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Interacting electrons confined in one dimension (1D) are generally described by the 

Luttinger liquid formalism, where the low-energy electronic dispersion is assumed to be 

linear and the resulting plasmonic excitations are non-interacting. Instead, a Luttinger liquid 

in 1D materials with nonlinear electronic bands is expected to show strong plasmon-plasmon 

interactions, but an experimental demonstration of this behaviour has been lacking. Here, 

we combine infrared nano-imaging and electronic transport to investigate the behavior of 

plasmonic excitations in semiconducting single-walled carbon nanotubes with carrier density 

controlled by electrostatic gating. We show that both the propagation velocity and the 

dynamic damping of plasmons can be tuned continuously, which is well captured by the 

nonlinear Luttinger liquid theory. These results are in contrast to the gate-independent 

plasmons observed in metallic nanotubes, as expected for a linear Luttinger liquid. Our 

findings provide experimental demonstration of 1D electron dynamics beyond the 

conventional linear Luttinger liquid paradigm and are important for understanding excited 

state properties in 1D. 

 

Electrons in three- and two-dimensional metals are well represented by weakly interacting 

quasi-particles within Fermi liquid theory. However, this theory breaks down in one dimension 

(1D) where Coulomb interactions become dominant and can qualitatively alter the electronic 

behaviors. Luttinger liquid theory, which is based on the linearization of the dispersion relation of 

the particles constituting the fluid, can successfully describe many exotic phenomena in 1D metals 

such as spin-charge separation and power-law dependence of spectral functions near the Fermi 

level[1-14]. However, the electronic band dispersion in real 1D systems is often not strictly linear 

and the linearization taken in Luttinger liquid theory limits its validity to low-energy electron 

behaviors. In order to describe high-energy quasi-particle excitations and dynamics, novel 

theoretical approaches have been employed to replace the linear dispersion with a generic one, 

which is known as nonlinear Luttinger liquid theory[15-22]. This nonlinear theory predicts many 

intriguing electron behaviors beyond the linear Luttinger liquid paradigm. For instance, the 

collective electron excitations (i.e. plasmons) in a linear Luttinger liquid are expected to be 

extremely long-lived due to the absence of an intrinsic relaxation mechanism. However, in a 

nonlinear Luttinger liquid, the nonlinearity of the band dispersion can strongly mix different 

plasmon excitations, resulting in a drastic reduction of plasmon lifetime. Such unusual excited 

state dynamics of a nonlinear Luttinger liquid have rarely been experimentally explored previously.  

 

Here we probe nonlinear Luttinger liquid physics using gated semiconducting single walled 

carbon nanotubes (SWNTs) as a model system and compare the behavior to that of a linear 

Luttinger liquid in metallic SWNTs. We systematically vary the carrier density in metallic and 

semiconducting nanotubes through electrostatic gating while performing in situ infrared nano-

imaging as schematically shown in Fig. 1a. We show that the plasmon wavelength, amplitude and 

quality factor in semiconducting SWNTs can be continuously tuned due to the nonlinear band 

dispersion. In particular, our results reveal the unusual relaxation dynamics of plasmon excitations 

in semiconducting SWNTs as described by nonlinear Luttinger liquid theory, and their behaviors 
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are in marked contrast to those of linear Luttinger liquid plasmon excitations present in metallic 

SWNTs.  

 

Metallic and semiconducting SWNTs with diameter ranging from 0.7 to 2.0 nm are directly 

grown on hexagonal boron nitride (h-BN) flakes exfoliated on SiO2 (285 nm)/Si substrates by 

chemical vapor deposition (CVD) (see methods for details). SWNTs on h-BN flakes are ultraclean 

and very long, and can be readily integrated into field-effect transistor (FET) devices [23]. We 

probe the plasmons in gated nanotube devices at different carrier densities using infrared scanning 

near-field optical microscopy (SNOM) as illustrated in Fig. 1a[12, 23-25]. This infrared nano-

imaging technique is based on a tapping mode atomic force microscopy (AFM). Infrared (IR) light 

with wavelength 10.6 μm is focused onto the apex of a gold coated AFM tip. The sharp tip with its 

large momentum simultaneously enables the excitation of the plasmons and scattering of this 

plasmon field to the far field. The back scattered signal contains essential information about the 

plasmons and is captured by a mercury cadmium telluride (MCT) detector. The excited plasmon 

wave propagates along the nanotubes and gets reflected by the nanotube ends or other scatters. 

