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ABSTRACT

The collective oscillation of electrons in a nartm#uvas investigated theoretically. Kubo formula aaslytically

derived for electron gas conductivity tensor on seface of a nanotube in a magnetic field. Thespla wave
spectrum of an electron gas on a cylindrical suefasith longitudinal superlattice was determinedngsithe

hydrodynamic approximation methods, consideringetiand spatial dispersion. Within the framework hif t
approach Poisson equation, continuity equation a&odstitutive equations were considered and theedgpn

equation was obtained for the spectrum of plasmeewaon the surface of a nanotube. The plasma waves;

band current and the spectra of waves on a semigtond nanotube surface were considered. Becausieof
dispersion equation parameter in the spectrum @sila there exists, either one branch of the specwu two

branches. The first branch describes optical Plasrdae to anti-phase oscillations of the electrongiy in the

mini-bands involved in the transitions. The sectina@nch of the acoustic is due to in phase oscdlai of the
electrons in the mini-bands. The study showedtti@Plasma waves experiences Landau damping.

Keywords. Nanotubes, Plasmon, super-lattice, inter-band nyriatra-band current, optical Plasmon, acoustic
Plasmon.

INTRODUCTION

Sumiolijima in 1991 discovered carbon nanotubes. RE3]. Together with fullerene and carbon mesopero
structures this formed a new class of nanomatesiaise properties differ significantly from thoseatiier forms of
carbon such as graphite and diamond. Currentlypthesical properties are still being discovered digputed.
What makes it so difficult is that nanotube hawesy broad range of electronic, thermal and stmattproperties
that change depending on the different kinds ofoh#re (defined by its diameter, length and chiyatit twist).
Currently there have been intensive studies optbperties of carbon nanotubes and semiconductatabes. The
energy spectrum of electrons on the surface ofarartanotube is conical, and on the surface of ¢éheiconductor
nanotube (based on gallium arsenide and its derast it's parabolic. There is increased interastthe
semiconductor nanotubes due to the fact that thewadely used in Nano electronic devices. Modeatesof the
art physical experiment allows producing them ia fdboratory.

Theoretical physicists are interested in improuimg methods for the development of systems withglgeometry
with two-dimensional electron gas on the surfaca oflinder. Presence in theory is a new parandtercurvature
structure) — this parameter increases the numbesmag$ to control the properties of the system. Adera method
of production of semiconductor nanotube allows yowreate not only a nanotube, but a nanotube sutber-
lattice. There are radial Ref. [1, 4, 5, 6] andditedinal, Ref. [7, 8] super-lattices with cylindal symmetry. Radial
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superlattice is a set of coaxial cylinders, andiisilar to the longitudinal stack of coaxial ringghe longitudinal
superlattice is created by introducing fullerermgs the nanotube Ref. [7, 8].Usually it is includadhe creation of
fullerene nanotube, as a result, the energy spectifithe longitudinal motion of electrons on thdduarises
through narrow mini-bands, separated by energy gepsse widths are defined by the modulating po#énti
amplitude Ref. [9, 10]. The study of collective gations in such systems has been a major taskanbphysicists.

In theory, the Plasmon on the tube usually usesdaythamic method Ref. [1] and the random phasecqpation
Ref. [2, 3]. But the hydrodynamic approach consdidre Poisson equation for the plasma wave poteitia
equation of continuity and the material equatidatieg the current density and electric field. Wsthese equations
and the simplest expression for the conductivityg authors of [1, 11] obtained the dispersion eéqnafor the
spectrum of surface plasma on the surface of the.tlihe authors of [1] obtained a spectrum of ibaad and
inter-band Plasmon on the tube without the supimatin the presence of the super-lattice, it'sassary to
consider the inter-band current associated withgtientum electron transitions between mini-bandhénfield of
an electromagnetic wave. Considering this curreng can see that in the spectrum of Plasmon thésts either
one branch of the spectrum, or two branches. Indtier case, one branch describes optical Plasinerto anti-
phase oscillations of the electron density in thei4mands involved in the transitions. The secomanbh of the
acoustic is due to in-phase oscillations of thetedss in the mini-bands. The corresponding brasfdhe spectrum
lie outside the electron—hole continuum, therefbeeplasma waves experiences Landau damping.

