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The resonant frequency of the collective electron oscillations in a conductive
nanofiber is calculated. The friction force acting on the oscillating collective
electrons from the side of the ions is taken into account. Due to the action of
this force, the phase shift between the phase of the applied external homoge-
neous alternative electric field and the phase of the oscillating movement of
the collective electrons appears. This phase shift is also calculated. Measured
resonant frequency, phase shift, and/or resonant amplitude could be used to
calculate the relaxation time t responsible for the friction.

PaccunTana pe3soHaHCHAA 4aCTOTa KOJIJIEKTUBHBIX 3JIEKTPOHHBIX KOJIe0aHUH B
MIPOBOAAINEM HAHOBOJIOKHE. YUTeHa CuJja TPeHUs, JeHCTBYIOINAasa Ha KOJLIEK-
TUBHO KOJIeOIIoIecs 3JeKTPOHBI CO CTOPOHBI MOHOB. Biaromaps melicTBUIO
9TOU CUJIBI MOABJSAETCA (ha30BBINA CABUT MeKY (ha30il MPUJIOKEHHOTO BHEIII-
HEro OJHOPOAHOTO IIePEMEHHOT0 3JIEKTPUUECKOro MoJid 1 (a30ii KoJiebaTesb-
HOTO IBVYKEHUA KOJIJIEKTUBHBIX 3JI€KTPOHOB. JTOT (pa30BBII CABUT TAKIKE pac-
cuntaH. IsmMepeHHAasa pe3oHAHCHAA YacTOTa, (DA30BBINA CABUT ¥ /WJIU aMILJIUTY-
Jla pe30HAHCa MOTYT UCIOJIb30BATLCA JJIs PACUETA BPEMEHU peJlaKCallum T, OT-
BETCTBEHHOTO 3a TPEHUE.

PospaxoBaHO pe30HAHCHY YaCTOTY KOJIEKTUBHUX €JIEKTPOHHUX KOJIMBAHb Y
IPoBigHOMY HaHOBOJIOKHi. BpaxoBaHo cuiy Teprda, AKa naie 3 OOKy HOHIB Ha
€JIeKTPOHU, II0 KOJIEKTHUBHO KOJHBAIOTHCA. 3aBAAKHU Oii Iiel cuam 3’ saBisd-
eTbca (pasoBUil 3CYyB MiK (hasoro IPUKJIALEHOTO 30BHIIIHBOTO OAHOPiAHOTO
3MiHHOTO eJIEKTPUYHOTO HOJA Ta (ha30i0 KOJUBHOIO PYXY KOJEKTUBHUX €JIeK-
TpoHiB. Ileit (hazoBuii 3cyB TaK0K po3paxoBaHo. BumipioBaHi pe3oHaHCHA yac-
ToTa, (ha30oBUil 3CyB i/a00 aMILIiTyAa Pe30OHAHCY MOKYTh BUKOPUCTOBYBATHUCA
IJId PO3PaxXyHKY Yacy pejakcarrii T, BiIIoBiTaapHOTrO 3a TePTH.
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1.INTRODUCTION

Collective oscillations are the most prominent features of the excita-
tion spectrum of all the many particle systems, from macroscopic bod-
ies like metal samples, to clusters, molecules, atoms, and nuclei.

Collective electron oscillations determine, to a large extent, the
cross-sections of interaction of all the above-mentioned objects with
electromagnetic radiation and fast charged particles.

Langmuir or plasma frequency of the collective electron oscillations
in bulk conductors is presented by the following relation[1]:

o, = 4ne’n/(em). (1)

Here, e > 0 is the elementary charge, m is the electron effective mass, n
is the number of the electrons per unit volume of a sample (the electron
density), and € is the dielectric constant of a material. Langmuir oscil-
lations are the oscillations of the collective electrons as a whole body
without changes in the electron density, which remains a homogeneous
one throughout a sample. Langmuir oscillations are the lowest energy
oscillations. Higher energy oscillations correspond to plasma waves
with wave vector of the oscillations k, their frequency w(k) = oy, + ofk|?
(here, ais a constant) (see, e.g., Ref.[2]).

Oscillations of the collective electrons as a whole body, without
changes in the electron density in a carbon nanotube are studied in Ref.
[2]. In this work, the homogeneous longitudinal collective electron os-
cillations with angular frequency inversely proportional to the square
root of its length are found in a carbon nanotube.

Here, we shall consider the same type of the oscillations in a conduc-
tive nanofiber, taking into account the friction force acting on the col-
lective electrons from the side of the ions. Due to the action of this
force, the phase shift between the phase of the applied external homo-
geneous alternative electric field and the phase of the oscillating
movement of the collective electrons appears. The relationship be-
tween this phase shift and the relaxation time 1T responsible for the
friction is found.