The interference between the tip-launched plasmon field and the reflected plasmon field produces 

a periodic electric field distribution. We probe this periodic electric field by scanning the tip along 

the nanotube, which enables the real-space visualization of the plasmons.  

 

Figure 1| Schematic of SNOM of SWNTs with carrier density controlled by electrostatic 

gating. a, Schematic of infrared nano-imaging of a nanotube FET device. SWNTs are directly 

grown on hexagonal boron nitride (h-BN) flakes exfoliated on SiO2 (285 nm)/Si substrates by 

chemical vapor deposition (CVD). A back gate voltage Vg is applied between the metal electrode 

(Au/Pd) contacting the SWNT and the Si substrate to tune the carrier concentration in the SWNT. 

For infrared (IR) nano-imaging, IR 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 the plasmons. 

The excited plasmon wave propagates along the nanotubes and gets reflected by the nanotube ends 
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or other scatters. The interference between the tip-launched plasmon field and the reflected 

plasmon field produces a periodic electric field distribution schematically illustrated by the 

interference fringes in the SWNT. Probing of the electric field by scanning the tip along the 

nanotubes enables the direct visualization of the plasmons. b, Band structure of metallic SWNTs. 

Metallic SWNTs feature a gapless linear energy-momentum (E-k) dispersion schematically shown 

as the red curve. c, Band structure of semiconducting SWNTs. Semiconducting SWNTs feature a 

hyperbolic E-k dispersion (schematically shown as the red curve) with a finite band gap Eg. The 

diagonal black dashed lines indicate the linear band structure of metallic SWNTs for comparison 

with the hyperbolic band structure of semiconducting SWNTs. When a back gate voltage Vg is 

applied in a relative to the charge neutral point Vcnp, the Fermi level EF indicated by the horizontal 

dashed blue lines in metallic and semiconducting SWNTs can be continuously tuned.  

 

The electronic band structures of metallic and semiconducting SWNTs are illustrated in Figs. 

1b and 1c, respectively[26]. Metallic nanotubes feature a gapless linear band dispersion, 𝐸 =

ℏ𝑣0𝑘𝐹, where ℏ is the reduced Planck’s constant, 𝑣0 ~ 0.8 × 10
6 𝑚/𝑠 is the Fermi Velocity in 

graphene, and 𝑘𝐹 is the Fermi wavevector. Their 1D linear bands provide an ideal realization of 

the linear Luttinger liquid. Semiconducting nanotubes, in contrast, have a finite band gap Eg and 

feature a hyperbolic dispersion, 𝐸2 = (𝐸𝑔 2⁄ )
2 + (ℏ𝑣0𝑘𝐹)

2, where Eg is inversely proportional to 

the nanotube diameter d as 𝐸𝑔 = 0.75𝑒𝑉/𝑑 (𝑛𝑚). When a back gate voltage Vg is applied (Fig. 

1a) relative to the charge neutral point Vcnp, the Fermi level EF in both metallic and semiconducting 

SWNTs can be continuously tuned from hole doping to charge neutrality and to electron doping as 

illustrated in Figs. 1b and 1c. The charge neutral point Vcnp is the gate voltage needed to offset the 

unintentional doping usually coming from the substrate.  
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Figure 2| Infrared nano-imaging of metallic and semiconducting SWNTs at different gate 

voltages. From a to f, the gate voltage is varied from -20 to 20V. The carrier density changes from 

hole doping to charge neutrality and then to electron doping. The plasmon features in metallic 

nanotubes labeled as M1 and M2 in a are largely unchanged. In marked comparison, near-field 

optical responses in semiconducting nanotubes labeled as S1 and S2 in a depend sensitively on 

gate voltages. The line profiles along the nanotube (indicated by the white dashed line in a) reveal 

how the plasmon wave in metallic nanotube M1 gets damped as it propagates. The profiles for 

different gate voltages (a to f) are plotted in Fig. S2a. The inset in a shows the topography recorded 

simultaneously with the near-field images.  

