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1. Introduction

The exploration of CNTs was a great contribution to the world of science and technology.
After its exploration in 1991 by lijima [1], extensive practical and theoretical researches
about its nature gradually began to develop [2-6]. Today, we know about CNTs much more
about its chemical, mechanical, optical and electrical properties than before. The methods of
fabrication have also progressed. Due to their electrical and optical properties, CNTs are the
subject of studies about their usage in new electronic and optoelectronic devices. In this
chapter we will focus on their electronic band structure, because it is the most important
characteristic of a solid that should be studied to be used in determination of its electronic,
optical and optoelectronic properties. In order to investigate the electronic band structure of
a solid, it is first necessary to have a good understanding of its crystal lattice and atomic
structure. Therefore, as the first step of this chapter we will begin with the investigation of
the geometry of SWCNTs. Then we will continue with the calculation of allowed wave
vectors for the electronic transport. Having finished this step, we will introduce the
electronic band structure of SWCNTs.

As is known, single walled carbon nanotube or SWCNT consists of grephene sheet that is
rolled into a cylinder over a vector called “chiral vector” (Fig. 1(a)) so that the beginning and
the end of this vector join to form the circumstantial circle of the cylinder Fig. 1(b).

As is shown in Fig. 1(a) the chiral vector may be written in terms of unit vectors a; and a2,
therefore C may be written as:

C=ma, +na, (1)
Here |a;| = |a2| = ap= V3ac.c where acc is the bonding distance of the two adjacent carbon
atom and is equal to 0.142nm and m > n. Having been familiar with chiral vector, its usage

and its relationship with unit vectors a; and az, one can investigate the geometry of carbon
nanotube.
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392 Electronic Properties of Carbon Nanotubes

Fig. 1. (a) Illustration of Chiral vector C and unit vectors a; and az, A and B the two lattice
sites of the graphene lattice. (b) The graphene sheet when rolled over Chiral vector C.

2. Investigation of the geometry of SWCNT

2.1 The investigation of radius and the chiral angle

In this section of this chapter we continue with the calculation of some aspects of the
geometry of SWCNT, e.g. radius, chiral angle. As is illustrated in Fig. 1(b), the chiral vector
C coincides the circumference of the cross sectional circle of the cylinder. Now, keeping this
reality in the mind, we can easily infer the radius of the cylinder:

| C|=2mr (2a)
which yields:

rzag—;rc\/3(m2 +n? +mn) (2b)

Next, we are to investigate a quantity called chiral angle. Chiral angle is the angle between
chiral vector and the unit vector a;. The value can simply be calculated as:

0= tan_l( V3n J

3)

This value is a symbol of the way that the carbon atomic pairs (unit cell of graphene) are
arranged.

2m+n

2.2 Translational, helical and rotational symmetries

In this section we explain the three major types of symmetries of SWCNT. As a chiral
structure, SWCNT is expected to have a translational symmetry. Thus, if we represent this
symmetry with the vector T, such that T = tja; + taz (t1 and t» are natural numbers) we are
faced with shortest symmetry vector that is perpendicular to the vector C, so:
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CT=0 4)

Therefore:
(t1a1 + trap).(ma; + nay) =0 )

in solving this equation we note that a;.aj is equal to 0.5a¢2 if i # j and is equal to a¢? if i = j.
Now, solving (5), regarding that p;,p2,m and n are positive natural numbers, m > n and we
are seeking for the smallest value of p; and p,, we will have the following equation:

- 2n+m
ty— ged(2n+m,2m +n)
Z_ 2m+n (6)
ged(2n+m,2m+n)
2n+m 2m+n
T=- a, + a, (7)

ged(2n+m,2m+n) ged(2n+m,2m+n)

where gcd is standing for Greatest Common Devisor. As described before, T is a
translational symmetry vector which means that if we move on the surface of the nanotube
by T vector we catch up similar points.

