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The frequency dependences of the surface conductivity of carbon nanotubes of zigzag-configuration
have been investigated in the single-electron approximation. The calculations have been performed for
nanotubes with semiconductor and metallic conductivity. The influence of chirality on the total conductivity
and its individual components has been analyzed.
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1. INTRODUCTION

Development of modern nanoelectronics creates the
basis for a new step in solving the problem of miniaturi-
zation of the data transmission, receiving and processing
devices. The use of the latest advances in molecular ele-
ctronics which manipulates single atoms and molecules
is one of these steps. It is based on the use of new nano-
materials, such as fullerenes and carbon nanotubes [1-7],
organic polymers [8], structures on the basis of quantum
wells, wires and quantum dots [9]. Such systems are the
nanoscale inhomogeneities of different nature and con-
figuration, which provide a spatial restriction of charge
carrier motion in one or several directions.

Spatial quantization of the electron motion leads to
discretization of the energy spectrum with energy lev-
els determined by size and shape of the nanostructure.
This effect, in particular, conditions a unique property of
single-walled carbon nanotubes of zigzag-configuration
to change own conductivity by several orders of magni-
tude, from semiconductor to metallic one, by changing
the radius by a few angstroms [10].

Except the effect of spatial restriction of charge carri-
er motion, typical for nanostructures spatial inhomogene-
ity creates in them nanoscale inhomogeneities of electro-
magnetic fields. In many cases they generate a signifi-
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Thus, the aim of this work is to study the behavior
of high-frequency conductivity of carbon nanotubes of
zigzag-configuration with different chirality.

2. STATEMENT OF THE PROBLEM

Let us consider a single-layer carbon nanotube whose
axis is oriented along the z-axis of the Cartesian coor-
dinate system. We assume that a plane electromagnetic
wave E(f) = e, &e @t polarized along the nanotube axis is
incident on the nanotube, and the wave number k (and,
correspondingly, direction of the wave propagation) is
perpendicular to the carbon nanotube axis. Electromag-
netic wave excites in the carbon nanotube electric current
of the density of j(f) = ejo(w)eivt. Hereinafter, we will
assume that wavelength A= 27/ | k| is much larger than
the radius of the carbon nanotube, but is much less than
its length L. In this case, amplitude of the current (indu-
ced in the nanotube) density jo(w) and amplitude of the
plane wave & are connected by the relation

Jo(®) = o(w)&, @

where o(w) is the surface conductivity of the carbon nano-
tube, which in the single-electron approximation can be
written in the form of [12]

cant spatial dispersion that plays a substantial role in o(®) = o1(@) + on(@) )
materials optics [11]. High-frequency conductivity is one ’
of the main optical characteristics of carbon nanotubes. where
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are the parts of the surface conductivity conditioned by
the intraband and interband transitions, respectively. In

3), (4): t1is the relaxation time, R= \/— m:+mn+n?|/2x
3), 4) 36V

is the radius of the single-layer nanotube; m, n are the
chirality indices; b = 0.142 nm is the interatomic distance
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in the crystal lattice of graphene; p is the quasi-momen-
tum of electrons varied in the range of —a < p < a;

flec(ps)]= {exp(wj +1}1 ®)
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is the Fermi-Dirac distribution; 7" is the temperature of
the electron subsystem of the carbon nanotube;

gc(p,s):yo\/l+4cos@cos”—8+4cos2”—8 (6)
2h m m

is the dispersion low of motion of 7-electrons in the con-
duction band, y, = 2.7 eV is the overlap integral;

is the frequency of the interband transitions;
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Calculating the derivatives with respect to momen-
tum and substituting the obtained results into (3), after
some mathematical transformations we have

e 1
Gl(w)z——1(7+iwjfl, 9)
27r2hR(a)2 + 7) t
T
where the following designation is introduced:
2 3pb
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byg 3pb s 9 7S Substituting formulas (5)-(8) into (4) and separating
Koo (p,s) =" 92 (p s) 1+cos 9% COSE ~2c m ® the real and imaginary parts, we obtain
2,40,
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is the matrix element of the dipole moment operator of P (a)) B % Z Z += Z 1)
7R s\t 2
the carbon nanotube [13].
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In the sequel, we will use formulas (9) and (11) for the
calculations of the high-frequency surface conductivity of
nanotubes of different chirality.

