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Semiempirical molecular orbital calculations of the (5,5) armchair carbon nanotube give the Kekule structure in its ground
state with two essentially different bonds (the bond lengths difference is 0.003 nm). This is a result of the Peierls distortions
leading to tripled (compared with undistorted case) translational period. When the armchair nanotube is elongated, two first
order deformational structural phase transitions are predicted. The first one at the elongation of 5% leads to doubling of a
translational period (instead of tripling at smaller elongations). The second one at the elongation of 13% leads to the quinoid
type structure. The dependence of the electronic energy-band structure of the (5,5) carbon nanotube on elongation is
investigated using the tight binding approximation. The transition from narrow-gap semiconductor to metal is predicted at
the elongation of 5%, indicating that the uniaxially deformed armchair carbon nanotube at greater elongation (more than

5%) remains metallic at all temperatures.
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1. Introduction

The studies of electronic and elastic properties of carbon
nanotubes (CNTs) are actually related to perspectives of
their applications in nanoelectronic devices [1] and in
composite materials [2].

The present paper is devoted to a theoretical investi-
gation of the possible structural phase transitions of an
armchair CNT controlled by the expansion on the example of
the (5,5) CNT. The semi-empirical method of molecular
orbitals modified for one-dimensional periodic structures [3]
with the parametric method 3 (PM3) parametrisation of
Hamiltonian [4] has been applied to calculate the formation
enthalpy and structure of the uniaxially deformed (5,5)
nanotube. Previously, the method was used to calculate the
Kekule structure of the ground state in the case of the (5,5)
nanotube [5]. The adequacy of the PM3 parametrisation of
Hamiltonian has been demonstrated [6] by calculation of
bond lengths of the Cqq fullerene with the 7, symmetry: the
calculated values of bond lengths coincide with the
experimental ones within the experimental accuracy of
10~ * nm.

PM3 method is well suited [7] for geometrical structure
optimisation but not for electronic structure calculations.
Moreover, being a numerical method, it is not adequate for
exploring qualitative trends. Therefore, we combine PM3
atomic structure calculations of the (5,5) CNT with tight
binding [8] electronic structure calculations to investigate
qualitative features in the electronic energy band structure
of the uniaxially deformed armchair (5,5) CNT.

2. Deformational structural transitions in the (5,5)
CNT

The Kekule structure of the ground state of the (5,5)
nanotube is shown in Figure 1(a). From the geometrical
point of view, this structure is possible for all armchair
(n,n) nanotubes. The Kekule structure of an armchair CNT
is a result of Peierls distortions [8—10]. There are three
energetically equivalent atomic structures corresponding
to the ground state that are shown in Figure 1(a).
The transition state between these minima is shown in
Figure 1(c). The calculated energy difference between the
ground state and the transition state of the (5,5) CNT is
3meV per one carbon atom. This corresponds to ~30K
Peierls transition temperature.

Since the translational period of a deformed nanotube
a priori is not known, we use a computational cell of 120
carbon atoms to take into account both the possibilities of
tripling or doubling of the translational period of a
deformed CNT. Born—von Karman periodic boundary
conditions along the nanotube axis (the y-axis) were used
to optimise the structure of the infinite CNT. The structure
of the (5,5) nanotube is calculated for different elongations
(all other geometrical parameters have been optimised)
& = (I — loq)/lq, where [ is the length of the computational
cell, and [ is the length of this cell, corresponding to the
elongation & = 0.

The following phases with different symmetries of the
structure have been found for the uniaxial deformation
of the (5,5) CNT: the phase A with the Kekule structure and
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Figure 1. (a), (b) and (c) are the schemata of the evolvements of
the elementary cells of the (5,5) nanotube for the phases A, B and C,
respectively; (c) corresponds also to the transition state of the phase
A. Translational periods LE = LB/2 = [2/3 = L, = ap\/3, if
all bond lengths are equal to ay,.

the triple translational period L{‘ at small elongations &, the
phase B with the double translational period Lf; at
intermediate & and the phase C with the quinoid type
structure and the ordinary translational period LE at large &
(Figure 1).

The calculated dependence of the non-equivalent bond
lengths with respect to € is shown in Figure 2. The abrupt
change in the nanotube structure at the critical elongation
values &., where the formation enthalpies of the phases
coincide (e. = 5% for the phases A and B and . = 13%
for the phases B and C), means that at zero temperature
both structural phase transitions between the phases A
and B and the phases B and C are the first order transitions
with respect to the elongation & (control parameter).

3. Electronic structure of the deformed (5,5) CNT

In the tight binding approximation [8], the band structure
of armchair CNTs with all equal bonds has two half-filled
bands intersecting at the Fermi level. They are shown

v,
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Figure 2. The dependence of the non-equivalent bond lengths
on the elongation €. Bonds notation corresponds to Figure 1.

Electron energy E

Wavenumber ky, 7t/L{

Figure 3. The half-filled bands 1 and 2 intersecting at the Fermi
level (E = 0) of armchair nanotubes with quinoid structure for
the case 7, = 1.1¢y, t, = 1o and Ltc = ap~/3. Dashed lines are for
the equal bonds a = b = ay.

in Figure 3. When dimerisation of quinoid type (c) in
Figure 1 occurs, these bands become [9]

Eya(ky) = *t,[1 = 2(ty /1) cos (k,LE/2)], (1)

where ?,, t,, are resonance integrals for bonds a and b, Ltc is
the translational period of the CNT (for the phase C), k, is
the one-dimensional wavenumber of an electron along the
CNT axis. In this case, the nanotube remains metallic.