Now we are to investigate the second and the third types of symmetries on the surface of
the SWCNT which are helical and rotational symmetries [7]. As mentioned before, nanotube’s
cylinder is formed by rolling graphene on the lattice vector C. Thus, we begin our
investigation by means of a mapping process. We first, try to map the unit cell of graphene
on the surface of the cylinder. We suppose that d is a vector such that it begins from the
lattice site A and ends to lattice site B. The first atom can be placed on an arbitrary place on

axd]

the surface of the cylinder. The second atom must be placed at the height of ~—— from the

c]
. . dc| . . .
first atom and the azimuthal angle of 27— with respect to the first atom. Until now, we
C
have mapped a unit cell of graphene to the surface the cylinder. Where to place the next
atomic pair? Now, we want to find a slice of the cylinder such that it includes the minimum
number of graphene unit cells. We know that, the area of this slice is calculated using the
formula: Ay = 2rirh. Where h is the height of the mentioned section. h can be regarded as the
magnitude of a vector H = pja; + pas ; therefore, Ay can be expressed as:

Ay =|H"B|:(P1m_l72”)|al ><a2| 8)

Now we are to minimize the term: p;m-p,n. Mathematically, it can be shown that this term is
minimized when:

pim—pn==N ©)

where N = gcd(m,n). In order to acquire unique values for p; and p, we find p; and p, such
that p; 20and |H| has the minimum value. Knowing that the area of a unit cell of the
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394 Electronic Properties of Carbon Nanotubes

, the mentioned slice contains N

graphene (which is an atomic pair) is equal to |a; xa,
atomic pairs which are located in the multiples of the azimuthal angle of % . This implies a

symmetry in azimuthal direction which is so called “rotational symmetry”. Now, we return
to our question which is finding the place of the second atomic pair on the surface of the
tubule. After finding the H vector with the mentioned conditions, it is clear that it implies a
type of symmetry in the helical direction (along the vector H) [7]. There for, the second
atomic pair should be place at a position which is located by an H vector next to the first
atomic pair. The third atomic pair is located 2H from the first one and so on. This “helical

Lo . . . 2 ,
motif” should be copied N times in angular space of Wﬂ to construct whole the nanotube’s

structure. Now that we have known the symmetries of the nanotube, we are ready to
investigate the band structure of SWCNT.

)

Fig. 2. In this figure the “helical motif” and H vector are illustrated.

3. The band structure of SWCNT in equilibrium conditions

3.1 Bloch function

At this step we are facing the problem of finding the wave function for a crystal lattice. In
this situation we are facing periodic boundary conditions. Therefore, it is expected that we
acquire a periodic wave function. Using these facts, in 1927 Bloch showed that the electron
wave function has the following form for a crystal lattice:

Vie(x) = iy (1)’ (10)

where yi(r) is the electron wave function, ui(r) a periodic function with the period of the
crystal and k is the electron wave vector. After this step, we find the energy of the electron,
E, using the Hamiltonian operator, H, as follows:

Hyy (r) = Eyy (1) (11)
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But we don’t have ux(r). Therefore, we don’t know the exact form of yx(r). There are a
variety of methods to describe the interaction of electron and the crystal lattice. In this
chapter we investigate the mentioned interaction according to nearest neighbor n-Tight
Binding (1-TB) and the third neighbor n-TB method.

3.2 Brillouin zone
Suppose that we have a wave function of the form eiGr. We want to find G vector such that

iG.(r+ iG.
elG (r R):ezcr

(12)
or:
G.R =27l (13)
where [ is an arbitrary integer. Now regarding the following equations for G and R:
G = g1k; + 85k, + 83k, (14a)

where a,, a,,a; are unit vectors in lattice space and k,, k,, k; are unit vectors in, so called,

“reciprocal lattice” space. If we apply (13) we will have:

GR=27(1m18; +7128, +71383) (15)

which suggests that:

Solving above equations [8]:

- a, xa

k,=2z—L—3 _

L A (a, < ay) (17a)

- azxa

k2:27Z'—A 3}\ 1}\ 17b
a,.(a,xa;) (17b)

ky=27—21%%2 (170)

a1.(3, x5

Now we have unit vectors of the reciprocal lattice. In order to get the Brillouin zone we
should we should apply the following condition:

(k-G)’ =K’ (18a)
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or.
kG—lc2
G=3 (18Db)

thus:

k=-G (18¢)

Using (18-c) we can draw the borders of the Brillouin zone. The inner most area is called the
first Brillouin zone and hence, simply it is called “Brillouin zone”.

Now we return to our lattice which is graphene sheet, a two dimensional crystal. If we write
(16) for this kind of lattice we will have:

19

From (19) it is clear that k; and k; are perpendicular to az and a; respectively. Having a; and
a; from Fig. 1(a) we can easily find k; and k; and draw the Brillouin zone (Fig. 3).

Fig. 3. The Brillouin zone for the graphene lattice is illustrated. L, K and M are high
symmetry points.