MATERIALSAND METHODS

» Theenergy spectrum of electrons on the surface of the semiconductor nanotubes (quantum cylinder).
—

¥

d
N
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Fig.1. Electronic gasin the surface of a cylinder with radius a and length L

The band-structure effects take into account thediction of the electron effective mass The symmetry of the
system allows you to find the conserved quantitilee:projection of the angular momentum of the tetecon the
cylinder axis z, projection of the momentuth(—c < k < 400) on this axis. The energy of the circular motion of

2
the electron [125%_ (M = M, = lh,] = m,a?)- moment of inertia of the electron) is equal to

h2l2
L 2m,a? 0
Where
& = i -Rotational quantum.
2m,a?

For gallium arsenide withn,~10728g ata~10~"a rough estimate yields

73
Pelagia Research Library



Ishaya Iliyasu Adv. Appl. Sci. Res,, 2015, 6(3):72-82

1054
~ lo-2810-14

£ erg~10~12erg.

-6
That corresponds to the temperatuﬁcoeﬁ K = 100K.
10

Energy of the longitudinal motion of the electron
bZkZ
Ek B

2m,’

Then the energy of an electron in a stétgis
bzkz

— 2
& = l° + .
lk 0 2m,

Levels of circular motion are doubly degeneratd (&t 0) in the direction of the moment. Zero level€ 0) is not
degenerate.

€
=x2 A I=+17

1=

>

Fig.2. showsa parabola &, for several L.

The presence of the magnetic field along the axibeinduction tubes leads to an additional rotatf the electron
tube in a clockwise direction or counter clockwitpending on the direction. As a result, the enefghe circular

motion becomes equal & = €,(l + n)? [12], wheren = “D/q:,0 and® = ma’B-magnetic flux induction through

the cross section of the tubeé, = 27“h/l e |-quantum flux. This follows from the Schrédingeruation in
cylindrical coordinates.

L(—ibv i) =ey
2m, c ’
_ 25,2
In the field (B) the energy of electron is equaldg = &,(I +1)? + sz and the stationary state of the electron

can be written as

elle 1

_ ik
(pz|lk) = ﬁﬁe‘ z,

Magnetic field shifts the ground leveél£ 0) and splits the doubly degenerate levels sge3). If0 < n < % then
€, alternate as) < n < %
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0

Fig 3.Energy levels spectrum

If% < n <1, then the sequence of lev@glternates also as_; < ggn? < e_, < & <. . .We estimate the fiel@®,
at which:

2rch  1010x10727 5
=0, B, = ~———(Gauss~10>Gauss.
0 Pm ™ opg2 10-1010-12

Reducinga 10 times increas®s,100 timesj«1lin attainable fields.Fig. 3 shows the spectrumleéteon energy at
n <1/2,

B>=0
S B=0 - .2
_|_
—2
B>0
B=0 - i
+ 1
™~ F=1
B>~0 N
Bn—0 £ 77
o ~

Fig.4. The energy level schemein alongitudinal magnetic field

The Influence of longitudinal Super-lattice leadsthe appearance of a periodic potential alongttihe axis.

Accounting for it in the strong coupling approxinegt gives the energy spectrum of electrons on tifase of the
tube as:

e = oL+ 1% + A(1 — coskd), (1)

WhereA-amplitude of super-lattice art- period of super-lattice (Fig.1.). If we execkti1, we have
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_ bzkz

€ = 2m,’
2
wherem, = 2

Ad?’

We assume that the transverse gjr) and longitudinal (in€;) effective masses are the same. Now the electron
momentumbhk becomes quasi-momentum and is limited to the Briitouin zone:—n /d <k < +m /d. In the
energy spectrum of electrons there appears mirnd-béwidth24. The level scheme is shown in Fig. 5pak 1/2.

270
I3=0 S~
+2 a
N == T2
> =, 42
B=0 ez =
=1 N 51124
=_,
1 2

Bza /_mgoﬂz
0

FI G.5.Energy spectrum of electronswith mini-band of width 24

€,xdependence is shown in Fig. 6 in the first Brilloaione[—r / d,® / d]. In case (a) there is no overlap of the
mini-bands, and in case (b) they overlap.

