Pis’ma v ZhETF, vol. 88, iss. 12, pp. 914 { 917 cfl 2008 December 25

Plasma wave propagation in a pair of carbon nanotubes

A. Moradi^{1)}

Department of Physics, Razi University, Kermanshah, Iran

Submitted 11 August 2008 Resubmitted 14 November 2008

Plasma waves which propagate in a pair of parallel metallic carbon nanotubes are studied within the framework of the classical electrodynamics. Electronic excitations over the each nanotube surface are modeled by an in˛nitesimally thin layer of free-electron gas which is described by means of the linearized hydrodynamic theory. An explicit form of plasmons dispersion in terms of interaction between the bare plasmon modes of the individual surfaces of the nanotubes is presented in this Letter.

PACS: 41.20.Jb, 42.25.Bs, 73.22.Lp

Among outstanding aspects about carbon nanotubes, the study of their collective electronic excitations may be very important in understanding the electron interactions in carbon nanotubes as well as the characteristics of their electronic structures. Collective excitations in the single and multi-walled carbon nanotubes have studied by several authors with various theoretical models [1 – 19]. Among different theoretical models, hydrodynamic model has found an important place owing to their simplicity and physically intuition. Various versions of the hydrodynamic model of the dielectric response of carbon valence electrons are becoming increasingly used to study collective excitations in such structures [9 – 19]. The idea to apply a macroscopic hydrodynamic description to the collective dynamics of the many electron systems was suggested by Bloch [20] as a generalization of the hydrostatic Thomas-Fermi theory. Using this simple hydrodynamic model, Fetter found plasma oscillations and screening for electron layers [21].

On the other hands, Schroter and Dereux [22], analyzed the propagation of plasmon on hollow metallic cylinders with a dielectric core, taking into account retardation. Kushawa and Djafari-Rouhani [23], used Green’s function theory for calculating dispersion relations for coaxial and multiaxial structures with arbitrary dielectric constants with applications to quantum wire and carbon nanotubes. In the cases mentioned, by contrast with planar and spherical geometries, do not allow independent solutions for TM and TE modes except for the case of modes with no angular dependence. The electromagnetic fields propagating in such geometry are, in general, a linear combination of these two modes.

It is well known that single-walled carbon nanotubes tend to stick into bundles (containing 2−N parallel car-

1)e-mail: Afshin551@Gmail.com

bon nanotubes) or ropes during their syntheses [24]. Recently, Lien and Lin [6], described the low-energy plasmon excitations in a pair of carbon nanotubes within the tight-binding model. Also, Gumbs and Balassis [7], in the non-retarded limit, studied the collective excitations in a pair of parallel nonoverlapping cylindrical nanotubes by using the random-phase approximation and obtained a high-frequency, corresponds to in-phase longitudinal electron density oscillations along the axes of the nanotubes and a low-frequency that is an out-of-phase collective excitation of the carriers on the two nanotubes. In this Letter, we extend the previous work [17] to describe the plasma waves with the transverse magnetic mode which propagate in a pair of parallel metallic carbon nanotubes.

Let us consider a pair of parallel nanotubes with radii a_1 and a_2 which density free-electron fluid over the each cylindrical surface (per unit area) is n^0_1 and n^0_2, respectively. The distance between the two axes will be labeled d, where d > a_1 + a_2, and the used coordinates are illustrated by Fig.1. The origin of the cylindrical coordinate

Fig.1. Schematic of a pair of parallel nanotubes with radii a1 and a2, the axis-to-axis separation begin d

x = (ρ, ϕ, z) be located at the point z = 0 on the axis of the 1st nanotube. Assuming that the n_j (x_j , t) be the perturbed density (per unit area) of the homogeneous electron fluid on the j-th wall (with j = 1, 2), due to

914 Ŕĺśĳňă ć ĘİŠŤ šőň 88 ćżŕ. 11 { 12 2008 propagation of plasma wave with frequency ω, along the axis z.

