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Abstract. The electronic spectra for double-wall zigzag and armchair nanotubes are found. The influence
of nanotube curvatures on the electronic spectra is also calculated. Our finding that the outer shell is hole
doped by the inner shell is in the difference between Fermi levels of individual shells which originate from
the different hybridization of 7 orbital. The shift and rotation of the inner nanotube with respect to the
outer nanotube are investigated. We found stable semimetal characteristics of the armchair DWNTs in
regard of the shift and rotation of the inner nanotube. We predict the shift of kr towards the bigger wave
vectors with decreasing of the radius of the armchair nanotube.

PACS. 73.63.-b Electronic transport in nanoscale materials and structures — 73.63.Fg Nanotubes — 73.22.-f
Electronic structure of nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals

1 Introduction

Carbon nanotubes are very interesting because of their
unique mechanical and electronic properties. A single-wall
carbon nanotube can be described as a graphene sheet
rolled into a cylindrical shape so that the structure is one-
dimensional with axial symmetry and in general exhibiting
a spiral conformation called chirality. The primary sym-
metry classification of carbon nanotubes is either achiral
(symmorphic) or chiral (non-symmorphic). Achiral carbon
nanotubes are defined by a carbon nanotube whose mir-
ror images have an identical structure to the original one.
There are only two cases of achiral nanotubes, armchair
and zigzag nanotubes. The names of armchair and zigzag
nanotubes arise from the shape of the cross-section ring
at the edge of the nanotubes. Chiral nanotubes exhibit
spiral symmetry whose mirror image cannot be super-
posed onto the original one. There is a variety of geome-
tries in carbon nanotubes which can change the diame-
ter, chirality and cap structures. The electronic structure
of carbon nanotubes is derived by a simple tight-binding
calculation for the m-electrons of carbon atoms. Of spe-
cial interest is the prediction that the calculated electronic
structure of a carbon nanotube can be either metallic or
semiconducting, depending on its diameter and chirality.
The energy gap for a semiconductor nanotube, which is
inversely proportional to its diameters, can be directly ob-
served by scanning tunneling microscopy measurements.
The electronic structure of a single-wall nanotube can be
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obtained simply from that of two-dimensional graphite.
By using periodic boundary conditions in the circumfer-
ential direction denoted by the chiral vector C},, the wave
vector associated with the C} direction becomes quan-
tized, while the wave vector associated with the direction
of the translational vector T along the nanotube axis re-
mains continuous for a nanotube of infinite length. Thus,
the energy bands consist of a set of one-dimensional en-
ergy dispersion relations which are cross sections of those
for two-dimensional graphite. To obtain explicit expres-
sions for the dispersion relations, the simplest cases to
consider are the nanotubes having the highest symmetry,
e.g. highly symmetric achiral nanotubes. The synthesis
of DWNTs has been reported recently [1,2]. Their elec-
tronic structure was investigated by the local density ap-
proximation [3-7] and the tight-binding model [8-11]. A
similar method can be used to investigate the electronic
spectra of the fullerene molecules [12,13]. In this paper we
are interested in the zigzag and armchair double-wall nan-
otubes (DWNTSs) with a small radius. In these DWNTs
the difference of Fermi levels of individual nanotubes has
to be taken into account. We focus on (9,0)—(18,0) zigzag
tubules and (5,5)—(10, 10) armchair tubules. They are the
best matched, double layer tubules.

2 (9,0)—(18, 0) zigzag tubules

Firstly, we describe the model for the zigzag nanotubes.
The 7 electronic structures are calculated from the
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Fig. 1. The outer shell part of the unit cell in the case of zigzag
nanotubes.

tight-binding Hamiltonian
H=> el o+ 7ij (lei") (i"] + h.c)
i i,J

+ ) e i 4> Fig ([em ) (@l + hec)
7 1,9

+ > Win (l9") (@3 | + hoc) (1)
In

e and € are Fermi energies of the outer and inner nan-
otubes; |@¢ut), |pi") are m orbitals on site i at the outer
and inner tubes; 7;;, 7;; are the intratube hopping inte-
grals; W;; are the intertube hoping integrals which de-
pends on the distance d;; and angle 0;; between the ;
and 7; orbitals (see [14-16] for details).

Wi = % cos(0y)elE~d)/3 @)

where 6;; is an angle between the ith atom of the inner
shell and the jth atom of the outer shell, d;; is the inter-
atom distance and ¢ is a intertube distance. The charac-
teristic length & = 0.45 A.