As mentioned earlier, theoretically, SWCNT can be considered as a graphene lattice that is
rolled over into a cylinder. Thus, according to Fig. 1(b) we catch up the following;:

ty (D)) = 1y (r)e™” (20)
Therefore [9]:
k.C=27l (1)

where [ is again, an arbitrary integer. This boundary condition which is so called, “Born-von
Karman” condition, makes the Brillouin zone to be quantized. Fig. 4 shows this fact. At this
point we can begin our investigation about the band structure of SWCNT.
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Fig. 4. The Born-von Karman condition makes the SWCNT’s Brillouin zone to be quantized.

3.3 Tight-binding approximation

As mentioned, there are many methods and approximations that are used to investigate the
electronic band structure of a solid. In this section we use the tight-binding approximation.
In this approximation we consider the wave function of an electron as the Linear
Combination of Atomic Orbitals and hence the method is also called as LCAO.

As is known, the energy of an electron can be estimated using Schrodinger’s equation as
follows:

272
[— = +V<r>}wk<r>:Ewk<r) @

where m is the mass of an electron and v, (r) is the wave function of a single electron with

the wave vector k. Now y, (r) is written as the following;:

Wi (1) = X CiePhe (1) (23)
where ¢, (r)’s are basis functions that are made from atomic orbitals as:

1 R
Prar) = > Ry (R-) (24)
VN wiceloof

where N; is the total number of unit cells in the system. We regard the single 2p, orbital of
the carbon atoms to used in (23); besides, we take into account the interaction of the nearest
neighbor atoms (Fig. 5), because they have the most important role in formation of the

energy states [10]. We write the wave function|y) in terms of basis functions,

|@,) and |, ) as the following:

V) =ci]en) +ca|0n) (25)
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398 Electronic Properties of Carbon Nanotubes

Fig. 5. In this figure the nearest neighbor atoms with respect to atom 0 are illustrated.

|qo1> corresponds to atom 0 and |(/)2> corresponds to atoms 1, 2 and 3 in Fig. 5. Now applying
(22) to (25) yields:

H|y)=c;H|p)+c,H|,) = c,E| ;) + c,E|p,) (26)

and consequently:
c1 (@ |H|1)+co (o |H|oy) = c.E(py|@1) + c2E{p1 | 03) (27a)
¢ <(02 |H|¢’1> +C) <¢’2 |H|(/72> = C1E<¢’2 |(/’1> +C2E<(/72|(02> (27b)

Now, we define the following values:

Hpy = <¢’1 |H|¢’1> (28a)
Hap = (o |H|0,) (28b)
Saa=(oi|o1) (28¢)
Sap =(21]02) (284)

then (27-a) becomes:
¢1(Hpa —ESpa)+ca(Hpp —ESyp) =0 (29)

knowing that:
1 ,

o) = P e Ry (r-R ) (30a)

1 i
lp)=—— ¥ My (r-Ry) (30D)
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Replacing (30-a) and (30-b) in (28-a) to (28-d) yields:

Hyp =&, (31a)
H,p = (e%Rn 4 gkRe | eik.RB)Vpp” (31b)
Sia=1 (31c)
S g = (¢MRn 4 R 4 plkRis) s (31d)
Hyp = (02| H|p2) = Has (3le)
Hpy :<¢2|H|¢1>:H;\B (31f)
Spp =544 =1 (31g)
Spa =S (31h)
which make (27-b) to become:
¢1(Hap —ESpp) +2(Han —ES4a) =0 (32)

considering (29) and (32) together; to have a non trivial solutions for c; and c, we should
have:

Hpp =ESpn Hap—ESsp _0

. . (33)
Hpp—ESsp Han—ESpa
Solving (33) for E [11]:
E(k)* = —(2E, +E)+ \/(_ZEO +E,)* -4E)E; (34)
2E,
where:
Eo = HaS a4 (35a)
Ey = SagHap + HapSas (35b)
E, =Hia —HapHap (35¢)
E; = SE\A - SABS:&B (35d)
Neglecting the overlap of 2p, orbitals of atomic neighbors, Sap, we get:
E(k)" = Vo \/3 +2cos(k.a;)+2cos(k.ay) +2cos(k.(a; —a,)) (36)
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Now applying Born von-Karman boundary condition (equation (21)) to (36) one can draw
the energy diagram or the electronic band structure of SWCNT. Illustrated in Fig. 6(a) to 6(f)
are the electronic band structures for several chiral vectors. At this step of our work, it is
necessary to mention a few points. First of all, according to their chiralities, SWCNTs are