3. CALCULATION RESULTS AND DISCUSSION

Calculation was performed for the nanotubes of zig-
zag-configuration at room temperature in the case, when
relaxation time is equal to = 3-10-14 g,

In Fig. 1 we present the dependences of the real and
imaginary parts of the intraband conductivity on the
frequency for carbon nanotubes with chiralities (14.0)
and (15.0). As seen from the figure, behavior of the real
part of the conductivity for these nanotubes coincides
qualitatively. However, they differ quantitatively by abo-
ut two orders of magnitude because of higher occupancy
of the conduction band in the case of a nanotube with
metallic conductivity. A similar picture also takes place
for the imaginary part of the intraband conductivity.
Difference in the behavior between Imo; and Reo; con-
sists only in the fact that Imo; at relatively small fre-
quencies increases to the maximum, which takes place
at o ~ 51013 571, while Reo; permanently decays. This
fact is conditioned by the increase in the intensity of the
transitions at the given frequency.

For the interband conductivity (Fig. 2) oscillations of
both the real and imaginary parts take place. At that,
for the case of metallic nanotubes oscillations of the real
part start at @ = 5:10% s-1, and for semiconductor ones
— at @ ~ 1015 571, Oscillations appear in the case, when
electromagnetic wave frequency coincides with the fre-

4% (p,s
M—w2+% 1408 22P cos 78 _9c0s? TS
Jt} T 2h m

2 2 2
(‘Lgc(fo’s‘)_w%,l} +4i2 & (p,s)
T

gf(p’s)Jdp. (13)

quency of the electron interband transitions. Oscillation
amplitude of Reoy is large for nanootubes with chirality
(14.0). Oscillations of Imoy, of nanotubes with (15.0) start
at @~ 2.710% ¢!, and of nanotubes with (14.0) — at
® ~ 1015 g1 that is explained by a larger value of &.(p, s)
for nanotubes with metallic conductivity at fixed p and s.

In Fig. 3 we show the frequency dependences of the
“total” conductivity for nanotubes with chirality (14.0)
and (15.0). Oscillation amplitudes of the imaginary part
are one order of magnitude less than the oscillation am-
plitudes of the real part. Moreover, oscillations of Rec
for a nanotube with metallic conductivity start at smal-
ler frequencies than for a nanotube with semiconductor
conductivity and have a larger period and less amplitude
(see Fig. 3a). While for the Imo— vice versa — in the case
of metallic nanotubes oscillations are exhibited at higher
frequencies than for semiconductor ones, and their am-
plitudes and periods are almost equal (Fig. 3b).

In contrast to the high-frequency range, in the low-
frequency range (o < 10! s-1) conductivities of semicon-
ductor and metallic carbon nanotubes differ significantly
from each other. Thus, the real part of the conductivity
of nanotubes with (15.0) decreases with decreasing field
frequency reaching the minimum at @ ~ 6-10 s, and
then it increases by two orders of magnitude. For nano-
tubes with (14.0), Reo also decreases with decreasing
frequency reaching the minimum at o ~ 104s-1, and
then it slightly increases. This is conditioned by the fact
that contribution of the interband motion of electrons to
the conductivity decreases with decreasing frequency. In
this case, contribution of the intraband motion of elect-
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Fig. 1 — Frequency dependences of the real (a) and imaginary (b) parts of the intraband conductivity of carbon nanotubes with

chiralities (14.0) and (15.0)
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Fig. 2 — Frequency dependences of the real (a) and imaginary (b) parts of the interband conductivity of carbon nanotubes with

chiralities (14.0) and (15.0)
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Fig. 3 — Frequency dependences of the real (a) and imaginary (b) parts of the “total” conductivity of carbon nanotubes with chiral-

ities (14.0) and (15.0)