To describe the parameter which characterized the zig-
zag tubules, we start from the graphene layer [17] where
we can define the vectors connecting the nearest neighbor
carbon atoms for zigzag nanotubes in the form:

2,
\/g )
— 1 1
=a(5;——=),
(53 \/3)
— 1 1
™ =a(—z;———=). 3
=g ®
The distance between atoms in the unit cell is d = |7;| =
5 Following the scheme in Figures 1, 2 [18] we want to

7 = a(0;

find solution to the double-layer graphene tubules in the

form:
¢(?) = wout(?) + wzn(?)a (4)
where
wout(?) = CA1¢A1 + CAzwAg + CB1¢Bl + CBzz/JBz
+ Caya, + Caypay, + Cpibp; + Cpyipy,
(5)
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Fig. 2. The inner shell part of the unit cell in the case of zigzag
nanotubes.

and

VYin(T) = Catha + Cpiop + Cartbar + Cpippr. (6)

We want to find solution to the above equation in the form
of the Bloch function

Zeik (Tn+ da)w(?_

n

— 1

wa( kv?) = \/—M ?n_za»v (7)

where « denotes A or B atoms. Here ?a is the coordinate
of the o atom in the unit cell and 7, is a position of a unit
cell, M is a number of the unit cell; |¢(r)) is a m orbital
which is generally different for the outer and inner shell.
We denote

e = (¢ (r — A)[H[p™ (r — Ay))

= (¢ (r — By)|H|p*" (r — By)), (8)
€= (" (r— Ay)|H|p™ (r — Ay))

= ("™ (r — Bi)|H|p"™ (r — By)). (9)

Now we define the intratube hopping integrals

(7 (r — A1) [H|p*" (r — B1)) = 0.

(0" (r — Ay)|H|@" (r — Ba)) = 70/
= (¢ (r — A1) [H|p*" (r — B)), (10)
and

(™ (r = AH|™ (r — B)) =0,

(¢ (r = A)|H|¢"™ (r = B')) = %P, (11)

where 7 is the hoping integral in the graphene and ((3)
is part which depends on the surface curvature and will
be computed latter. So in a tight-binding approximation
we get the systems of equations as showing in Appendix
A.

Firstly, we solve the equations in Appendix A as-
suming that Wj; is the perturbation. So we can de-
couple these 12 equations. We get 8 equations for the
outer shell and 4 for the inner shell. If we express the
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state of the outer shell (Eq. (5)) in the form v, =
(CA17CB170A27CBzuCA’lucB{7CAlzucBé)7 we get the so-
lutions to the outer shell in the form

2

3k
By o(k) = etmo (14—4[3608 % cos \/—2 2 1442 cos? %) 7

Y12 = —= (L; ke ™1 1y ke™ ™1 1y ke 1 1 ke )

(12)

L
NG

1
3k :
\/—2 a+4ﬁzc082 %) 7

Es (k)=e¢x (1 —43cos % cos

Paa=—= (1772 — 1, Fe %2, 1 e 92 — 15 Fe'%2)

(13)

1
e

1
2

k
V3 a—|—4ﬁQsin2 %) 7

2

Es6(k)=e£70 <1+4ﬂ sin % cos

V5.6 =

(1; £e ™" —i; Fie %2, —1; Fe 9%, 4; kie™'#9)

(14)

1
V8

3k 2
Ezs(k)=¢e£vo (1—4ﬁsin % cos \/_2 a+452 sin? %) ’

1 , , . |
Yrs=—= (1;Fe "0 Hie ™91, —1; Fe™ 94 —i; Fie %)

V8
(15)
where, for instance,
ik—\/‘% 2 mm _i%
e V3 +2f3cos e

81#71 — '
(1 + 40 cos ZZ cos @ + 432 cos? %)%

(16)

Similar results for the electronic spectra in the case
of inner nanotubes were found in the form (¢, =
(Ca,CB,Ca,Ch))

N|=

V3ka
2

Eg10(k)=¢é£o <1+4Bcos % cos +4/3? cos? %) ,

9,10 = 1; ke "5, 1; ke 97) (17)

1
71

~ 3k -
Eq1,12(k)=¢€é£ (1—4ﬁcos % cos V3ka +43? cos® %) ’

2

(1; +eTiPe; 1; :Fe_i“’ﬁ) . (18)

1
V11,12 = ﬁ

567

Since the radii of the outer and inner nanotubes are dif-
ferent 3 # (. Here k, = k and —ﬁ < k< ﬁ is the
first Brillouin zone. As we have a curved surface, the local
normals on the neighboring sites are no longer perfectly
aligned and this misorientation also changes the transfer
integral. The change can be calculated using the curvature
tensor bas [19]. The result is

0tg 1
— = —ybebirl e

(19)

where the only nonzero term is b,,;b% = 1/R?. So we have

Moy, (20)

