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ABSTRACT 

A carbon nanotube (CNT) can be considered as a plasmonic waveguide enabling propagation of ultraslow (with the 

effective refractive index >100) surface electromagnetic waves in the THz range. In this work, we theoretically study 

excitation of SPPs in array of double-walled CNTs by electron beam. The most interesting specific features of the 

double-walled CNT modes are associated with the presence of interlayer modes enabling a strong confinement of the 

electromagnetic field between the nanowalls of CNT and thus providing a high deceleration coefficient at a relatively 

low absorption coefficient at the frequencies up to 40–50 THz. Due to the strong SPP confinement between nanowalls 

the neighboring CNTs have almost no effect on each other. Array of double-walled CNTs ensuring an effective 

conversion of the external pump energy into the SPP energy can be employed for design of slow-wave plasmonic 

nanostructures.  
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1. INTRODUCTION

Сarbon nanotubes (CNTs) can be considered as a plasmonic waveguide enabling propagation of an ultraslow surface 

electromagnetic wave (with the effective refractive index > 100) in the THz range [1,2]. Such ultraslow modes cannot be 

excited in CNT by an external electromagnetic wave using standard optical schemes due to a high effective refractive 

index of ultraslow waves propagating in CNTs. However, they could be generated and amplified through the injection of 

electron beams propagating along the parallel CNTs [3].  

This work explores the plasmonic properties of parallel double-walled carbon nanotube (DWCNT) arrays. It is shown 

that nonrelativistic electron beams with the velocity less than 10
6
 m/s can be used to excite SPPs in arrays of double-

walled carbon nanotubes. For the SPP modes excited by an electron beam, the frequency range of SPP waves and 

electron beam velocities corresponding to the phase matching within a wide frequency range are determined. It opens the 

way to design slow-wave structures based on the dense arrays of multiwalled carbon nanotubes employing an efficient 

energy transfer from the pump to the SPPs.  

2. DOUBLE-WALLED CNT CONDUCTIVITY MODEL

Various models taking into account an effect of the CNT structural properties on their conductivity have been 

proposed to describe CNT optical conductivity in the literature [1],[4],[5]. It has been shown that the plasmonic 

properties of doped CNT are determined mainly by the concentration of free carriers and by some definite doping level 

are almost independent of CNT chirality [6],[7]. To simulate the plasmonic properties of doped CNTs with a large 

diameter (more than several nm) the conductivity calculated for graphene can be used [8-10]: 
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 (1) 

In Eq. (1), inter  and intra  are the contribution of inter- and intraband transitions, e is the electron charge,  is the 

Planck constant, kB is the Boltzmann constant, T is the temperature, µ is the graphene chemical potential,   is the 

average lifetime of carriers. For numerical calculations, the following parameters are taken: T = 300 K, µ = 0.2 eV, and 

0.1 eV2 m   [11]. The used value of chemical potential of doped graphene corresponds to the surface concentration 

of carriers 
13 21.2 10 смn  

 
[8] and corresponds to one extra charge carrier per thousand carbon atoms. 

At the frequencies of some tens of THz, the intraband term intra  dominates in Eq. (1). At low temperatures, when 

kT   (it is the case for the used μ and T), Eq. (1) is reduced to the well-known Drude-like formula widely used for 

characterization of CNT conductivity in THz range [12]: 
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In this paper, to study the plasmonic properties of doped DWCNT we assume a CNT as a set of infinitesimally thin 

graphene sheets placed one into another with the conductivity determined by Eqs. (1) and (2). 

3. SPP DISPERSION DEPENDENCES IN DOUBLE-WALLED CARBON NANOTUBES  

The dispersion dependences of SPPs in DWCNT arrays (Figure 1) have been studied using the conductivity model 

described by Eq. (1). Using this model one can solve the eigenvalue problem for the given geometry and boundary 

conditions, i.e. to find the complex mode propagation constant i      (here,   is the SPP propagation constant, 

   is the attenuation constant) for a given frequency . To perform modal analysis we use 2D model with periodic 

boundary conditions in x and y directions, implemented using COMSOL Multiphysics software. 

 

 
 

Figure 1. Schematic of double-walled CNT array: nanotubes in the array are irradiated by an electron beam. CNT 

parameters: outer diameter d = 10 nm, interlayer distance = 0.34 nm, array constant = 3d. The refractive index of a 

substrate is equal to one in numerical calculations. Electron beam should be periodically repeated due to periodic 

boundary conditions in xy-plane but is schematically shown only at one carbon nanotube of the array. 
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Figure 2 shows the real and imaginary parts of the SPP complex propagation constant as the functions of frequency. 

Negative value of    corresponds to the SPP attenuation during the propagation along the DWCNT axis. DWCNT 

arrays are modeled using the periodic boundary conditions for each unit cell as shown in Figure 1.  