2. MODEL FOR NANOFIBER

Let us consider a conductive nanofiber of a length I, which is assumed
to be essentially larger than the nanofiber diameter 2R. The nanofiber
is placed in a dielectric media with dielectric constant €. We assume
also that the nanofiber diameter is essentially smaller than the screen-
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ing radius and the skin-effect penetration depth. This allows us to as-
sume that the collective electrons move as a whole without defor-
mation along the axis of a nanofiber relative to the ions in an oscillato-
ry fashion.

Let us shift the electrons in the layer by a distance s along the axis of
a cylinder. As a result of the shift, we have opposite charges on the ba-
ses of the cylinder, ¢ = +esN /I (here, N is the number of the collective
electrons in the nanofiber). The two bases are situated rather far away
from each other; so, they should be treated as two separate charged
disks. A disk is a limiting case of flattened ellipsoid of revolution
(ovoid), with half-axes a < b = c. Therefore, the capacitance of a disk is
that of the ovoid at a =0 and b = ¢ = R, that is the capacitance of a disk
situated in a vacuum C = 2R/ [3]. The electrostatic energy of the two
charged disks is U, = 2¢%/(2¢C) [4]. Taking into account that g =+esN/I,
we have U, = ne?s2N?/(2el?R). The interaction energy of the two charg-
es, e’s?N?/(el®), is 2R/(nl) times smaller than U, and could be neglected.
So, the force acting on all the collective electrons oscillating as a whole
body (the lowest energy oscillations) could be approximated as
f.=—0U,/0s = -me®’sN?/(¢l’R). This force is a restoring one. The restor-
ing force can be presented as f,=— 03(2, Nms, where

nN e R
W, = —=,— 2
" " \Nemr1 N4l © (2)

is the intrinsic frequency of the longitudinal oscillations of collective
electrons in the nanofiber or the carbon nanotube [2].

3. FORCES ACTING ON COLLECTIVE ELECTRONS

We shall take into account the force acting from the side of the alter-
native homogeneous external electric field, applied along the axis of a
nanofiber E, —eNE, the restoring force mentioned above, and a friction
force, —kN(ds/ot), a standard expression for the friction force. Here,
ds/0t is the velocity of the collective electrons. To calculate the & coef-
ficient, let us consider stationary case with homogeneous external
electric field, E,, being applied along the axis of the nanofiber. In this
case, ds/dt = —(et/m)E,, where et/m is the mobility of the collective
electrons [5], T is the corresponding relaxation time. As a friction
force, k(et/m)NE,, together with the force arising from the external
electric field, —eNE,, comprise zero, we have k& = m/t. Therefore, the
total force acting on collective electrons is

f = —eNE-oiNms— "N (3)
T Ot

We shall further consider a case when E = E,sinwt.
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4. NEWTON EQUATION AND ITS SOLUTION

Newton equation is mN(0%s/0t?) = f. Let us look for the solution in the
following form: s =sysin(wt — @), where ¢ is the phase shift. Then, the
equation of motion yields:

tgo = 0/[1(0,* - w?)] or T=0wctge/(w,* - w’). (4)

It should be noted here that the phase shift ¢ is positive when w,? > w?.
When o,? < w? the phase shift ¢ is negative.
Newton equation also yields

8o =—(et/m)E[t3(my? — ®?)? + m?] /2, 5)

According to Eq. (5), the amplitude s, has a maximum at = ®,, where

®. =, |0 1
= JoE - —.
8 212

(6)

It follows from Eq. (6) that the resonant frequency w, is shifted to low-
er value due to the friction. The maximum amplitude at the resonance
is

Som = E¢et/(may). (7

At w,T much larger than one, the resonant frequency tends to w, and
the maximum amplitude is very large, as should be.

5. DISCUSSION

The friction force acting on the oscillating collective electrons from
the side of the ions has been taken into account. Due to the action of
this force, the phase shift between the phase of the applied external
homogeneous alternative electric field and the phase of the oscillating
movement of the collective electrons appears. This phase shift has been
calculated. The shift of the resonant frequency is calculated too, as
well as the maximum amplitude.

Results of the measurements of the phase shift, the shift of the res-
onant frequency, and the maximum amplitude could be applied to cal-
culate the relaxation time 1 responsible for the friction. If the friction
is not strong (7w, is essentially larger than unity), the resonant fre-
quency tends to the intrinsic one, the phase shift is negligible and Eq.
(5) yields as follows:

So = eEo/[m((Doz - (1)2)]- (3)
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Equation (8) shows also that in this limit w, is really the intrinsic fre-
quency of the longitudinal oscillations of collective electrons in a nano-
fiber or a carbon nanotube [2].

It should be noted here that the same calculations are also relevant
for the dipole oscillations of the collective electrons in a fullerene mol-
ecule [6]. In this case, w, is the intrinsic frequency of the dipole oscilla-
tions of the collective electrons in the fullerene molecule (see Eq. (9) in
Ref.[6]).
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