 

In Fig. 2, we systematically investigate the dependence of plasmon behaviors on carrier 

density in semiconducting SWNTs and compare that with plasmon behaviors in doped metallic 

SWNTs. When gate voltage 𝑉𝑔 is varied from −20 to 20 V, the carrier type in SWNTs 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 Figs. 2a to 2f. The topography recorded 

simultaneously is shown in the top right inset in Fig. 2a. In the near-field images, nanotubes labeled 

as M1 and M2 in Fig. 2a exhibit prominent oscillation peaks at all gate voltages (Figs. 2a to 2f). 

These are gapless metallic SWNTs with linear dispersion. The peaks in the near-field images 

correspond to the constructive interference between the plasmon wave launched by the tip and that 
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reflected by the nanotube end. Plasmon wavelength can be simply determined as twice the 

oscillation period. By fitting the line profiles along the nanotubes in the near-field images at 

different gate voltages with a damped oscillator form e−2πx (Q⋅λP)⁄ sin((4πx) λp⁄ ) , we can 

determine the plasmon wavelength 𝜆𝑝 to be ~ 90 nm and the quality factor Q to be ~ 22 and 

observe that they are largely unchanged at different gate voltages. Plasmon velocity can be 

determined from 𝑣𝑝 = 𝜆𝑝𝑓 ~ 2.5 × 10
6 𝑚/𝑠  where f ~ 28.3 THz is the frequency of the 

excitation light. The Luttinger liquid parameter g, describing the interaction in SWNTs, can then 

also be determined to be 𝑔 = 𝑣0 𝑣𝑝⁄ ~ 0.31, which indicates strong coulomb repulsion between 

electrons in metallic SWNTs. In marked comparison, near-field optical responses in nanotubes 

labeled as S1 and S2 in Fig. 2a depend sensitively on gate voltages. These two nanotubes 

correspond to semiconducting SWNTs with hyperbolic dispersion. When the carrier density is near 

charge neutrality (Fig. 2c), the near-field response is dramatically depleted and we observe weak 

contrast against the substrate. At substantial doping, well-defined plasmon features emerge and 

evolve with the gate voltage in both semiconducting nanotubes. The distinctly different plasmon 

behaviors highlight the critical role of nonlinear band dispersion in semiconducting SWNTs which 

goes beyond the conventional linear Luttinger liquid paradigm in metallic SWNTs.  

 

Next we examine comprehensively the plasmon behaviors in semiconducting nanotubes and 

their dependence on carrier density. Fig. 3a shows the topography of a semiconducting nanotube 

and the inset blue curve shows the height profile along the white dashed line across the nanotube. 

The diameter is determined to be 2 nm from the height profile and the nanotube thus has a band 

gap of ~ 0.37 eV. The near-field responses of the nanotube at different gate voltages from -20 to 

24 V are presented in Figs. 3b to 3l. The near-field response evolves in a systematic manner, which 

is consistent with the semiconducting SWNTs in Fig. 2. At 𝑉𝑔 = −5𝑉 (Fig. 3e), the response is 

almost completely depleted, which corresponds to the charge neutral point. When carrier density 

is increased to either hole-doped side (Figs. 3b to 3d) or electron-doped side (Figs. 3f to 3l), there 

is an increase in the near-field optical response and well-defined plasmons emerge at substantial 

doping as manifested by the oscillation peaks near the nanotube end. Line profiles along the dashed 

line in Fig. 3b reveal how the plasmon wave is damped as it propagates (Fig. S2b). By fitting the 

line profiles with a damped oscillator form, we can extract both the plasmon wavelength and 

quality factor as a function of gate voltage. The results are summarized in Figs. 4b and 4d. It is 

evident that plasmons in the semiconducting SWNT can be continuously tuned by means of 

electrostatic gating. With increasing gate voltage and thus higher Fermi level, the plasmon 