a T 5
4 4
3 3

=
)
= o
=,
[im]
-1
-2
3 3
4 4
5 L L L L L L 5 L L L L L L
u] 0.4 1 1.5 2 248 3 0 05 1 1.5 2 245 3
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(@) (b)
5 T T T T |3 T T T
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3 e
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Fig. 6. The electronic band structures of several nanotubes according to (36) are illustrated.
(a) is the electronic band structure of chiral vector (6,0), (b) (6,3), (c) (8,0), (d) (5,5), (e) (8,8),
(f) 54)
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roughly divided to three classifications. A nanotube with chirality of (n,0) is called a “zig-
zag” nanotube. A nanotube with chirality of (n,n) is called an “armchair” nanotube and a
nanotube without the two mentioned chiralities, is called a “chiral” nanotube. As examples,
illustrated in Fig. 6(a) and (c) are the band structure of SWCNTSs with chiral vectors (6,0) and
(8,0) which are zig-zag nanotubes, and Fig. 6(d) and (e) show the band structure of SWCNTs
with chiral vectors (5,5) and (8,8) which are armchair nanotubes.

As the Second point, it worth noting that, if we examine (36) with Born-von Karman
boundary condition, it is observed that for any chiral vector (n,m) when (n-m) mod 3 is
equal to 0, then the band-gap is equal to zero. Two samples of this type are shown in Fig.
6(a) and (b). It is clear that according to this model armchair nanotubes are of this type. At
early days it was believed that these nanotubes are metallic, but next, the deeper researches
and calculations with other methods and approximations showed that they are “semi-
metallic”[12].

Until now, we have performed our analytic calculations with the two assumptions. First, we
assumed that the overlap of the two nearest neighbors is zero. Second, we assumed that the
2p, orbitals of the second and the third neighbors have no participation in formation of the
band structure. However, in the following lines, we take into account the donation of these
neighbors to the formation of the band structure of SWCNT.

Shown in Fig. 7 are the second and the third neighbors of the atom 0 of this figure.
According to this figure, one can write:

2a;-a

Ry -Ry = 13 2 (37a)
2a, -a

R12 - Ro = % (37b)
a,; +ta

Ry -Rp=2a;-a, (37d)

Ry -Ry=—(a; —a,) (37g)

Now, if we apply the formalism of the tight-binding approach, we catch up the following
formulae:

Ey =[5, + riu(I)][1 + s;u(k)]

(38a)
Ey = 254570 f(K) + (5072 + 5270)8(K) + 25,7, f (2k) (38D)
Ey= [&5p,+71u(K)F - 75°(K) - 797,8(k) -7,°f(2k) (38¢)
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E; = [1+s;u(k)]*- s,*f(K) - 545, (k) - 5,°f(2K) (38d)
g(k) = 2u(k) + u(2k, -k, k;-2k,) (38¢)

f(k) = 3+u(k) (38f)

u(k) = 2cos(k.a; ) + 2 cos(k.a,) + 2 cos(k.(a; —a,)) (38g)

where the hopping parameters yo, yi, y2 and the overlap parameters sp, s; and s are
introduced as follows:

7o ={x(r-Ro)| H| x(r-Ry;)) (39a)
so=(x(r-Ro)| z(r-Ry;)) (39b)
71 =(x(r-Ro) | H| 2(r-Ry)) (39%)
s;=(x(r-Ro)| 2(r-Ryy)) (39d)
72 ={2(r-Ro)| H| z(r-Ry;)) (39%)
s =(x2(r-Ro)| x(r-Ry;)) (391)

Then, (38-a) to (38-g) should be replaced in (34) to get the energy formula. The numerical
values for yo, y1, y2 and so, s1,s2 in addition to a comparison between the results of the
mentioned method with the nearest neighbor n-TB can be found in [13].