 

 
 

Figure 2. Dispersion curves for SPPs propagating in double-walled CNTs. 

 

The cross-sections of plasmon modes in the array of double-walled CNTs are given in Figure 3. In a single-walled 

CNT (SWCNT) the mode field is concentrated near the surface exhibiting an exponential decrease with the distance 

from its wall in radial direction [2,13]. DWCNT supports propagation of the similar modes with the field concentrated 

near the outer layer and mainly outside the layer. Such SWCNT-like modes can provide the SPP effective refractive 

index (deceleration coefficient) of about 100 and a high attenuation coefficient of about 10
8
 1/m in a wide frequency 

range. The observed high attenuation coefficient in such modes is due to effective interaction of wide exponential mode 

“tails” with the conducting walls of neighboring CNTs in the array. As a result, the SPP attenuation coefficient in the 

array of DWCNTs is one or two orders of magnitude higher in absolute value than in a single DWCNT. For a such SPP 

modes the Q-factor determined as 

 Q








  (3) 

is as small as 1. These features make such modes unsuitable for applications in slow-wave systems. 

 
 

Figure 3. The absolute value of electric field strength (in a.u.) of the SPP modes. The numbers from 1 to 6 correspond 

to the numbers of the dispersion curves in Figure 2.  
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The most interesting specific features of DWCNT modes are associated with the presence of SPP modes enabling a 

strong confinement of the field between the layers and thus providing a high deceleration coefficient at a relatively low 

absorption coefficient (   ~10
6
 1/m) at the frequencies up to 40–50 THz. Besides, due to the strong SPP confinement 

between layers in such modes the neighboring DWCNTs have almost no effect on each other. Thus, dense DWCNT 

arrays ensuring an effective conversion of the external pump energy into the SPP energy could be employed for design 

of slow-wave structures.  

The devices based on the interaction between the SPP and drift current [2,13–16] exploit the electric field 

longitudinal component inherent to the interlayer modes. The parameter characterizing domination of the longitudinal 

field component [2] 
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ranges for interlayer modes from 0.85 to 0.65 within the frequency range of 20–60 THz allowing interaction of the SPP 

longitudinal field component with both a drift current in the configuration proposed elsewhere [2,13] and an electron 

beam [17].  

 

 

 

Figure 4. a) Group velocity (solid line) and phase velocity (dashed line) of SPP propagating in the DWCNT array.  

b) Q-factor of interlayer mode in DWCNT. 

The group and phase velocities corresponding to the fundamental mode are shown in Figure 4a. Within the frequency 

range of 0–78 THz, the group velocity is a positive function of the frequency. Importantly, in the frequency range from 

10 to 75 THz phase velocity is almost linear and changes from 7×10
5
 m/s to 4×10

5
 m/s thus providing an effective 
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refractive index (the deceleration coefficient) lying within the range of 430–750. Such deceleration enables effective 

interaction of the SPP with the drift current running with the velocity of 0.5−1×10
6
 m/s through the CNT [18,19], i.e., the 

phase matching can be achieved. In this case, an azimuthally symmetric mode with low losses can be excited in the 

DWCNT, the peak height is determined by the high Q-factor (about 100 at low frequencies, see Figure 4b). 

Thus, DWCNTs are promising for application in devices employing an interaction between the SPP and drift current. 

The theoretical formalism elaborated elsewhere [16] and our previous studies [2,13] can be used for this purpose. 

4. CONCLUSION  

A simple model describing a DWCNT array has been proposed. It is shown that the high Q-factor highly confined SPP 

modes can exist in such arrays. Excitation of the surface plasmon modes by an electron beam has been investigated. The 

spectral density of electron beam energy transferred to the DWCNT modes is obtained by numerical calculations. We 

have determined the frequency range of SPP and electron beam velocities enabling the phase matching and efficient 

energy transfer within a wide frequency range. All this contributes to elaboration of the slow-wave structures based on 

the dense arrays of double-walled CNTs enabling efficient conversion of the pump energy into the SPP energy. Phase-

matching simultaneously satisfied for a large array of parallel CNTs could be used for design of the IR- and THz 

generators based on the same operation principle as a traveling wave tube or the so-called O-type generators directly 

pumped by the injected or drift currents. 

5. ACKNOWLEDGEMENTS 

This work was supported by the Russian Foundation for Basic Research (grant # 19-42-730010) and by the Ministry of 

Higher Education and Science of the Russian Federation (projects # 0004-2022-0004, # 0830-2020-0009, # 075-15-

2021-581).  