wavelength increases and the quality factor also shows concomitant growth. Below a critical 

carrier density indicated by the dashed line in Fig. 4b, the damping is too large to support well-

defined plasmons.   
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Figure 3| Gate-tunable plasmons in semiconducting SWNTs. a, AFM topography of a 

semiconducting nanotube. The inset blue curve is the height profile along the white dashed line 

across the nanotube and the diameter is determined to be 2 nm from the profile. b to l, Near-field 

responses of the semiconducting nanotube at different gate voltages from -20 to 24V. Plasmons in 

the semiconducting SWNT can be continuously tuned by means of electrostatic gating. With 

increasing gate voltage and thus higher Fermi level, the plasmon wavelength increases and the 

quality factor also shows concomitant growth. The figures share the same color scale (to give a 

direct comparison of the infrared responses at different gate voltages) except for e and f, where the 

scales shown in insets are intentionally made smaller to offer better contrast between the nanotube 

and the substrate. The line profiles along the nanotube (indicated by the white dashed line in b) 

reveal how the plasmon wave in the semiconducting nanotube gets damped as it propagates. The 

profiles for different gate voltages (h to i) are plotted in Fig. S2b. 

 

As observed in Fig. 2, the gate-independent plasmon behavior in metallic SWNTs is well 

described by linear Luttinger liquid theory[13, 23, 24]. For an individual suspended carbon 

nanotube of radius R screened by a concentric metal shell of radius 𝑅𝑠, the linear Luttinger liquid 

theory predicts the Luttinger liquid interaction parameter g to be 

1

𝑔
=
𝑣𝑝
𝑣𝐹
= √1 +

8𝑒2

4𝜋𝜀𝑒𝑓𝑓𝜋ℏ𝑣𝐹
In(
𝑅𝑠
𝑅
) 

where 𝑣𝑝 is the velocity of the collective charge mode, i.e. plasmon velocity, 𝑣𝐹 is the Fermi 

velocity and 𝜀𝑒𝑓𝑓 is the effective dielectric constant due to substrate screening. This parameter g 

describes the interaction type and strength in a Luttinger liquid and is only a function of Fermi 

velocity and the ratio Rs/R for a nanotube under given dielectric environment. The plasmon 
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wavelength 𝜆𝑝 for a given frequency 𝑓 is related to g as 𝜆𝑝 = 𝑣𝑝 𝑓 = 𝑣𝐹 (𝑔𝑓)⁄⁄ . Because the 

Fermi velocity is a constant in metallic SWNTs, all the Luttinger liquid phenomena related to g, 

including the plasmon excitations, will remain the same regardless of carrier density.  

 

In contrast, the gate-tunable plasmon wavelength in semiconducting nanotubes stems from the 

hyperbolic band dispersion, where the Fermi velocity 𝑣𝐹 depends on carrier density. As illustrated 

in Fig. 4a, the Fermi velocity indicated by the slope of the black tangent line increases with higher 

Fermi energy. Due to the dominant strong repulsive interaction in SWNTs, plasmon velocity 𝑣𝑝 

is approximately proportional to √𝑣𝐹 and plasmon wavelength in semiconducting nanotubes with 

band gap 𝐸𝑔 depend on Fermi wavevector 𝑘𝐹 as: 

𝜆𝑝 = 𝜆𝑝0√
𝑣𝐹
𝑣0
= 𝜆𝑝0√

ℏ𝑣0𝑘𝐹

√(𝐸𝑔 2⁄ )
2 + (ℏ𝑣0𝑘𝐹)

2
 

where 𝜆𝑝0 and 𝑣0 are the plasmon wavelength and Fermi velocity in metallic nanotubes for a 

given frequency. Thus one can expect that the plasmon wavelength in semiconducting nanotubes 

will increase and progressively approach that in metallic ones with larger kF. The experimentally 

observed tunable plasmon wavelength at substantially high doping in semiconducting nanotubes 

(Figs. 3h to 3l) is well reproduced by the theoretical model (Fig. 4b). In this fitting we have used 

𝑘𝐹 =
𝜋

4
𝑛 =

𝜋

4
𝛽𝐶𝑔|𝑉𝑔 − 𝑉𝑐𝑛𝑝|, where 𝑛 is the carrier density, 𝐶𝑔  is the geometric capacitance, β 

is a fitting parameter and indicates the overall gate efficiency.   

