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Abstract

A theoretical investigation of the mechanical, vibrational and electronic properties of single walled carbon nanotubes

(SWCNTs) with the armchair (5,5) and zigzag (10,0) geometry is carried out in detail. The Poisson ratio, Young

modulus and Raman active frequencies for these types of SWCNTs are calculated within a simple vibrational model.

The electronic spectra of the SWCNTs are obtained using a tight-binding calculation. The theoretical results are

compared with the available experimental ones. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Since their discovery in 1991, single walled
carbon nanotubes (SWCNTs) have been presented
as very promising materials both for the funda-
mental science and technological applications in
the nanoengineering [1].

The various SWCNTs are characterized by the
two numbers (n,m), which describe how the
graphene sheet is rolled up to establish the nano-
tube. The SWCNTs with n ¹ 0 and m� 0 are called
zigzag, the nanotubes with n�m are called arm-
chair, and all other nanotubes are called chiral.
The vibrational and electronic properties depend
strongly on the type of the SWCNT. The general
(n,m) type of the nanotubes is metallic if n ) m is a
multiple of three. Otherwise, the nanotubes are
semiconducting with the predicted energy gap [2]

eg � bp

d0

R0

: �1�

Here bp is the overlap integral between two
p-electrons, located on nearest neighbor carbon
atoms, d0 is the average distance between the
neighboring carbon atoms and R0 is the nanotube
radius which is determined by the following
formula for the zigzag (n,0) nanotube:

R0z �
���
3
p

nd0

2p
: �2�

For the armchair (n,n) nanotube we have

R0a � 3nd0

2p
: �3�

The vibrational frequencies of the SWCNTs are
classi®ed by their symmetry species. Particularly,
the Raman active vibrations are for the zigzag
nanotube

Cz � 4A1g � 4E1g � 8E2g �4�
and for the armchair nanotube
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Ca � 3A1g � 6E1g � 6E2g: �5�
In this paper the Raman active frequencies of

the SWCNT with the zigzag (10,0) and armchair
(5,5) con®gurations are calculated within the pro-
posed simple vibrational model. The electronic
spectra of the SWCNTs are calculated from a
modi®cated tight-binding model [3]. The Poisson
ratio and Young modulus for these types of
SWCNTs are estimated. The obtained theoretical
results were compared with available experimental
data [4,5].

2. Mechanical and vibrational properties of

SWCNTs

The equilibrium nanotube structure is deter-
mined by the minimum of the energy

V � 1
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Here k1 and k2 are the force constants which de-
scribe the relative changing of the distance (dij)
between the carbon atoms in hexagons and the
changing of the value of angle (ui) in hexagons,
accordingly

r � Rÿ R0

R0

� ÿre; �7�

where R is the nanotube radius at strain e and r is
the Poisson ratio.

It should be emphasized that in our calculations
we have used a non-orthogonal system of coordi-
nates connected with the ith atom. Only three
nearest neighbors of each ith atom were taken into
account.

Our calculations show that the following values
of parameters in the energy (6) k1� 4 keV/nm2 and
k2� 32 eV/rad2 give the opportunity to obtain the
elastic constants and the Raman vibrational fre-
quencies of considered SWCNTs close to the ex-
perimental ones [4,5].

According to formulas (2) and (3) we have:
R0z� 0.391 nm for the (10,0) SWCNT and
R0a� 0.339 nm for the (5,5) SWCNT, when the
value d0� 0.142 nm has been used for the C±C

bond length during the optimization of the
SWCNT structures.

The energy (6) was minimized over the param-
eters r and e at the condition (7), and also under
the condition of symmetry conservation of the
nanotube. The numerical calculations show that
r� 0.27 for the (10,0) SWCNT and r� 0.28 for
the (5,5) SWCNT.

The Young modulus in its conventional form is
not a well de®ned quantity in the case of SWCNT,
because it is not possible to unambiguously assign
a thickness to a sheet of one-atom thick. For this
reason we have used the following de®nition of the
Young modulus [6]:

E � 1

S0

o2 ~V
oe2

 !
0

: �8�

Here S0 is the surface area de®ned by the nanotube
at equilibrium and ~V is the nanotube energy (6)
per unit of length.