6t2 1 T (. T\2 1 z\2

T = _gbszw(TQ) = 2R2 (7-2) ) (21)

5ty 1 ) 1 )

e A T x\2 _ _ _— (.« 29
t 2b bm(TB) 2R2 (7-3) ( )

With using the unit vectors we have (75)% = (75)? = %2.
We found the radius of the inner nanotube from the ex-
pression 27 R = Na. The nonzero terms are 5% = 6% =
#(%)?. The same holds for the outer nanotube. The pa-

rameters 3, B can be expressed in the form

5 5t2_ 1 /m\2

f=1-F=1-5(5) (23)
and 5 . )

_q_ 02 _, 1/m

p=1 t =1 2(18) (24)

Now we calculate the values ¢ and € which are different
because the inner and outer shell radii are different. Due
to the curvature the coordinates of 7; in space are

m = d(0;1;0),
T =d <§ cos@;——,—ﬁ sin0> ,

2 2
ﬁzd(—gcos&—g;—gshﬂ) : (25)

where sinf = a/4R; R is the radius of the nanotube. Now
one can construct three hybrids along the three directions
of the bonds. These directions are

e1r = (0;1;0),
€5 = ECOSQ'—E'—ESiHQ
2 2 ) 27 2 )
3 1 3
€3 = (—%cos@;—i;—gsint?). (26)

The requirement of the orthonormality of the hybrid wave
functions determines uniquely the fourth hybrid, denoted
by |7), which corresponds to the p, orbital in graphite.
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The hybridization of the ¢ bonds therefore changes from
the uncurved expression to

+/ 1- 51|pu

lo1) = s1ls)
|o2) = sals) +4/1 — 53
V3 1 V3

X (7 cosO|p,) — §|py> — 751n9|pz> ,

|os) = sals) +4/1 — 53
V3 1 V3

X (—7 cosf|p,) — §|py> —5 sinf|p.) |,

|T) = D1ls) + Dalps) + Ds|py) + Dalp-). (27)

The mixing parameters s;, D; can be determined by
the orthonormality conditions (o;|o;) = &4, (w|oy) =
0,(m|m) = 1. We get

1
lon) = V3 cos 20 Tl V  3co0s20 [Py);

og) =, 305201 \F
7% = (cos26‘—|—1 3 cosd
V3 1 V3
X (7 cosO|p,) — §|py> - 751n9|pz> ,
l03) = 300529—1 \/5
78 = (cos26‘—|—1 3 cosd

V3 1 V3
X (—7 cosf|py) — §|py> —5 sinf|p.) |,

I7) = tan 6 3c0526‘—1| )+ tan 6 _tanb
Ty = \—————]s
3cos260 V3 cos 260 Py
v cos 20
+ p2). (28)
cos

Now we can find the expression for the 7 orbital to the
lowest order in a/R

+ |p2 29
M~ el b ) ) (29)
and so we get
a2 a2
= (rlHl) = g (1 1)+ pames y Hpy) + (o Hp).
(30)
Due to a/2R =7 /N, (N =9) we have
_ 17 1 7?2
€= sz slHls) + 51 Pyl HIpy) + (p:z|Hlpz),  (31)
and
1 72 1 72
= —— H — H z H z)- 2
€ = g {slH]s) + g o Hlpy) + (el Hp). (32)
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In the case m = 3 we find

Faa(h) = e (1 — 28c0s Yo g2)h - (3g)
Ell’lg(k) E == ’70(1 — 26(308 \/ik + 52)% (34)

where k£ = 0 is a Fermi point for both the inner and outer
nanotubes in the case § = (§ = 1. Nanotubes have no
gap and have a semiconductor character. If we impose a
curvature correction, we get a gap

Box-n-n () 2 @
for the outer nanotube and
Ey=2(1-8) =m0 (%)2 =2 (%)2, (36)

for the inner nanotube. Here R is the radius of the inner
tube and 2R is the radius of the outer tube. So we get
the same gap as was computed in [20] where the rehy-
bridized orbital method was used. For 79 ~ 3 eV we get
E4 =~ 0.365 eV for the inner tube and E, ~ 0.091 eV for
the outer tube. Now we want to estimate the difference
between “Fermi levels” of the inner and the outer shell.
We have [21]

(s|H|s) ~ —12 eV, (37)
(py|H|py) ~ —4 eV, (38)
and the difference is
o5 () = (£)) it
() G o

From the expression above we finally get the value for the

energy gap

e— ¢~ 0.21 eV. (40)

