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Theoretically study of the magnetic and transport
properties on carbon nanotubes
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Romania

In this paper we one deals with the theoretically study of the magnetic and transport properties on carbon nanotubes. To
this aim one resorts to a tight binding model by accounting for a single - band, in which spin degrees of freedom have also
been accounted for. We show that the application of an external magnetic field produces changes in transport properties of
carbon nanotubes. When the applied magnetic field is parallel to the tube axis, one gets faced with the implementation of
the well-known Aharonov-Bohm (AB) quantum phase which is relevant for applications in mesoscopic devices. We found
that the AB-oscillations in carbon nanotubes with zig-zag boundary conditions are characterized by integer (¢bg) and (¢po/2)
magnetic-flux periods. This result leads to sawtooth-type oscillations relying on the parity of the electron number. In the
presence of a transversal magnetic field we found a halving of the Fermi velocity and an increase of the density of states
(DOS) in metallic nanotubes, which is reflected in conductance measurements, while the energy gap is suppressed in

semiconducting nanotubes.
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1. Introduction

Theoretical investigations concerning persistent
currents and AB effect in mesoscopic structures based
on graphene and carbon nanotubes, in the presence of
magnetic field have received much attention during the
last years [1, 2]. This opens the way for technological
applications in nanodevices [3, 4].

Graphene (a monolayer graphite) is a material
consisting of an individual layer of carbon atoms
arranged in a two dimensional hexagonal lattice [5-7].
The energy band structure and structural properties of
graphene and carbon nanotubes are calculated using a
tight binding model based on the nearest neighbor
interaction which includes one p. orbital per carbon
atom.

The discovery of carbon nanotubes [8] which are
basically rolled up sheets of graphite hexagonal
networks of carbon atoms forming tubes opened a new
field of research in the physics at nanoscales [9].
Depending on the orientation and the direction of the
edges leads to three types of nanotubes called armchair,
zigzag and chiral nanotubes. The electronic structure of
carbon nanotubes can be derived from the electronic
structure of graphene [10], after introducing periodic
boundary conditions due to the cylindrical geometry of
the tube. This results in a set of /D energy dispersion
relations which are cross-sections of those for 2D
graphene. All the armchair nanotube (m-n=0), exhibit a
metallic character. For the zigzag nanotube, the
character depends on chirality: if (m-n) is a multiple of
3, there is no gap in the energy spectrum, showing

metallic character, if (m-n) is not a multiple of 3, the gap is
non-zero so that the character is semiconducting.

In the presence of the magnetic flux we have to account
for similarities with small mesoscopic metallic rings.
Accordingly, the Aharonov-Bohm oscillations and the
persistent currents exhibit alternately integer periods ()
and halved periods (¢y/2). Recall that the magnetic flux
quantum is given by ¢y=hc/e. The density of states (DOS)
depends of the size nanotube, which is reflected in
conductance measurements. Those with small diameters
have a large gap and those with large diameters have a small
gap and begin to behave like graphene at high temperatures.

2. Model and formulation

The hexagonal lattice of graphene is characterized by
like  a=(3a/2.a/2)

a, = (\/ga/z,—a/Z), where a =+/3a,, ay=1.42A is the C-C
distance. The points K and K’ situated at the corners of the
first Brillouin zone of graphene are named Dirac points and
their positions in momentum space are given by [11],
K= (27[/3a,27z/3\/3a), K = (27[/3a,—27r/3«/3a).

The well known energy bands for graphene [12] derived
using tight binding hamiltonian are [13]

E(k)=it\/l+40052(16“‘7’”]4—4005(]{;]%5[@] » (D)

lattice vectors and
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Tight binding model shows, that graphene has full
valence band and empty conduction band, while the top
of the valence band has exactly the same energy as the
bottom of the conduction band. Therefore graphene is
called a zero band-gap semiconductor or semimetal,
since electronic properties get ranged between the ones
of metal and semiconductors. The energy bands of
graphene at low energies are described by a 2D Dirac-
like equation with linear dispersion near K/K'-points in k
space.

The one-dimensional band structure of carbon
nanotube is obtained by quantization the two-
dimensional band structure of the graphene sheet along
the circumferential direction of the nanotube [14]. The
chiral vector

C, =ma, +na,, 2)

determines the circumference of the carbon nanotube (m,
n are integers). Eliminating k., or k, by using the
periodic boundary condition,

C,-k=2x-1, 3)

where / is an integer, we get /D energy bands for
general chiral structures. We can define a quantization
rule [15],

%(van)kx +%(m—n)ky =2n 4)

so, that:
A7l n-m

kx:\/ga(m+n)+\/§(m+n)ky‘ ©)

The energy dispersion relation for the case m=n,
armchair nanotube (n, 1), is obtained by substituting of
the discrete allowed values for £, into Eq. 1. In this case,
all the armchair nanotubes (m-n=0), present a metallic

character.
k., 3k,
= aO]i4cos[\/7 = aojcos(mj , (6
2 2 n

E,(k): it\/l+4cosz[\/g

where, —7 < ka < w. Thus due the periodic boundary
condition along the x direction, the wavevector
component &, is quantized,

27
k,=1 . 7
nx/ga @)

Next, we consider the case m=0, the zigzag
nanotube (n,0) or (m-n) which gives a simple
quantization rule in the form,

27
k,=1—.
7 na ®

So,
o I Iz 3
E (k)= itJl +4cos (—j * 4cos(—jcos(5kxaoj , 9
n n

where, —7/3<k,a, <m/3. We obtain that just 1/3 of the

possible nanotubes are metallic when the condition m-n is
multiple of 3 is fulfilled.