Eik

2A

= >
2A
1 — . -Tmld +r/d k
@ —7t/d +7t/d ®)

6

Fig 6. (a) No Overlap of the mini-bands (b) overlap of mini-band
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Electron density of states has root singularitigb@ boundaries of the mini-band (see. Fig. 7 werdapping). The
width of each of the mini-band 4.

V()
A

= C
0 2A £, €,+2A

FIG 7 v(E) vs € graph (no overlap)

RESULT AND DISCUSSION
This work is devoted to the study of the plasmacspen on the surface of the semiconductor nanotitie a
longitudinal super-lattice. The plasma on the tihstudied using hydrodynamic and random phaseoappation
methods. Hydrodynamic method was used for the finsé in Ref.[1]. They used the Poisson equation for the
scalar potential wave
AD(p, @, z,t) = —4mefi,6(p — a) (2)

wherep, ¢, z —cylindrical coordinate. Continuity equation has foem:
% 4 divy, =0 )
e, vjs =
Since
E=-vo,

then the current density on the tube in the casanofotropic quadratic dispersion law of electréns PZ/Zm
gives the material (constitutive) equation as

Js = —0VP =g

Where the Drude-Lorentz expression for conductigityas used, excluding the electron collisions:

_ en?
o=iZ% (4)

where n— equilibrium electron density. Taking into accouhé oscillations of the electron density we obtain
n, = nd + 7,. Here we use = —| e |, n, — surface electron densityS — surface current densityand w — the

wave number and frequency of the wave. Linearipadiothe system of equations (2), (3) for smalliltettons
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(fig << n?)
~elmp+az-wt). ()

The dispersion equation for density of oscillatadrelectron gas on a nanotube [1] with momentunjegtmng and
angular momenturmin the absence of magnetic fieIdEat 0) has the form:

w = Imo (7:—22 + qz) 4mal,,(qa)K,,(qa) (6)

Here Aim andhq — angular momentum and momentum of PlasmgrandK,,, — modified Bessel functions.
The solution of equation (6) (§t= 0) has the form:

4me?ang

2 m?

wm(q) ==~ (% + ¢2) ln(q@)Kn(qa) (7

At m = 0 the solution for the dispersion equation for thecebn density oscillation in axial symmetry remnes
the spectrum of intra-band Plasmon i.e. the wavglitude propagated along the tube does not deperntepolar
angle. There exist also the solution of the digpargquation ain = +1,+2, ... corresponds to interband plasma.
However atn # 0, there exists a quantum transition of electronthéwave field between minibands. Substituting
the Drude-lorentz expression for conductivity (d)oi equation (6), we obtain the known spectrumirfiber-band

and intra-band Plasmon

2 4me2an
Ding =

™+ 42) n(q@)Kn(qa). ®)
(5 + )

my

We used Kubo method to calculate the inter-banteatiand obtained the transverse conductivity
e?ns e2hkom2wm (9)

Imo, (m, w) = —— P e PR

and longitudinal conductivity
ezﬁ 2eMkocwm (10)

Imoy =
I m,w = 3mm2aw(w?-w)’

wherew,,, = 1/5 gom?— the frequency of direct transitions of electromstween mini-bandd — m, m=
+1,42,....

In formulas (9) and (10) at temperatdte= 0 only the lower mini-band with numbér= Qis filled We have not

taken into account the spatial dispers{gw; < w) conductivity. In Fig. 8 the transitions witlm # 0 is shown,
when there is no overlap of mini-band. Hgre the Fermi energy,

hky, = h/d arccosA - “/A —the maximum momentum of the electrons in the némid wheh = O,nS < 1/77ad
. There exists a connectiméwith ko:

S:ﬁ,l =0.
m°a

We have included formula (9) and (10) into the disppn equation (6) and obtained the following tesuturned
out that the solution depends on the dispersioatezuparameter:

n

3m?2

Ay = ———
dm*a*ng?
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This characterizes the oscillator strength for nesce transition) — M of electrons between the mini-bands.