Now we use the eigenstates ¢; to find the solution when
the interaction between shells is imposed. We assume the
symmetric geometry of zig-zag DWNT. It means that the
atoms A, A; and B, B; are directly one above another in
the neighboring shells [10]. We take into account only the
interactions

Waa, =Wgp, = %- (41)
We look for solution in the form
12
W= (i (42)
i=1

We have secular equations

12

> (il Hy;)¢ = EG,

Jj=1
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Fig. 3. (Color online) Spectra of zigzag DWNT with the in-
tertube interactions.

where
(Vi H|1bj) = 045 5,

for i,7 = 1,...8 and 7,5 = 9,...12, and the interaction
between shells is described by the terms (y;|H|1;) for i =

(44)

1,..8 ;7 =09,...12 and vice versa. We have, for instance,
I % (e —

H (1 i(ps 4/71)) , 45

(Yol H|th1) = ok +e (45)
1 v (on—

Hiipy) = — 10 (1— ies W). 46

We get the eigenvalues E; with eigenvectors which can be
expressed in the form

12
W =Y Gty
=1

(47)

The eigenvalues of equation (55) for some values of
V/3ka/2 near the point k = 0 are depicted in Figure 3
where F,. and F, are conductive and valence band. The
band structure for zig-zag DWNT without intertube in-
teractions is also shown for comparison (Fig. 4). At the
point £ = 0 we get the wave function of the valence band

E[/U ~ —0.6¢3 + 0.8¢11, (48)
3(Y11) is 7* state of the outer(inner) nanotube. We
get a minimum gap F, ~ 90 meV between the valence
and conductive band of the DWNTs at the wave vectors
\/—ka/Q ~ +0.05. At these points the wave function has
the form

W, ~ — 0.263i1)3 + 0.838¢4 — (0.14 + 0.45)1)1,

+(0.29 — 0.094)t12, (49)
¥4(Yh12) is 7 state of the outer(inner) nanotube. We
calculated also the electronic structure of (8,0)—(16,0)
and (10,0)—(20,0) DWNTs. The energy gaps are collected
in the Tables 1 and 2. To compute the gaps A we used
formula (19). The gaps denoted by Ak, are computed
with formula used in [22]; Arp are gaps calculated in
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Fig. 4. (Color online) Spectra of zigzag DWNT in the absence
of the intertube interactions.

Table 1. The values of the minimum energy gaps for different
types of zig-zag SWNTs. The values are calculated in eV. A
and A are the gaps computed in the present paper. The val-
ues for comparison Arp, Appr are computations from simple
zone tight-binding and density functional theory [28].

SWNT A Agy Arp Apper
(8,0) 1.752  1.496  1.42 0.59
(9,0) 0.37  0.093 0 0.096

(10,0)  0.705 0.966 1.07 0.77
(16,0)  0.538 0.634 0.67 0.54
(18,0)  0.091 0.023 0 0.013
(20,0) 0.619 0.568 0.56 0.50

Table 2. The values of the minimum energy gaps for differ-
ent types of zig-zag DWNTs. The values are calculated in eV,
Appr is taken from [27]

DWNT A Axn Aprr
(8,00-(16,0)  1.234 1.080  0.35
(9,0)-(18,0)  0.09 0061  —
(10,0)-(20,0) 0494 0.676 -

the simple zone folding tight-binding approximation where
the curvature effects are not taken into account. We com-
pare our results with the previous computed energy gaps.
For (8,0)—(16,0) DWNTs we get a gap which is signifi-
cantly greater than that computed by density functional
theory (DFT). It is mainly caused by that the tight-
bounding method gives greater gaps for nanotubes with a
very small diameter than the DF'T computations. Another
reason is that we describe DWNTs as one unified sys-
tem where single nanotubes partially lose their individual
characteristics due to the interactions. For (10,0)—(20,0)
DWNTSs we get a similar gap as in [25].

3 (5,5)—(10, 10) armchair tubules

We can make similar calculations of electronic spectra also
in the case of armchair double-layer nanotubes. The sys-
tem is characterized by the same Hamiltonian as in the
previous section. We can define the vectors connecting the
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Fig. 5. The outer shell part of the unit cell in the case of
armchair nanotubes.

Fig. 6. The inner shell part of the unit cell in the case of
armchair nanotubes.

nearest neighbor carbon atoms for armchair nanotubes in
the form:

-_ 1

1 a(\/gao)v

7 —al-— _ 1

2 2\/53 2 ’

% =a(->mi3) (50)

2v3 2

The distance between atoms in the unit cell is also |7; | =
a

7
Now we define the intratube hopping integrals

(" (r = A))[H|™ (r — B1)) =700,

(" (r — A1) |H o™ (r — Bj)) = Y05, (51)
and
("™ (r — A)|H|™ (r — B)) = 704,
(@™ (r — A)|H|p™(r — B')) = 7083, (52)

where vp is the hoping integral in the graphene and a(q),
B(08) are parameters which describe the dependence of
hopping integrals on the surface curvature. From Figures 5
and 6 we get the system of equations as describing in
Appendix B.