REFERENCES 

[1] G. Y. Slepyan, S. A. Maksimenko, A. Lakhtakia, O. Yevtushenko, A. V. Gusakov, “Electrodynamics of carbon 

nanotubes: Dynamic conductivity, impedance boundary conditions, and surface wave propagation,” Phys. Rev. B 

60, 17136–17149 (1999). 

[2] A. S. Kadochkin, S. G. Moiseev, Y. S. Dadoenkova, V. V. Svetukhin, I. O. Zolotovskii, “Surface plasmon polariton 

amplification in a single-walled carbon nanotube,” Opt. Express 25, 27165 (2017). 

[3] K. G. Batrakov, S. A. Maksimenko, P. P. Kuzhir, C. Thomsen, “Carbon nanotube as a Cherenkov-type light emitter 

and free electron laser,” Phys. Rev. B - Condens. Matter Mater. Phys. 79, 125408 (2009). 

[4] E. Lidorikis, A. C. Ferrari, “Photonics with multiwall carbon nanotube arrays,” ACS Nano 3, 1238–1248 (2009). 

[5] M. V. Shuba, G. Y. Slepyan, S. A. Maksimenko, C. Thomsen, A. Lakhtakia, “Theory of multiwall carbon 

nanotubes as waveguides and antennas in the infrared and the visible regimes,” Phys. Rev. B 79, 1–17 (2009). 

[6] F. J. G. De Abajo, “Graphene Plasmonics: Challenges and Opportunities,” ACS Photonics 1 (2014) 133–152. 

[7] L. Martín-Moreno, F. J. G. De Abajo, F. J. García-Vidal, “Ultraefficient coupling of a quantum emitter to the 

tunable guided plasmons of a carbon nanotube,” Phys. Rev. Lett. 115, 1–5 (2015). 

[8] L. A. Falkovsky, “Optical properties of graphene and IV–VI semiconductors,” Uspekhi Fiz. Nauk 178, 923 (2008). 

[9] L. A. Falkovsky, S. S. Pershoguba, “Optical far-infrared properties of a graphene monolayer and multilayer,” Phys. 

Rev. B 76, 153410 (2007). 

[10] P. Yu, V. I. Fesenko, V. R. Tuz, “Dispersion features of complex waves in a graphene-coated semiconductor 

nanowire,” Nanophotonics 7, 925–934 (2018). 

[11] A. Y. Nikitin, F. Guinea, F. J. García-Vidal, L. Martín-Moreno, “Edge and waveguide terahertz surface plasmon 

modes in graphene microribbons,” Phys. Rev. B 84 161407 (2011). 

[12] Z. Wu, L. Wang, Y. Peng, A. Young, S. Seraphin, H. Xin, “Terahertz characterization of multi-walled carbon 

nanotube films,” J. Appl. Phys. 103, 094324 (2008). 

Proc. of SPIE Vol. 12131  121310X-5
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 01 Sep 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 
 

 

 

 

[13] A. S. Kadochkin, S. Moiseev, Y. S. Dadoenkova, F. Bentivegna, V. Svetukhin, I. O. Zolotovsky, “Resonant 

Amplification of Surface Plasmon Polaritons with an Electric Current in a Single-Walled Carbon Nanotube Lying 

on a Spatially Modulated Substrate,” J. Opt. 22, 1–7 (2020). 

[14] S. G. Moiseev, Y. S. Dadoenkova, A. S. Kadochkin, A. A. Fotiadi, V. V. Svetukhin, I. O. Zolotovskii, “Generation 

of Slow Surface Plasmon Polaritons in a Complex Waveguide Structure with Electric Current Pump,” Ann. Phys. 

530, 1800197 (2018). 

[15] D. A. Svintsov, A. V. Arsenin, D. Y. Fedyanin, “Full loss compensation in hybrid plasmonic waveguides under 

electrical pumping,” Opt. Express 23 19358 (2015). 

[16] T. A. Morgado, M. G. Silveirinha, “Drift-Induced Unidirectional Graphene Plasmons,” ACS Photonics 5 4253–

4258 (2018). 

[17] D. Svintsov, “Emission of plasmons by drifting Dirac electrons: A hallmark of hydrodynamic transport,” Phys. Rev. 

B 100 195428 (2019). 

[18] V. Perebeinos, J. Tersoff, P. Avouris, “Electron-phonon interaction and transport in semiconducting carbon 

nanotubes,” Phys. Rev. Lett. 94, 2–5 (2005).  

[19] K. Liu, J. Deslippe, F. Xiao, R.B. Capaz, X. Hong, S. Aloni, A. Zettl, W. Wang, X. Bai, S.G. Louie, E. Wang, F. 

Wang, “An atlas of carbon nanotube optical transitions,” Nat. Nanotechnol. 7 325–329 (2012). 

Proc. of SPIE Vol. 12131  121310X-6
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 01 Sep 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