Based on the linearized hydrodynamic model, one obtain the linearized continuity equation, for each nanotube,

∂n_j (x_j , t) ∂t + n^0_j ∇_j · u_j (x_j , t) = 0, (1)

and the linearized momentum-balance equation,

∂u_j (x_j , t) ∂t = − e m_e E^j_‖(x_j , t) − − α_j n^0_j

∇_j n_j (x_j , t) + β n^0_j

∇_j [∇^2_j n_j (x_j , t)], (2)

where E^j_‖(x_j , t) = E^j_zê_z + E^j_{ϕj} ê_ϕ is the tangential component of the electromagnetic field on the j-th cylindrical surface, e is the element charge, m_e is the electron mass, u_j (x_j , t) is the velocity of the electrons residing on the j-th shell and ∇_j = ê_z (∂/∂z) + a^{−1}_j ê_ϕ(∂/∂ϕ_j ) differentiates only tangentially to that surface. In the right-hand side of Eq. (2), the first term is the force on electrons due to the tangential component of the total electric field, evaluated at the nanotube surface r = a_j , the second and third terms arise from the internal interaction force in the electron gas with α_j = πn^0_j ~^2/m^2_e is the square of the speed of propagation of density disturbances in a uniform 2D homogeneous Thomas−Fermi electron fluid and β = ~^2/4m^2_e.

In the transverse magnetic wave, the magnetic field component is not in the longitudinal direction (B_z = 0) but in the transverse direction (B_r, B_ϕ ≠ 0). Using the coordinates illustrated by Fig.1 and Maxwell’s equations, we may obtain the following solutions for the longitudinal electric field E_z in the three regions,

E^1_z (x, t)= +∞∑ m=−∞ A_m I_m(κρ_1) I_m(κa_1) e^{imϕ1} e^{i(qz−ωt)} (ρ_1 < a_1), (3)

E^2_z (x, t)= +∞∑ m=−∞ D_m I_m(κρ_2) I_m(κa_2) e^{imϕ2} e^{i(qz−ωt)} (ρ_2 < a_2), (4) and E^3_z (x, t) = +∞∑ m=−∞ [ B_m K_m(κρ_1) K_m(κa_1) e^{imϕ1} + + C_m K_m(κρ_2) K_m(κa_2) e^{imϕ2} ] e^{i(qz−ωt)} (ρ_1 > a_1 and ρ_2 > a_2), (5) where I_m(x) and K_m(x) are the modified Bessel functions, κ^2 = q^2 − ω^2/c^2 and c is the light speed. On the other hands, after eliminating the velocity field u_j (x_j , t), from Eq. (1) and (2) and replace the quantity n_j by expression of the form

n_j (x_j , t) = +∞∑ m=−∞ N_{jm}e^{imϕj} e^{i(qz−ωt)}, (6) we finds N_{jm} = −i en^0_j m_e 1 Ω_j q^j_m · E^j_‖, (7)

where q^j_m = qê_z + (m/a_j )ê_ϕ and Ω_j = ω^2 − −α_j ( κ^2 + ω^2/c^2 + m^2/a^2_j ) −β ( κ^2 + ω^2/c^2 + m^2/a^2_j

)_2 . Now, we apply the boundary conditions [17] at the surface of the first wall, at ρ_1 = a_1 and express the term depending on ρ_2 and ϕ_2 in the outer cylinder in terms of ρ_1 and ϕ_1, using an addition theorem for modified Bessel functions [25],

K_m(κρ_2)e^{imϕ2} = +∞∑ l=−∞ K_{l+m}(κd)I_l(κρ_1)e^{ilϕ1} . After doing some algebra, in the low-frequency electromagnetic wave region (κ ≈ q ≫ ω/c), at ρ_1 = a_1, we obtain the matrix form,

B = MC, (8)

where B and C are vectors whose components are B_m and C_m, respectively and the matrix M has the elements