Fig. 7. In this figure the nearest neighboring atoms, the second and the third neighboring
atoms are illustrated.
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At this point, we continue our work by examining some SWCNTs with different chiral
vectors to investigate the effect of radius and chiral angle on the band-gap of these
nanotubes. In Table I we have collected chiral vectors that have the same radii but different
chiral angles to investigate such an effect. In this table from left, the first column shows the
pairs of chiral vectors with the same radii. The second column shows their radii; the third
column, their chiral angle; the forth one, the difference between chiral angles; the fifth
column indicates the energy gap and finally sixth column shows the difference in band-gap
which emanates from the difference between the chiral angle of the nanotubes with the
same radii. As can be seen in this table the effect radius on the band-gap is considerable and

the band-gap is approximately proportional to % . On the other hand, as can be concluded

from this table, change of the chiral angle has a little effect on the band-gap of SWCNT.

Clmn) | rom) | o ge) (DLgfe'es) GEV) | |AG| (V)

Ezg 0.373 256?909 21.78 ;ggéﬁg 0.031806
58 [0y, [0y
8411;; 0.615 29é?618 13.17 822232; 0.010044
o Dl s 1 o v o B
91 %7 e ] 5V oy | o00sss
02 o 201 s |02 1 s
050 o |35 [ IS | s
7o "% am | 7 o | 0013%
e e
i e e e -
((12;'142)) 0.987 21?;1 16.42 0519127?,96822 0.014564
((1299/,147)) 1221 26éi76 21.78 09542126562344 0.019139
C9H | 1260 o1 9.43 03167766 1 0.0071982
(26,10) 15.60 0.3095784

Table 1. A comparison between the effects of the radius and the chiral angle on the band-gap
of SWCNT. In this table G is the band-gap. AG is the difference in band-gap of the two
SWCNT with the different chiral angles.
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4. The electronic band structure of SWCNTs under non-equilibrium
conditions

4.1 The investigation of the band gap under mechanical strain

In this section of this chapter, we investigate the effect of the two types of mechanical strain,
namely uniaxial (tensile) and torsional strains, by means of the two mentioned
approximations.

If we denote the amount of uniaxial strain by o, the angle of shear by a and the bonding
lengthes Ri11-Ro, R12-Ro, R13-Rg by 11, r2 and r3; respectively, then, under these two type of
strain we have the following relations [14]:

ty  Tensile 1,(1+0;) (40a)

Tic

Torsion 1, +1; tan(a) (40b)

where r; is that part of r; that is along the axis of the nanotube (with the unit vector t ) and r;
is that part of r; that is in azimuthal direction or along the circumference of the nanotube
(with the unit vector ¢ ). In order to use (40-a) and (40-b) we have to express (37) in terms of

tande:

an, 1y )2
r = 1 Id( 1, éjt (41a)
— ﬂ A AR
I, = c+ \/_d( jt (41b)
r=—( +r,) (41¢)

Using these relations in conjunction with (40-a) and (40-b), we have the following formulae
for rq, r2 and rs:

[ an, tan(a)( nlj . (1+0't)( nle

G = —t-—t n, + | e- n, +— |t 42a

lad B4 2)] B4 2 (422)
an, tan(a)( 1, ]_ . (1+ at)( 1, j

L =|—+—=|n +—=||c+ ny + t 42b

2724 JBa U2 J3d {2b)

and (41-c) is still valid. At this step, we are to derive the 3rd neighbor n-tight-binding
formulation to investigate the effect of uniaxial and torsional strains. We know that, there is
the following formula for the interaction energy [14]:

. . 2
Yoi _ <;((r-R0) | H | ;((r-Rli)>wzthstmm _[ 8cc (43)
70 (;((r -Ry) | H | x(x- Rli)>withoutstrain 1

where ac.c is the bond length in the absence of strain and r; with i =1,2,3 is |rj| in the
presence of strain. After performing the formal routine of the deriving of the tight-binding
approximation formulae, we find:
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Ey = &3, + yyuu(K) |[1+ 5,u(K)] (44a)

Ey = fo, (K) +728,(K) + 558, (K) + 2557 f (k) (44b)

Ey =[5, + 71u(k)]2 ~ [y ()= 728, () = 73 {(2K) (44c)

Ey = [1+ (k)] — £ (k) ~5,8,(k) - 53 f(2K) (44d)

where functions f(k), fs,(k) , gs(k) ,gy(Kk), fyy(k), and fss(k) in addition to details of calculations
are given in [15].

Now, it’s time to apply (44-a) to (44-d) and see the results in comparison to other methods.
[ustrated in Fig. 8 are the results of application of mentioned method for uniaxial and
torsional strains in comparison with the nearest neighbor n-TB and the four orbital tight-
binding approximations.