 

Figure 4| Nonlinear Luttinger liquid model and comparison with experimental results. a, 

Illustrative hyperbolic energy-momentum (E-k) dispersion (red curve) and Fermi energy (filled 

yellow region) of a semiconducting SWNT with a band gap Eg. The Fermi velocity indicated by 
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the slope of the black tangent line increases with higher Fermi energy. b, Dependence of plasmon 

wavelength on gate voltage agrees well with the theoretical model. Below a critical doping 

indicated by the dashed line (shaded blue area), the plasmon quality factor Q is not large enough 

for well-defined plasmons to exist. c, Isd-Vg (source drain current-gate voltage) curve for a 2 nm 

diameter semiconducting nanotube at a bias 𝑉𝑠𝑑 = 6 𝑚𝑉. The inset is an optical image of the 

device with a channel length of ~ 4 μm. d, The nonlinear theory (black line) can well reproduce 

the experimental dependence of quality factor on gate voltage (black symbols). On the other hand, 

the plasmon quality factor will be very high and exhibit a completely different gate dependence 

(red line and right scale) if the damping rate is the same as the electron scattering rate inferred 

from DC transport measurements. e, Illustration of the plasmon dispersion within the RPA. Here 

the plasmon excitation, ω(q), indicated by the orange dashed line always lies outside the electron-

hole continuum indicated by the blue shaded area and is thus free from Landau damping. f, 

Illustrative diagram of DSF from the universal nonlinear Luttinger liquid theory. In a nonlinear 

Luttinger liquid, the plasmon mode indicated by the gray shaded area is not an exact eigenstate 

𝜔(q) = 𝑣𝑝𝑞  but is broadened with upper and lower bound 𝜔±(q) = 𝑣𝑝𝑞 ± 𝑞
2 2𝑚̃⁄ . Error bars 

in b and d indicate a 95% confidence interval determined from the curve fitting of the line profiles 

along the nanotube in Fig. 3 with a damped oscillator form. 

 

Apart from the tunable plasmon wavelength, the quality factor also depends sensitively on 

gate voltage as shown in Fig. 4d. The tunable damping behaviors are reminiscent of those in 

graphene plasmons, which can be captured by Landau damping within the random-phase 

approximation (RPA). The gate-dependent plasmon damping behavior in semiconducting 

nanotubes shown in Figs. 3h to 3l, however, cannot be explained by this simple picture. No 

interband damping can exist in a semiconducting nanotube due to its large band gap (~ 0.37 eV) 

compared to the excitation energy (~ 0.10 eV). It has also been shown that 1D plasmons will not 

decay to a single electron-hole pair through intraband scattering within the RPA[27]. As illustrated 

in Fig. 4e, within the RPA theory, the plasmon excitation, 𝜔(q), indicated by the orange dashed 

line, always lies outside the electron-hole continuum indicated by the blue shaded area, and thus 

is free from Landau damping.  

 

We can rule out defect and/or acoustic phonon scattering as a main contribution to the plasmon 

damping by comparing the infrared near-field nanoscopy results with the electronic transport in 

semiconducting SWNTs with the same diameter and growth conditions. Fig. 4c displays the gate-

dependent DC transport data of a representative SWNT with a diameter of 2 nm and a channel 

length L of 4 μm by recording the source drain current Isd for different gate voltages at a bias of 

𝑉𝑠𝑑 = 6 𝑚𝑉. The optical image of the SWNT device is shown in the inset. From the measured 

gate-dependent 1D channel resistance R, we can estimate the mean free path 𝐿𝑚 =
𝐿

𝑅4𝑒2 ℎ⁄ −1
 and 

scattering time 𝜏 = 𝐿𝑚/𝑣𝐹  at different gate voltages. The scattering of electrons close to the 

Fermi surface, which dominates the electronic transport, is mainly due to defects and acoustic 

phonons in semiconducting SWNTs at room temperature[28, 29]. We obtain an electron scattering 
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time longer than 300 fs, corresponding to a scattering rate of ~ 3ps-1, for carrier density 

approaching the saturation region for the semiconducting nanotube, which is consistent with 

previous findings in electronic transport studies of high-quality semiconducting SWNTs[29, 30]. 