M_{mn}=(κ^2+m^2/a^2_1) a^2_1ω^2_{1p} ω^2−ω^2_1

K_{m+n}(κd)K_m(κa_1)I^2_m(κa_1) K_n(κa_2) . (9) In an analogous way, we use the boundary conditions at the surface of the second wall, at ρ_2 = a_2. We obtain,

C = NB. (10)

We note that the matrix N is obtained from M through permutation of the index 1 and 2, where ω^2_{jp} = = e^2n^0_j /ε_0m_ea_j and

ω^2_j (m, κ) = α_j (κ^2 + m^2/a^2_j ) + β(κ^2 + m^2/a^2_j )^2 + + ω^2_{jp}a^2_j (κ^2 + m^2/a^2_j )I_m(κa_j )K_m(κa_j ), (11)

are the squares of the plasmon dispersion on the cylinders j = 1 and 2. From Eq. (8) and (10), one obtains

(MN − 1)B = 0. (12)

Ŕĺśĳňă ć ĘİŠŤ šőň 88 ćżŕ. 11 { 12 2008 7^�

916 A. Moradi

The zeros of the determinant of the matrix (MN − 1) correspond to normal mode frequencies of the plasmon excitations on the surfaces of the two coupled cylinders, where the determinant is of infinite dimension. To obtain a simple form of plasmons dispersion in terms of interaction between the bare plasmon modes of the individual surfaces of the tubes and compare with twowalled carbon nanotubes, in the following we consider plasma wave which propagate parallel to an axial direction (z-direction) of the two parallel nanotube, so that from Eq. (12), by set m = 0 and n = 0, we obtain two branches for ω defining the resonant frequencies of the plasmon excitations which are clearly separated into a high-frequency, ω_+(0, κ), and a low-frequency, ω_−(0, κ),

ω^2_±(0, κ) = ω^2_1 + ω^2 2 ± √( ω^2_1 − ω^2 2 )_2 + Δ^2, (13)

where

Δ^2 = ω^2_{1p}ω^2_p(κa_1)^2(κa_2)^2 [K_0(κd)I_0(κa_1)I_0(κa_2)]^2 , (14)

gives the interaction between two parallel nanotubes. This interaction leads to shifts of the plasmon energies between the two free plasmon modes. When d decreases, the interaction will be strong and the splitting of the plasmon will be large. When d −→ ∞, the tubules decouple (i.e., △ ≈ 0) and oscillate independently of each other with frequencies ω_1 and ω_2 [see Eq. (11)]. The dispersion relations given by Eq. (13) has a structure similar to that of resonant frequencies of the plasmon excitations in two-walled carbon nanotubes and metallic nanotubes [17, 26]. In particular, in the long-wavelength limit, when each nanotube has the same radius, if we neglect the retardation effects, we obtain

ω^2_±(0, κ ≈ 0) ≈ e^2aκ^2 2ϵ_0m_e

(n^0_1 + n^0_2) | ln κa 2 | ± e^2aκ^2 ϵ_0m_e × × { 1 4 (n^0_1 − n^0_2)^2 | ln κa 2 |^2 +n^0_1n^0_2 | ln κd 2 |^2 }_{1/2} , (15)

where the lower-energy plasmon exhibits a quasiacoustic (linear) dispersion that is quite similar with the result obtained in random-phase approximation [7]. This quasi-acoustic plasmon mode seems to be a common occurrence when a splitting of plasmon energies happens due to the tubule interactions [7, 17]. To illustrate the effect of two parallel walls on resonant frequency and compare with two-walled carbon nanotubes, we choose an example of a pair of carbon nanotubes with radii a_1 = 4Δa and a_2 = 6Δa with d = 12Δa, where Δa = 3.4A^∘. To see clearly behavior of the two groups of resonant plasmon dispersions we plot dimensionless frequency ω/ω_p, versus dimensionless variable κΔa in Fig.2, where n^0_1 = n^0_2 = n_0 and

Fig.2. The dimensionless plasmon frequencies ω/ωp versus dimensionless variable κ´a in a pair of parallel nanotubes with radii a1 = 4´a and a2 = 6´a are compared with the two-walled nanotubes from Ref. 17

ω_p = (e^2n_0/ε_0m_eΔa)^{1/2}. It is clear that in two-walled carbon nanotubes the splitting of the plasmons is large compared with a pair of parallel carbon nanotubes. It can be seen that the dispersion curves will approach one for small wavelengths.