rons becomes the dominant one. In connection with the
fact that density of electronic states in the vicinity of the
Fermi level of metallic carbon nanotubes is not equal to
zero, contribution of the intraband motion of electrons to
the conductivity of metallic nanotubes is large that leads
to larger values of the conductivity. In semiconductor
nanotubes, density of states in the vicinity of the Fermi
level is equal to zero that leads to a weak occupancy of
the conduction band of the given types of nanotubes at
room temperature and, correspondingly, to a very small
contribution of the intraband motion of electrons to the
conductivity. Because of the fact that in the low-frequency
range contribution of the intraband motion of electrons

to the conductivity of metallic nanotubes dominates over
the contribution of the interband transitions, then for the
calculation of the metallic nanotube conductivity in this
range we can neglect the second term in expression (2).
In Fig. 4 we illustrate the dependences Reoi(w) and
Imoi(w) of carbon nanotubes with (2.0) and (3.0). Behav-
ior of the real part of the conductivity for nanotubes with
semiconductor and metallic properties coincides quali-
tatively. However, they differ in magnitude by about 20
orders that is explained by a weak occupancy of the
conduction band of these nanotubes. If compare Fig. 4
and Fig. 1 we see that the real part of the conductivity
of metallic nanotubes has the following behavior with
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Fig. 4 — Frequency dependences of the real (a) and imaginary (b) parts of the intraband conductivity of carbon nanotubes with

chiralities (2.0) and (3.0)
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Fig. 5 — Frequency dependences of the
chiralities (2.0) and (3.0)
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Fig. 6 — Frequency dependences of the real (a) and imaginary (b) parts of the “total” conductivity of carbon nanotubes with chiral-

ities (2.0) and (3.0)

decreasing chirality indices: at o ~ 1012+ 1013 -1 they
almost do not differ, and at higher frequencies decrease
in the conductivity for nanotubes with larger chirality
index is more significant. Behavior of Reo; for the case
of nanotubes with semiconductor conductivity and chira-
lities (2.0) and (14.0) is qualitatively similar, but they
differ in magnitude by 18 orders. For the imaginary part
of the intraband conductivity dependences are also sim-
ilar. However, in the case of smaller chiralities, the ma-
ximum is less pronounced. The picture is quantitatively
the same as for the real part: for metallic nanotubes the
value of Imoj is close and for semiconductor nanotubes

it differs by 18 orders. Such a substantial difference in the
values of the conductivity for semiconductor nanotubes
is conditioned by the band structure features.

Fig. 5 shows the behavior of the real and imaginary
parts of the interband conductivity for nanotubes with
chiralities (2.0) and (3.0). The real part of the conducti-
vity of nanotubes with semiconductor properties mono-
tonously increases and the imaginary one monotonously
decreases with increasing frequency. Oscillations of both
the real (starting from @ ~ 104 s-1) and imaginary parts
take place for metallic nanotubes in contrast to the semi-
conductor ones. At that, with increasing frequency the
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oscillation amplitude of Reoy increases and their period
decreases, while for Imoy both the oscillation period and
their amplitude increase. Explanation of this fact is si-
milar to the case of the interband conductivity of nano-
tubes with chiralities (14.0) and (15.0).

For the total conductivity of nanotubes with chirality
(3.0) (Fig. 6a) one can observe the decay of the real part
to o ~ 101 571, and then the increase with oscillations
(period decreases and amplitude increases with increa-
sing ®). In the case of semiconductor nanotubes, Rec
monotonously increases all the time that is explained
by the dominant role of the interband conductivity. The
imaginary part of the total conductivity of nanotubes
with chirality (2.0) remains almost constant till the fre-
quency of w~ 10 g1, and then it sharply decreases.
For nanotubes with chirality (3.0), the imaginary part
has the following behavior: at first, it increases to the
maximum at ® = 3-1013 s-1, then it decays, and weak
oscillations are observed at @ = 2-10'% s-1, Thus, at fre-
quencies of ® < 2-10%5 s-1, the main contribution to the
total conductivity of nanotubes with chiralities (2.0) and
(3.0) is determined by the intraband conductivity, and
at higher frequencies — by the interband one.
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