Numerical calculations carried out for these
types of SWCNTs have shown that E� 1.20 TPa
for the (10,0) nanotube and E� 1.10 TPa for the
(5,5) nanotube. The results obtained are in satis-
factory agreement with the available experimental
data for carbon nanotubes with diameters in the
range of 1.3 nm [4]; E� 1.25 TPa.

The values of frequencies of Raman active
modes for the (10,0) and (5,5) SWCNTs calculated
from the ®rst principles by the use of the vibra-
tional model (6) are given in Table 1. As we can see
they are in satisfactory agreement with the avail-
able experimental results [5] for the armchair
SWCNTs with the radii 0.4±1 nm.

3. Electronic properties of SWCNTs

The dispersion law for p-curves of the (5,5)
SWCNT is determined by the formula

El � �bp

������������������������������������������������������������������������������
1� 4cos2 k=2� � � 4 cos k=2� �cos pl=5� �

p
� k 2 �0; p�; l � 0; 1; . . . ; 4: �9�

The general number of dispersion curves is equal
to 20 (i.e. the number of atoms in the unit cell of
1D crystal-nanotube). Among them we have 8
two-fold degenerated and 4 non-degenerated ones.
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These dispersion curves are shown in Fig. 1. As we
can see the valence zone adjacents to the conduc-
tivity one. Thus, the (5,5) SWCNT has the metallic
properties. This fact is also con®rmed by the non-
zero density of states g(E) in the region near Fermi
energy (in Fig. 2 near the point E� 0).

The dispersion law for p-curves of the (10,0)
SWCNT is determined by the following formula:

El � �bp

�������������������������������������������������������������������������������������
1� 4cos2�pl=10� � 4cos�k=2�cos�pl=10�

p
;

l � 0; 1; . . . ; 9: �10�

The general number of dispersion curves is equal
to 40. Among them we have 18 two-fold degen-
erated and 4 non-degenerated ones. These disper-
sion curves are shown in Fig. 3. It is seen that the

Table 1

Raman active vibrational frequencies (in cmÿ1) for the (10,0)

and (5,5) SWCNTs

Symmetry Theory Experiment [5]

(10,0) (5,5)

A1g 188 183 172

689 1109 1065

1129 1601 1589

1612

E1g 163 150 148

512 501 475

832 800 750

1588 1572 1560

2721 2700

3190 3175

E2g 424 411 375

939 900 860

1390 1345 1337

1565 1558 1530

1592 1579 1550

1756 1749 1730

2730

3202

Fig. 1. Calculated dispersion curves for the (5,5) SWCNT.

Fig. 2. Density of states for the (5,5) SWCNT.

Fig. 3. Calculated dispersion curves for the (10,0) SWCNT.

354 Yu.I. Prylutskyy et al. / Computational Materials Science 17 (2000) 352±355



energy gap between the valence zone and con-
ductivity one takes place. From the approximate
formula (1) we can estimate the value of energy
gap for the (10,0) SWCNT, eg� 1.2 eV, when the
value of bp� 3.3 eV was used in our calculations
[3]. Thus, the (10,0) SWCNT has the semicon-
ducting properties. This fact is also con®rmed by
the zero density of states g(E) in the region near
Fermi energy (in Fig. 4 near the point E� 0). It
should be emphasized that in Figs. 2 and 4 we can
see the sharp peaks (the Van-Ho� peculiarities)
which are typical for the 1D crystal.

4. Summary

In the present paper we have considered the
following problems:

1. The mechanical (the Poisson ratio and Young
modulus) and vibrational (Raman active
modes) properties of the SWCNTs with the
armchair (5,5) and zigzag (10,0) geometry is in-
vestigated using the proposed simple vibration-
al model (6).

2. The electronic (p-electron dispersions and the
density of state) properties of these SWCNTs
are calculated using the modi®cated tight-bind-
ing model [3].

3. The obtained theoretical results are in a
satisfactory agreement with experimental ones
[4,5].
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Fig. 4. Density of states for the (10,0) SWCNT.
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