the
effective radius of a nanotube bundle as+VNR, and used an effective dielectric
constant eeff=2.1 at 10.6 um and eer=1.0 at 6.1 um due to dielectric screening from

the BN substrates (See the supplementary information for more details). This



Luttinger liquid theory, which is free of adjustable parameters, matches
quantitatively with the experimental data. We note that although the plasmon
frequency at 6.1 um is almost twice of that at 10.6 um, the plasmon velocity changes
only 15% and it is largely due to the frequency-dependent BN dielectric constant. It
highlights the low dispersion of Luttinger-liquid plasmons in SWNTs.
Luttinger-liquid plasmons in metallic SWNTs also exhibit a remarkable
combination of strong spatial confinement and high quality factors, two key figures
of merit for plasmonics?4. The Luttinger-liquid plasmons are characterized by
extraordinary sub-wavelength confinement. The plasmon wavelength along the
nanotube is as small as 1/100 of the free-space light wavelength (Fig. 3 and insets of
Fig. 4a and 4b). The transverse confinement is even stronger: Figure 4c shows the
numerically simulated transverse electrical field distribution of the 1D plasmon in a
SWNT, which shows a spatial confinement of ~ 1nm, less than 1/1000 of 1, = 10.6
um. Strikingly, such strongly confined 1D plasmon can propagate over a long
distance with little attenuation in SWNTSs. Figure 4a and 4b display the oscillating IR
scattering intensity along two different nanotubes (black lines). We can estimate the

quality factor Q of the corresponding 1D plasmon by fitting the oscillation with an

exponential decay of the form e_Z”x/(Q"lp)sin([;Lx) from the nanotube end (red line
(4

in Fig. 4a and 4b). Although fitting over the whole nanotube is difficult due to
fluctuations in the near-field IR scattering intensity, good agreement can be
obtained for clean oscillations near the end of a nanotube, which yields a quality
factor over 20 in SWNTSs shown in Fig. 4a and 4b. This combination of extraordinary

spatial confinement (Ap/Ao~1/100) and high quality factor (Q>20) in nanotube



plasmon is unprecedented. Typically, a strong spatial confinement of plasmon can
only be achieved at the expense of a low quality factor due to the absorption loss of
metals. For instance, a two-dimensional (2D) surface plasmon at the silver/air
interface has a quality factor Q~16 with Ap/Ao=1.16 at 400 nm, but Q worsens to
~2.27 when Ap/Ao increases to 1.51 at 350 nm 29. Similarly, 2D plasmons in
graphene can have rather good spatial confinement (Ap/Ao~1/50), but the quality
factor Q is limited to ~5 2627,

The remarkably low loss of Luttinger-liquid plasmon in SWNTs presumably
originates from the unique properties of 1D chiral electrons in carbon nanotubes.
Electrons in metallic SWNTs are described by relativistic Dirac fermions, where
forward and backward moving electrons have opposite chiral handedness. Such
chiral electrons cannot be backscattered by slowly varying charge impurity
potential or acoustic phonons because the electron handedness has to be preserved
(Fig. 4d)1516.30, The protection from backscattering eliminates all loss channels in 1D
SWNTs. This is in contrast to 2D graphene, where Dirac electrons can still be
scattered to angles different from 180 degrees even with forbidden backscattering.
The lack of electron backscattering in SWNTSs leads to very long electron mean free
path in electrical transport even for nanotubes on SiO2/Si substrates at room
temperaturel819, Here it gives rise to Luttinger liquid plasmons with low absorption
loss and long-range propagation although the spatial confinement is strongly
subwavelength.