L
I=x2
I==x1
1=0
RAVIV4
\L’/Ii - [
0

Fig.8. Inter-band energy spectrum transition whenm # 0

Normal, Optical and Acoustic dispersion spectrum

If a,, < 1, there is one root dispersion equation ab&%

1 4 q?a?  1-«a
wzm(Q) =3 [wzo + w?, + \/(wzo + w?2,)? + ;wzowzm _] (11)
2

me 1+qzaz/m
Here ag equals equation (8); ? = lgomz- The frequency of the single-particle electromsitions electron

0 -~ m. Fig. 9 shows the frequency of the wave (1&)iq=ai% (solid line) and wave (8)
10

., Q
quZ % (dashed curve) as a function of =ga for m=1and a;=0.75 Here
10

2/ Vo
Qlo=(2”e%ba) — limiting frequency for the wave with the speatru(8). Parameter values

m,=0.64010%% g ( GaA a=10"" cm,kya=1 are used. Under the conditiddy <1 the Fermi level
lies in the upper half of the mini-band.

If a,, > 1 we get two branches connected with e@deh m transition:

w?4(m,q) = [wzo + w2 £ J (% + w2)2 = ngowzmﬁ“—‘l]. (12)

2q2
me 1T

w; (1, .
Fig. 10 shows the dependence of the wave frequerft®) , (1,q) =% ( % (solid and dashed-dotted
B 10

, _Q
curves) and wave (85'21q = % (dashed curve) as a function &f= qa under m=1and a; = 3. The
10
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above mentioned values ofy;, @ and Kya= 0.5 were used. In this case the Fermi level lies eltwer half of

the mini-band.The branches (11) aag] (12) are positioned aboveg),,, and the brancheg) (12) are belowe,, .
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0.9 L L L
(o] 0.5 1 15 2 2.5

X

Fig.9 the dispersion curves of waveswith spectrum (11) (solid line) and with spectrum (8) (dashed line) under m =1, a; < 1

0.8 b

0.6 T e

0.2 P i

0 0.5 1 1.5 2 2.5
X

Fig.10. thedispersion curves of waveswith the spectrum (12) (solid and dashed-dotted curves) and with spectrum of (8) (dashed lines)
under m=1,a; > 1

In the limit of long wave§ja « 1, and att,,; <1)from Equation (11), we obtain
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(e qa+4( af‘"f e (] 03

0? W 22
2 — 2 mo 2 m-4"mo
Wmq = @mo[l + 57 S0 2m2(m2‘1) (90) + S o) (-am) (o a@™" (14)

of, = oy 1+

the critical frequencies of waves with spectra @3 (14) are

W = W+ Q%9 = gfm*+ Z;I;)izn* (15)

where zﬂezrg - frequency depolarization shift. Ag depends dk, then this shift can be judged on the
ol

parameters of the superlattfie(period) andd (modulating frequency).

Atd, >1, the expressions (13) and (14) are true for thgeupranchw), . The bottom branchw. has the sound
spectrunm)_ (m q) = G, G, where

= o) 5 ) =

Optical @, and acoustia. branches are connected with in-phase and antieptiassity oscillations of electrons
which participate in longitudinal and transversaition on the tube.

CONCLUSION

This work is devoted to the study of Plasmon spectron the surface of semiconductor nanotube with a
longitudinal superlattice. Plasmon on the tube stadied by the hydrodynamic approximation methadstudying

the propagation of electromagnetic waves on théaserof a semiconductor nanotube the understanadirthe
electron gas conductivity tensor components is hwalitle, noting that the field nature in the tube @haracteristics
wave properties are responsive to the surface murfhis work showed that with an understandingtiod
conductivity tensor the data of an electron gas banobtained. The study showed that the Plasmoresvav
experiences Landau damping.

The main results of this work are following:

1.Obtained Kubo formula for the conductivity tensbthe electron gas on the surface of the nanotube.
2.0btained dispersion equation for the spectra adrplawaves on the surface of nanotubes using hydaoaig
approach.

3.Calculated spectra of Plasmon on the surface ad¢h@conductor nanotubes with longitudinal suptdet
4.Show that both optical and acoustical Plasmon cprogagate along the tube with one sort of carriers

5.0ptical @, and acoustica). branches are connected with in-phase and antephbassity oscillations of
electrons which participate in longitudinal anchsgersal motion on the tube.
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