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Abstract. The physics of surface plasmons has a long tradition in condensed
matter theory but as the dimension of the systems reaches the nano scale, new
effects appear. In this work, by calculating the absorption spectra of a single
wall carbon nanotube, using time dependent density functional theory, the effect
of adding/removing electrons on the surface plasmon energy is studied. It is
shown that removing electrons from the single wall carbon nanotube does not
affect the surface plasmon energy peak. In contrast, adding electrons to the
single wall carbon nanotube will redshift the plasmonic peak energy, an effect
that is explained by an increase of the electron effective mass.

1 Introduction

The surface plasmon on metals has a long history that started with the explanation of exper-
imental results by Pines and Bohm [1-3]. Pines and Bohm explained that the longitudinal
oscillation of the electron density observed in thin metal films when bombarded with fast
electrons is due to long-range coulomb interaction of the valence electrons in the metal films
[1-3]. The latter authors coined the term "plasmon" to describe the collective oscillation of
the electron density due to the similarity with the electronic plasma oscillations in gas dis-
charges [1-3]. Finally, Stern and Ferrell [4] also described these collective oscillations of the
density as surface plasmons.

It is important to distinguish between bulk and surface plasmons. Using classic electro-
dynamics the bulk plasmon dispersion relation can be retrieved by solving V - D = 0 for field
propagating in a medium with no sources, giving two solutions. The first solution of the latter
equation is the bulk plasmon and second is the dispersion relation for photons propagating in
a medium which is called a polariton [1, 5]. The surface plasmon dispersion relation is ob-
tained following a similar procedure but solving the V- D = 0 for electric fields propagating
in the upper and lower half-spaces of the surface.

As the dimension of the system is reduced, a quantum description of the surface plas-
mon is needed. The field that studies the plasmonic oscillations using quantum mechanics
is termed quantum plasmonics [6]. The use of quantum mechanics to describe the surface
plasmons comes from the fact that classical electrodynamics fails to describe plasmonic res-
onances at sub-nanometer gaps [7]. In fact, Drude’s model is usually employed to describe
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the surface plasmons of small nanoparticles. Nevertheless, Drude’s model fails in the pre-
diction of the blueshift of the plasmonic peak energy when decreasing the nanoparticle size
[8]. The latter is due to the fact that for small particles the dielectric function cannot de-
scribe a small molecule. On way to overcome the limitations of the classic approach is to
use time dependent density functional theory (TDDFT) [9, 10]. Using TDDFT, Zuloaga et.
al. [11] found that the optical spectra is very different from the ones obtained using classical
calculations. The latter authors concluded that the electron spill-out at the surface induces
a screening that is not captured using a classical calculation. Townsend et. al. [12], using
TDDFT, characterised the resonances of metallic nanoparticles investigating which charac-
teristics are important to decide if a resonance is plasmonic. In another related work, Yan
et. al. [13], using TDDFT, demonstrated for a linear atomic chain the existence of end and
central plasmon resonances. The existence of plasmon resonances at the nanoscale opens the
route for plasmonic nanosensors. In fact, as discussed in [14], this type of sensors are able to
detect single molecules. Furthermore, the existence of surface plasmon resonance modes in
nanoparticles enables their use as biochemical sensors, among other applications [14]. The
observation of a surface plasmon in the optical response of single-wall nanotubes (SWCNT)
[15] can pave the way for the construction of new type SWCNT plasmonic sensors with a
vast application range. In a previous work [16] the plasmonic peak in the optical spectra of
SWCNT was studied in detail. The purpose of this work is to study, theoretically, the sta-
bility of the surface plasmon seen in metallic carbon nanotubes [16] upon electron addition,
removal and adsorption of organic gases.

This work is organized as follows. In the methodology section we present the details of
the theoretical calculation. This is followed by the results and discussion section and the main
conclusions.

2 Methodology

In this work we use density functional theory (DFT)[17] and TDDFT to calculate[18] the ab-
sorption spectra, the paramagnetic current and the density of states (DOS) of a (3,3) SWCNT
with removed/added electrons. In the framework of DFT/TDDFT the Hamiltonian is given
by Equation 1.