Our direct observation of Luttinger-liquid plasmons opens up exciting new

opportunities to explore both 1D Luttinger liquid physics and quantum plasmons in



carbon nanotubes, the properties of which can be manipulated through electrostatic
gating, mechanical strain, and external magnetic field. Although our studies focused
on Luttinger-liquid plasmon at infrared wavelengths, the Luttinger liquid behavior
in SWNTs should be valid over a broad frequency range up to visible frequencies
because the first inter-subband transition is above 1.7 eV for metallic nanotubes of
1.5 nm diameter (Fig. 2a, b) due to strong quantum confinement in SWNTs14. The
combination of low dispersion, high quality factor, and strong subwavelength
confinement in Luttinger-liquid plasmon holds great potential for novel plasmonic

and nanophotonic devices over a broad frequency range, including telecom

wavelengths.
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Figure captions:

Figure 1 Infrared s-SNOM of one-dimensional plasmons in carbon nanotubes.
a, Illlustration of the scattering-type scanning near-field optical microscopy (s-
SNOM). Infrared (IR) light is focused onto the apex of a metal-coated atomic force
microscope (AFM) tip, the large near-field momentum of which enables optical
excitation of plasmons in the carbon nanotube (CNT) on a boron nitride (BN)
substrate. The interference between the tip excited plasmon wave and its reflection
from nanotube end leads to periodic modulation of tip-scattered IR radiation
measured by an HgCdTe detector in the far field. b, A three-dimensional plot of the
near-field scattering intensity (height) along a representative SWNT. Prominent
modulation of the IR scattering intensity from the 1D plasmon can be observed over
the whole nanotube. The inset displays the AFM topography image of the same

SWNT. Scale bar is 100 nm.

Figure 2 Luttinger-liquid plasmons in carbon nanotubes. a, b and ¢, Optical
spectra (black) of individual metallic SWNTSs with chirality of (11,11) a and (15,6) b,
and of a small nanotube bundle c. The red curves are guiding lines. d-g, AFM
topography images of representative nanotube samples. h-k, IR s-SNOM images
with different excitation wavelengths for tubes shown in d-g. h and i display near-
field IR images for the same nanotube with 10.6 um and 6.1 pm excitation,
respectively. The IR scattering oscillation period is consistent with a linear scaling
behavior with excitation wavelength. i, j, k show the IR scattering oscillation in

different nanotubes with 6.1 um excitation. In particular, k reveals that the



oscillation period gets longer when tubes coalesce into bigger bundles. Scale bar:

100 nm.

Figure 3 Quantized Luttinger-liquid plasmon propagation velocity. The
plasmon wavelength 4, (left axis) and propagation velocity v, /vg (or 1/g, right axis)
for different nanotubes with 10.6 um (a) and 6.1 pm (b) excitation. The Luttinger-
liquid plasmon shows quantization propagation velocities around a few discrete
values, which can be approximated by a simple ratio of 1: v/2:/3:v/4 that are related
to the quantized number of conducting channels in different nanotubes. The
experimental data agrees well with the Luttinger liquid theory (shaded ribbons),
where we have included the effects of a finite SWNT diameter distribution (1.2-1.7
nm) and an effective dielectric constant of 2.1 for 10.6pum and 1.0 for 6.1um from the
substrate screening. Error bars represent the uncertainty from fitting the 1D

plasmon profiles.

Figure 4 Long-range quantum plasmons in nanotubes. a and b, Oscillation of
near-field IR scattering intensity from 1D plasmons in two metallic nanotubes.
Fitting of the oscillation near the nanotube end yields a plasmon quality factor Q
over 20 in both SWNTs, although the plasmon wavelength Ap is only ~1/100 of the
free space wavelength Ao. ¢, Numerical simulation of the electrical field distribution
of the 1D plasmon around a nanotube of 2Znm diameter, which shows a transverse
confinement of the electrical field within a few nanometers, less than 1/1000 of Ao.

Scale bar: 1nm. d, Illustration of the chirality of Dirac electrons in SWNTs, where



left and right moving electrons are characterized by opposite pseudo-spins.
Backscattering is forbidden for such Dirac electrons, and it leads to the remarkably

low loss of 1D nanotube plasmon even with the strong spatial confinement.
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