This electron scattering rate is over an order of magnitude smaller than the observed plasmon 

damping rate. If we assume plasmon damping to have similar origins as the DC transport (i.e. 

dominated by defect and acoustic phonon scattering), the quality factor determined by ω𝜏 will be 

very high and exhibit a completely different gate dependence (red line and right scale in Fig. 4d) 

compared with the plasmon behavior. Our experimental data cannot be accounted for by emission 

of optical phonons either, because the optical phonon scattering should have a weaker dependence 

on the doping concentration. 

 

The observed unusual gate-dependent plasmon damping in semiconducting nanotubes, on the 

other hand, can be naturally understood as a consequence of the strong plasmon-plasmon coupling 

in a nonlinear Luttinger liquid: in metallic nanotubes with prefect linear dispersion, the plasmon 

excitations are free long-lived bosons without an intrinsic relaxation mechanism within the linear 

Luttinger liquid theory paradigm. The nonlinear band dispersion in semiconducting nanotubes, 

however, can enable extremely strong coupling between different plasmon modes because they all 

propagate at the same speed. As a result, a high-energy plasmon can efficiently decay into multiple 

low-energy plasmons in semiconducting nanotubes. 

  

A universal description of the dynamic response function in a nonlinear Luttinger liquid has 

been theorized previously[17, 21]. The dynamic excitation of plasmons in a 1D system is 

determined by the dynamic structure factor (DSF). For a linear Luttinger liquid as in metallic 

SWNTs, the DSF takes the form S(q, ω) = 2𝑔|𝑞|δ(𝜔 − 𝑣𝑝𝑞) . This suggests that the plasmon 

mode features a linear dispersion 𝜔(q) = 𝑣𝑝𝑞 indicated by the dashed orange line in Fig. 4f and 

is free of intrinsic relaxation. For a nonlinear Luttinger liquid as in gated semiconducting SWNTs, 

the DSF is given by 

S(q,ω) = 2
𝑚̃𝑔

|𝑞|
θ(
𝑞2

2𝑚̃
− |𝜔 − 𝑣𝑝𝑞|) 

with an effective mass 𝑚̃. The effective mass 𝑚̃ depends on electron-electron interactions and it 

can be expressed as 
1

𝑚̃
=
𝑣𝑝

2𝑔

𝜕

𝜕𝐸𝐹
(𝑣𝑝√𝑔). The plasmon mode is thus not an exact eigenstate but is 

broadened with upper and lower bound 𝜔±(q) = 𝑣𝑝𝑞 ± 𝑞
2 2𝑚̃⁄ , as indicated by the red lines in 

Fig. 4f. The width of the broadening is δ𝜔(𝑞) = 𝑞2/𝑚̃. For a given frequency, a set of plamson 

modes with different momenta can be excited in the shaded gray area where DSF differs from zero. 

This broadening reflects the finite lifetime and damping of the plasmons. As the Fermi energy 

𝐸𝐹 increases compared to the excitation energy 𝜔, the broadening becomes less severe and well-

defined plasmons begin to emerge in agreement with experimental observations.  

 

This dissipation reflected in the broadening of the DSF can be further quantitatively 

characterized as δω/ω = 𝜔 𝑚̃𝑣𝑝
2⁄ . In semiconducting nanotubes with hyperbolic dispersion, this 
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broadening depends on Fermi wavevector 𝑘𝐹 as   

δω

ω
=
3√3

8

(

 
√(𝐸𝑔 2⁄ )

2
+ (ℏ𝑣0𝑘𝐹)

2

ℏ𝑣0𝑘𝐹
)

 

5
4

(𝐸𝑔 2⁄ )
2

(𝐸𝑔 2⁄ )
2 + (ℏ𝑣0𝑘𝐹)