P | 1
H=2(=iV4 —Aw)? +7 (1)

where A,y is the external vector potential. For an uniform static magnetic field B ap-
plied to a finite system with zero total spin, the vector potential, A, can be defined using the
Coulomb gauge by:

A(r) = %B Xr )
The time-dependent Kohn-Sham (KS) orbitals are determined using the Hamiltonian of
Equation 1 where ¥ is the KS effective potential that can be decomposed in an external po-
tential, an Hartree potential and an exchange-correlation potential. In our calculations we
used a uniform real space grid to discretise the equations. Spacing was 0.20 A and the sim-
ulation box was constructed by joining spheres of radius 3.5 A around every atom. For the
time domain, a time step of 0.000658 fs was employed for the propagation of the KS equa-
tions. Finally, the exchange-correlation potential was approximated by using the local density
approximation.
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In this work, the finitt SWCNT were generated ! with 15 translations of the unit cell
along the tube orientation and the terminations of the finite SWCNT were passivated with
hydrogens. Finally, all the structures were optimised within DFT using the exchange func-
tional of Tao et el (TPSS) [19] and using Def2-TZVP basis sets with Grimme’s D3 dispersion
corrections, as provided by the ORCA package[20].

3 Results and discussion

As the size of the system diminishes, the stability of the surface plasmon upon electron re-
moval and addition becomes increasingly important for the final electronic design of the
device. In Figure 1 we present the theoretical spectra of a SWCNT when pairs of electrons
are removed from it.

= 45 ‘ ‘

5 w0l , 0 charge |
3 | +2 charge

8 35} | +4 charge -
c 30} ‘ +6 charge |
2 \ +8 charge

8 25 B |

193] |

o 15 \J -
(@] | ) i
c 10 |

%— 5} J j \\ ]
5 0= T .
8 5 L L I 1

< o 2 4 6 8 10

Energy (eV)

Figure 1. Absorption spectra of a SWCNT when electrons are removed from it.

It is possible to observe in Figure 1 that the plasmonic peak[16] energy, the first one,
remains the same when the electrons are removed. In fact, by observing the density of states
(DOS) of SWCNT, Figure 3, it can be shown that it remains the same. But absorption spectra
peak heights depend on the number of electrons in each system.

In Figure 2 we present the absorption spectra for a (3,3) SWCNT with added electrons.
As can be seen in the latter figure, adding electrons to the SWCNT will redshift the surface
plasmon peak.

This redshift can be understood by looking at the DOS presented in Figure 4, where it
can be seen that adding electrons to a SWCNT will redshift the DOS. Hence, this shift in
DOS will induce the observed shift in the absorption spectra. Interestingly, the DOS does not
change when electrons are removed, as can be seen in Figure 3.

A possible explanation for the change in the DOS upon electron addition is the increase
of the effective mass of the electrons[21] due to Coulomb repulsion, that will reduce the
excitation energy for low bounded electrons. It should be stressed that in phenomenological
models of [21] the plasmonic regime, a critical density that depends on the motion of electrons
dictated by Coulomb repulsion rather than a confinement of the carriers is achieved. It is
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Figure 2. Absorption spectra of a SWCNT when electrons are added to it.
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Figure 3. DOS for a SWCNT when electrons are removed from it.

possible to observe in their work a redshift of the plasmon peak with the increase of the
carrier effective mass. One point that should be discussed regarding the model of [21] is
that, for the latter model, adding carriers to a system will blueshift the energy of the surface
plasmon, a behaviour contrary to what is observed in this work. This can be explained by the
high electron density of the metallic SWCNT, that remains practically unchanged with the
addition of a few electrons.

Taking in mind the last observation, we concluded that the electrons added to the SWCNT
will not participate directly in the collective resonance that forms the surface plasmon, but
will contribute to an increase of the SWCNT electron effective mass that, as discussed in
[21], will redshift the surface plasmon energy.
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Figure 4. DOS for a SWCNT when electrons are added to it.

4 Conclusion

In this work we study the stability of the surface plasmon upon electron removal/addition.
We demonstrate that removing electrons from a (3,3) SWCNT does not affect the plasmonic
peak energy present in the SWCNT absorption spectrum. But electron addition will induce
a redshift in the plasmonic peak energy, correlated to a redshift of the DOS. This redshift of
the plasmonic energy peak with the addition of electrons can be related to the increase of the
electron effective mass that, due to Coulomb repulsion, reduces the excitation energy for low
bounded electrons.
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