(6,5) (8,1) (7,5)
1.2 1.4 0% 12
009 o
= |o00° 12| o9 o° %0,
= Q o “ &+ o
+2He +* ++
(s 5 0.8 9 2 +? 05 o ; +
0.8 0.8
2 0 2 4 4 2 0 2 4 4 -2 0 2 4
Percents of Tensile
()
(6,5) 8,1) (7,5)
2 1.4 1.5 oO
o o % 00
9"5 "88 1.2 o 2%, ' 89’2
+ o +2©®
CO + 28 o 1 0, 3o
iy 0o 90 | os| ©o
0.5 o |o08] *+ee,, o
0
-5 0 5 .5 0 s -5 0 5
Shear in degrees
(b)

Fig. 8. A comparison between the results obtained using the nearest neighbor n-TB (circles),
the third neighbor n-TB (squares), four orbital TB (plus signs) for (a) -3 to +3 percents of
uniaxial strain (b) -3 to +3 degrees of shear [15].
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As shown in Fig. 8 the method is examined for three chiral vectors, namely (6,5), (8,1) and
(7,5). It can roughly be seen that, the 3rd neighbor n-TB approach yields a better agreement
with the four orbital TB than the nearest neighbor n-TB. If we examine the energy formulae
for a wide variety of chiral vectors, we find that, there is an approximately, linear relation
between the percents of strain (both uniaxial and torsional) and the increase in band-gap
[15].

4.2 The investigation of the band structure under magnetic field

The effect of magnetic field on the electronic band structure of SWCNT is the second effect
that is investigated in this section. The application of H field parallel to the tubule axis is
investigated by k.p method in [16],[17] and an Aharanov-Bohm effect is shown during this
investigation. In this section the effect of perpendicular magnetic field is investigated using
n-TB model. The investigation is originally performed by R. Saito et al. [18]. The
investigation is based on two assumptions: first, the atomic wave function is localized at a
carbon site; second, the magnetic field varies sufficiently slowly over a length scale equal to
the lattice constant. The vector potential A is declared as:

LH,, . 27
sme) (45)

A=(0,

2

where L = |C|, Huy is the magnetic field and the coordinates x and y are taken along the
circumference and the axis of the nanotube, respectively. Under the perpendicular magnetic
field the basis functions of (30-a) and (30-b) are changed to:

Yoe U x(c-Ry) s=AB (46)

|¢S> - Nt Lattice

Gr is the phase factor that is associated with the magnetic field and is expressed as the
following:

Gr = [RA(£)dE =[5 (r-R).A[R + A(r - R)]dA 47)

Under application of magnetic field Hamiltonian operator becomes:

2
1 e
H=|—|p-——A| +V
e 24 g
After application of Hamiltonian to (46):

Hip)-—L 5 i(kR, +Gy) ( 1 )[ eAT vl e-R)

) =—— e ¢ —\lp—- + (r-R,
i N ¢ Lattice 2m P c £ (49)

Since B=VxA =V x(A-VGg) and considering (47), then:
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1 i(kR+Gr) (1 e 2
Hlp)=—— X e he S ||P~-—(A-VGg)| +V x(r-R))=
Nt Lattice 2m Cc
(50)
1 i(kR,+-—Gg) ( p?
> e he 7l E2—+V r-R
Nt Lattice [277’[ j){r( S)

In deriving the equation above the two mentioned assumptions are used, namely, it is
assumed that the magnetic field is slowly changing compared with the change of y,(r-Rj)

and y,(r-R;)is localized at r = R. Now, we can calculate the matrix elements of

Hamiltonian between the two Bloch functions,

¢1> and |g02> and solve to obtain the

eigenvalues. If we examine the n-TB calculated band structure, it is observed that when the
magnetic field increases the energy dispersion of each tubule energy band becomes
narrower and the total energy bandwidth decreases with increasing magnetic field
;however, when we apply higher magnetic field the total energy bandwidth is found to
oscillate as function of Hys [18].

5. Conclusion

In this chapter we first described the concept of chiral vector, chiral angle and the radius of
SWCNTs and formulated them. Then we explained different symmetries of single walled
carbon nanotubes including translational, helical and rotational symmetries. We
investigated the Brillouin zone and the electronic band structure of single walled carbon
nanotube in the absence of perturbating mechanisms. Our investigation included the nearest
neighbor -TB and the third nearest neighbor n-TB approximations. Next, using these two
models we investigated the effect of two types of mechanical strain and perpendicular
magnetic field.
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