2

𝜔

𝑣0𝑘𝐹
 

The plasmon quality factor determined by this nonlinear dispersion can be described as ω/δω 

and its dependence on gate voltage is depicted in Fig. 4d. The nonlinear theory (black line) can 

well reproduce the experimental results (black symbols). With increasing carrier density and Fermi 

energy, the band structure gradually approaches linear dispersion. This decrease in the nonlinearity 

of dispersion leads to the increase of plasmon lifetime and a higher quality factor observed in the 

experiments. The small discrepancy might indicate that other damping mechanisms also play a 

role, but nevertheless, are not dominant in our experiment. We conclude that in doped 

semiconducting nanotubes with hyperbolic dispersion, at the high-energy regime where excitation 

energy is comparable to Fermi energy, the system should be described as a nonlinear Luttinger 

liquid and the plasmon damping mechanism is dominated intrinsically by the nonzero curvature 

of the band dispersion. Note that if we probe at the low-energy regime where excitation energy is 

much smaller than Fermi energy, δω ω⁄  will be vanishingly small and the system will reproduce 

the linear Luttinger liquid regime. The intriguing gate dependent nonlinear Luttinger liquid 

plasmon behaviors offer the alluring capability of active electrical switching and tuning of 

plasmons in semiconducting nanotubes. The highly confined and tunable plasmons and their 

compatibility with FET devices hold great promise for novel nanophotonic applications[31, 32]. 

 

Methods 

Carbon nanotube growth and device fabrications. Ferritin solution (0.1 mmol/L) is drop-casted 

onto SiO2 (285 nm)/Si substrates. The substrates are then rinsed with isopropyl alcohol (IPA) and 

are subsequently blew drying. The substrates are annealed in air at 900 ℃ for 30 minutes to 

convert ferritin to Fe2O3, which acts as catalysts for SWNTs growth. Hexagonal boron nitride (h-

BN) flakes are then mechanically exfoliated onto the SiO2/Si substrates with Fe2O3. High-quality 

SWNTs are then directly grown on the substrates by chemical vapor deposition (CVD). We use an 

ambient-pressure CVD system equipped with a one-inch quartz tube. The system is firstly purged 

with hydrogen gas for 10 minutes to get rid of the air. After that, the temperature is raised to 900 °C 

in 15 minutes under 300 sccm of hydrogen flow. When the temperature reaches 900 °C, 110 sccm 

of argon is introduced through a bubbler with ethanol, which works as the carbon precursor, while 

300 sccm of hydrogen flow is maintained to reduce iron compound nanoparticles to iron 

nanoparticles. The temperature is kept at 900 °C for 15 minutes, followed by naturally cooling 

down to room temperature under a hydrogen flow of 300 sccm. Electrical contacts on SWNTs are 

then fabricated using standard e-beam lithography or shadow masks. For individual nanotube 

transport measurement, SWNTs on SiO2 are thoroughly eliminated by oxygen plasma with the 

nanotube between the electrodes left for transport measurement. Shadow masks are used to define 

one contact for back gating to avoid polymer contamination and to keep the nanotubes ultraclean 
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for gate controlled infrared nano-imaging. E-beam lithography is used to define electrodes for 

electronic transport measurements. 

 

Infrared nano-imaging of carbon nanotube plasmons. The scattering-type SNOM for this work 

is based on a tapping mode AFM (Bruker Innova). For infrared nano-imaging, a CO2 laser with 

wavelength 10.6 µm is focused onto the apex of a gold-coated AFM tip (Nanoandmore) with a 

radius of tip apex ~ 20 nm. The tapping frequency and amplitude of the tip are Ω ~ 240 kHz and ~ 

80 nm, respectively. The backscattered signal from the tip apex carries local optical information of 

the sample and is captured by a Mercury cadmium telluride (MCT) detector in the far field. The 

detector signal is demodulated at a frequency 3Ω by a lock-in amplifier (Zurich Instruments HF2LI) 

to suppress the background scattering from the tip shaft and sample. By a raster scanning of the 

sample, near-field images are obtained simultaneously with the topography.  
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