In summary, we have used the linearized hydrodynamic model in conjunction with Maxwell’s equations to describe the plasmonic response of a pair of metallic carbon nanotubes. We have found an analytical formalism of plasmons dispersion, at low frequencies, in terms of interaction between the bare plasmon modes of the individual surfaces of the nanotubes. In long wavelength limit, if we neglect the retardation effects, the result obtained in this way is quite similar with the result obtained in random-phase approximation.

1. O. Sato, Y. Tanaka, M. Kobayashi, and A. Hasegawa, Phys. Rev. B 48, 1947 (1993).

2. P. Longe and S. M. Bose, Phys. Rev. B 48, 18239 (1993). 3. M. F. Lin and Kenneth W.-K. Shung, Phys. Rev. B 47, 6617 (1993).

4. S. M. Bose, Phys. Lett. A 289, 255 (2001). 5. B. Vasvari, Phys. Rev. B 55, 7993 (1997). 6. J. Y. Lien and M. F. Lin, Phys. Stat. Solidi C 2, 512 (2007).

7. G. Gumbs and A. Balassis, Phys. Rev. B 68, 075405 (2003).

8. R. Perez and W. Que, J. Phys.: Condens. Matter 17, L367 (2005).

Ŕĺśĳňă ć ĘİŠŤ šőň 88 ćżŕ. 11 { 12 2008

9. M. Kobayashi, O. Sato, Y. Tanaka, and A. Hasegawa, J.

Phys. Soc. Jpn. 63, 2010 (1994).

10. C. Yannouleas, E. N. Bogachek, and U. Landman, Phys.

Rev. B 53, 10225 (1996).

11. X. Jiang, Phys. Rev. B 54, 13487 (1996). 12. Y.-N. Wang and Z. L. Miskovic, Phys. Rev. A 69, 022901 (2004).

13. D. J. Mowbray, Z. L. Miskovic, F. O. Goodman, and Y.- N. Wang, Phys. Rev. B 70, 195418 (2004).

14. D. J. Mowbray, Z. L. Miskovic, and F. O. Goodman, Phys. Rev. B 74, 195435 (2006).

15. L. Wei, and Y.-N. Wang, Phys. Rev. B 75, 193407 (2007).

16. T. Stockli, J. M. Bonard, A. Chatelain et al., Phys. Rev.

B 64, 115424 (2001).

17. A. Moradi and H. Khosravi, Phys. Lett. A 371, 1 (2007).

18. A. Moradi and H. Khosravi, Phys. Rev. B 76, 113411 (2007).

19. A. Moradi, Phys. Lett. A 372, 5614 (2008). 20. F. Bloch, Z. Phys. 363, 81 (1933). 21. A. L. Fetter, Ann. Phys. 81, 367 (1973).

22. U. Schroter and A. Dereux, Phys. Rev. B 64, 125420 (2001).

23. M. S. Kushwaha and B. Djafari-Rouhani, Phys. Rev. B 67, 245320 (2003).

24. J. Liu, A. G. Rinzler, H. Dai et al., Science 280, 1253 (1998).

25. M. A. Abramovitz and I. A. Stegun, Handbook of Mathematical Functions, Dover, New York, 1972.

26. A. Moradi, J. Phys. Chem. Solids 69, 2936 (2008), doi:10.1016/j.jpcs.2008.08.004.

Ŕĺśĳňă ć ĘİŠŤ šőň 88 ćżŕ. 11 { 12 2008