3. Results

In this paper we describe the oscillations of
magnetization and persistent currents when a magnetic field
is applied along the axis of the nanotube (Aharonov Bohm
effect (AB)). The AB effect reflects the dependence of the
phase of the electron wave on the magnetic field.

We describe the AB oscillations and the persistent
currents only for the case with zigzag boundary condition,
based on an extended tight-binding model, now by using a
single - band, which are dependent on the magnetic flux @,
like the case of mesoscopic metallic rings [16].

The magnetic flux is given by:

¢:I§-d§, (10)

where S =7R* is the area, with R being the radius of the
carbon nanotube.
The expression of the magnetic phase factor [17, 18] is:
J
ei,jzz—” A-dl, (1)
%o

i

where, A denotes the vector potential associated with the
applied perpendicular magnetic field B .

The wave function acquires an additional phase factor.
This leads to the modification of the wave number £, like:

4
[Caldo

ky =k, + (12)

Fixing the number of electrons the total magnetization is
given in terms of the sum over states [19]

M:—%. (13)

The magnetic field induces a persistent current along the

transversal direction of the nanotube
E

I =—c—d ot (14)

d¢

in which, E,, denotes the total energy, namely
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Ey =Y &(B). (15)

i,o

On sees that E,, is given by the sum over all
occupied single-particle (noninteracting electrons)
energies, while the index ¢ runs over spins. In
calculating E,, only the single-particle tight binding
energies with &3>0 are considered [20].

The AB patterns exhibited by the magnetization
curves display a well developed (although apparently not
perfect) alternation pattern between integer periods (¢hy)
and halved periods (¢hy/2), as long as the highest
occupied state lies in the interior of the sixfold energy
band. The ¢y/2 period reflects the zigzag nature of
related states. Moreover, period doubling effects in the
oscillations of persistent currents in discretized AB-rings
have also been discussed [21].

In Fig. 1-3, we displayed the magnetization curves
with the number of electrons ranging from N=57-72.
The AB patterns can be described as an odd even effect
due to a two-electron alternation as a function of N [22],
where N=12i+N, (i=1,2,3,... and Ny=1,2,...,6).
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Fig. 1. Magnetization as a function of the magnetic
flux @ (spin is included). (a) N=63, shifted halved-
period sawtooth pattern; (b) N=64, shifted sawtooth
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Fig. 2. Magnetization as a function of the magnetic flux @
(spin is included). (a) N=65; shifted halved-period
sawtooth pattern, (b) N=66, sawtooth pattern

As can be seen in Fig. 1-3, we found nontrivial odd-
even parity effects in the flux-dependence of the total
current, which concerns both the period of oscillations as
well as the corresponding magnitudes. In the studied range
(N=60 to N=72), the magnetization curves exhibit an odd-
even effect associated with the alternation between a whole-
period sawtooth oscillation and a halved-period sawtooth
pattern as shown in Fig.1-3(a). The last curve (N=72)
showing a full-period with rounded-sawtooth behavior (Fig.
3(b)) and the two curves for the bottom level (N=61, N=62),
exhibit both a full-period sawtooth behavior.
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Fig. 3. Magnetization as a function of the magnetic
flux @ (spin is included). (a) N=69; shifted halved-
period sawtooth pattern; (b)N=72, rounded sawtooth

The density of states (DOS) evolution from graphite
to a nanotube is based on size quantization effects arise
when the dimensions are reduced [23].

The DOS represents the number of energy
eigenstates per unit energy

D(E) =j—EN(E), (16)

and depends on E(l;). The energy levels can be

described by a parabolic dispersion relation with some
effective mass m :

2,2
ke (17)

E(k)=E +
) ¢ 2m

The allowed states in k-space are distributed with a
density of (L/2rx) per unit k, where L stands for the length of
nanotube. So, the total number of allowed states is given by:

N(k):LZk:k—L . (18)
27 T

The total number of states:

thw'(E-E,)]"
o

N(E) = ; (19)

is in accord with Eq. 17.
Considering the Eq.9, for the energy dispersion relation,
the DOS expression for a zigzag nanotube becomes:

R e - 0)

Zz:”af JEP-E*

Analytically it is possible to replace the /-summation by
an integral. Then the DOS for zigzag nanotubes is given by:

(o 2L 1A
D(E)=~ { M%Ez——Ef' Q1)
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Fig. 4. Density of states D(E) for a zigzag nanotube (solid line)
compared with graphite (crosses line). (@ n = 150
(corresponding to d = 11.55 nm); (b) n = 1500 (d = 115.5 nm).

The semiconducting DOS gap depends on the size of
the nanotube. We note that the smaller nanotube has a DOS
that is distinctly different from graphite. But the larger
nanotube is less distinguishable. Those with small diameters
have a large gap and those with large diameters have a small
gap (Fig. 4). This is especially true at high temperatures,
when nanotubes with a large diameter begin to look like
graphene. Recent experiments have confirmed such
theoretical predictions.
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4. Conclusions

We obtained the electronic structure of nanotubes
from the electronic structure of graphene by calculating
how rolling of the sheet affects the electronic structure.

We succeeded to prove the universality of integer
(hc/e) and half-integer (hc/2e) values for the period of
the AB oscillations as a function of the magnetic flux, in
consonance with the case of mesoscopic metal rings.
The AB effect is a fundamental phenomenon of quantum
interference related on the transmission of particles
through a closed loop pierced by a magnetic flux. Odd-
even (in the number of Dirac electrons, N) sequences
sawtooth-type patterns relating to the halving of the
period have also been found.

We demonstrated that the semiconducting DOS gap
depends on the size of nanotube. DOS experimental
measurements show in addition sharp peaks that are
characteristic signatures of the one-dimensional (/D)
nature of the conductance. We have to remark that the
1D nature of the electron system in nanotubes has been
confirmed by resonant Raman scattering experiments.
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