The band structure calculation of the Kekule distorted
CNT is reduced in the tight binding approximation to the
diagonalisation of the six-order matrix [10]. We assume
that the dependence of the resonance integral on the C—C
bond length ac—¢ is [11]:

t = (ao/ac—c)*1o, 2

where ayp = 0.142nm and ¢, = 2.6 eV are the bond length
and the resonance integral for the undistorted CNT
[12,13], respectively.

The two-dimensional primitive cells of the armchair
CNT for the phases A and B are shown in Figure 4. These
primitive cells are used for writing down the Hamiltonian
matrixes for the phases A and B.

The Hamiltonian matrix for the case of four non-equal
bonds of the armchair CNT (corresponding to the Kekule
structure of the phase A) taking into account only first
nearest-neighbour atom interaction is obtained as:

a; a a3 B1 B2 Bs

g 0 0 0 toe "k g oy o kTS
o 0 0 0 tpe ~Hrs p,o kT y o =ikrs
a3 0 0 0 tye k2 o ~ikre 4o ~ikTy

Bl taeikr] tbeikrg tbeikrz
B2 tpe ikr, tge ikry tee ikrg

Bs \ tpe®rs p.etrs g ek 0 0 0

3
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(a)
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Figure 4. The two-dimensional primitive cells (dash-dotted
lines) of deformed armchair nanotube: (a) for phase A, (b) for
phase B. The coordinate system x, y is used for calculations of the
Hamiltonian matrixes (3) and (4).

where t,, t,, 1., t; are the resonance integrals corresponding
to the bonds a, b, c, d, respectively; k = ke, + ke, is
the electron wavevector; e,, e, are the unit vectors
of the coordinate system; ry = «a13; = ae,, = a3, =

a3Bl = _bxex - byeys ;= alB3 = aZBl = _bxex + byeyv
= o3B3 = af =de, rs= afs = —ce — e, s =
a3, = — e + cye, are the vectors of bonds between «;
and B3; atoms.

The diagonalisation of matrix (3) with the PM3
derived bond lengths of the (5,5) CNT (Figure 2) and a
standard zone-folding procedure [8] taking into account

@y a as ay
) 0 0 0 0
) 0 0 0 0
a3 0 0 0 0
ay 0 0 0 0
Bi | te*r gy eikrs 0 t,ekrs
B | tyeitr:  peitrs peirr
B3 0 teers etk g pikrs
B4 toe tkrs 0 fpe ikry t.e tkr,

circumferential quantisation gives electronic energy-band
structure shown in Figure 5. The valence bands are the
same as the conduction bands with the opposite sign
because we neglect overlap integral. For the Kekule
structure of the undeformed (¢ = 0) nanotube with bond
lengths a =c¢=0.140nm and b=d=0.143nm the
bandgap E, = 0.24eV appears between the valence and
the conduction bands at k, = 0 (Figure 5(a)). The scanning
tunneling microscope measurements [14] of electron
density of states show E, = 0.11 eV for the armchair (7,7)
CNT at liquid helium temperature. The diagonalisation of
(3) for k=0 gives for the bandgap E, = 2(t; — t.), i.e.
almost linear dependence on & according to Figure 2 and
Equation (2). At the elongation of &€ = 0.05 the structural
phase transition occurs, and the bandgap becomes zero for

tae
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Figure 5. Band structure of the (5,5) CNT for the phase A near
Fermi level (E = 0) at elongations: (a) € = 0, and (b) € = 0.05.
Only conduction bands are shown. The valence bands are the
same with opposite sign.

the phase B due to the double translational period of this
phase (Figure 1(b)).

For the phase B, the primitive cell contains eight atoms
(Figure 4(b)). The Hamiltonian matrix for the case of five
non-equal bonds of the armchair CNT (the phase B) has
the form

Bi B2 B3 PBa
—ikr, the —ikr, 0 t.e —ikr;
—ikry g o -ikrs g =ik 0
0 fe—ikr g p=ikrs g ok
—ikrs 0 te ks g pikri @
0 0 0 0 ’
0 0 0 0
0 0 0 0
0 0 0 0

where t,, t,, t., t; and t, are the resonance integrals
corresponding to the bonds a, b, ¢, d and e, respectively;
rn=a )= afs=ae, rn=oB=a3fs= —be—
bye, r3=aBs= —ee. +ee, 1n=af = af;=—
bee.+ bye, rs = a3, = de,, 16 = 33 = —c.e. — ¢y,
r=a3f =~ t ol IR= By = —ee — e, are
the vectors of bonds between atoms.

The diagonalisation of matrix (4) with the PM3
derived bond lengths and zone-folding procedure [8]
gives the electronic energy band structure for the phase B
which is shown in Figure 6. In this case, the CNT remains
metallic, however, the electron Fermi wavenumber kg
shifts. The results of the electron Fermi wavenumber kp
calculations for different elongations € of the phase B are
presented in Figure 7. The value of kg increases with
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Figure 6. Band structure of the (5,5) nanotube for phase B:
(a) undistorted nanotube (all equal bonds) with artificially
doubled period, (b) at elongation € = 0.1.
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Figure 7. Dependence of Fermi wavenumber kr on elongation &
in (5,5) nanotube for phase B.

elongation. This effect can be used for tuning the
electrical properties of a CNT (for example tunneling
current [15]) via deformation in nanoelectromechanical
devices [16].

4. Conclusion

The atomic structure of the (5,5) carbon nanotube is
calculated for its quasistatic expansion up to the elongation
of 20%. Two first order structural phase transitions with
the change in the atomic structure symmetry are revealed
at the nanotube expansion. It is shown that for the
elongation greater than 5% the structure of the CNT
corresponds at any temperature to the metallic phase
without the Peierls gap in the electron spectrum.
We believe that the narrow gap semiconductor to metal

phase transition at CNT elongation can be used for
elaboration of nanotube-based stress nanosensors.
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