At the beginning we neglect the intertube interactions
in the equations described in Appendix B. We get a set of

The European Physical Journal B

equations which can be decoupled. One set for the outer
shell and the other for the inner shell. The electronic spec-
tra and eigenstate for the outer shell can be expressed in

the form
1
@ 2
2 b)

1; e 91 1, de 1 14701 1 :I:e_i‘/’l)
(53)

k
a+462 cos?

Ei2(k)=€e£vo (a2 + 4af cos % cos 5

1
"/’1,2 = % (
k ka\ 2
Es 4 (k)=e£o (a2—4aﬁcosgcos§+4ﬁz cos? ?a) 7

(1; £e72; —1; e ™92, 15 ke 792 —1; e 1?)
(54)

1
P34 = 7

k ka\ ?
Es6(k)=€eto <a2+4a6 sin % cos ; +4/3? cos? 7@) ,

P5.6=

(1; +e T3 —i; Fie '3 —1; Fe 30 :I:z'e_“"s)

(55)

1
NG

1
2

k k
Er g(k) =€t <a2_4aﬁsin%cos7a+4ﬁ2cosz g) ,

1 a1 i i Ly
W7 8= (1;:|:e TPy dieT P —1; Fe T P —i; Fie “"4).

%
(56)

The electronic spectra for the inner nanotubes was found
in the form

[N

~ _~ k ~ k
Eg10(k) = et (042+4aﬁ cos % cos 7(1 +4/3? cos? g) ,
1,10 =

(1; £e"¥%; 1; e "%°) (57)

1
V4
1
2

. _~ k ~, k
Er1,12(k)=¢é£ <a2 —4a cos % cos ;4—462 cos? ?a) ,

(1; +ei¥0; _1; :Fe_w“) . (58)

1
1/’11,12—ﬁ

From the boundary condition k,L = 2mm, L = N3d
where d = a/+/3 is the nearest neighbor bond length we
get k, = Z0 = % m = 0,1,...N — 1; 3d is the
length of the unit cell in the a-direction. Here k, = k
and —2 < k < 7 is the first Brillouin zone. In this

case, we assume that N = 5 for the above spectrum.
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The value for the parameter a and B can be found from
~ 2
the expressions & = 1 — beobZ(17)? = 1 — g%

ShZ and
B =1—1b,b5(r5)% = 1 — 5%, The radius for the
inner, outer nanotube can be found from the expressions
2rR = N3d = v/3Na, 2rR = N6d, respectively. Now
we make a correction of transfer integral caused by the
curvature of nanotubes

~ 1 x

p=1- 5(3—]\])2; p=1- 5(3—]\])27 (59)
a=1—2(3iN)2; a:l—%(?)iN)Q. (60)

We calculate the values € and €. Due to the curvature the
coordinates of 7; in space are

71 = d(cos 0;0; — sin @),

. 1 V3.1
TQ—d<—§COS’L9,—7,—§SID’L9>,

ﬁzd(—%cosﬁ;ﬁ;—lsinﬁ>, (61)

2 2

where sinf = d/2R and sint = d/4R; R is the radius of
the nanotube. In a similar way, as in the previous section,
we get

cos(0 + 1
o) = =049
/2 + cos?(0 + 9)
o (cosflpa) — sindp.))
2+ cos?(0 + 9) 08Y1Pe) = SIWTIP=))

o2) = el 4/ 2 (—% cosﬂ|pm>—§|py>—§sinﬂ|pz>>,

1 2( 1 V3 1
loz) = %|5>+\/;<—§ C0519|pm>+7|py>—§Slnﬁ|pz>>7

2 sin(f+9)

- g\/2+cos2(9+19)|8>

2sin 6 — sin ¥ cos(6 + )

)

/6 + 3cos2(6 + 0) Ip=)
2 cos 0 + cos ) cos(6 + I

oL 9) ). (62)
/6 + 3cos2(0 + V)

Now we can find the expression for the m orbital to the
lowest order in d/R

V2d d
|T) =~ R s) + 1R |pz) + |P2)- (63)
Due to 3dN = 27 R we get
\/§7T i
) ~ N s) + 6N |px) + [P2), (64)

571
and so

e = (mlHlm ~ 1 (%) {slHls)
2o (%) elHlpe) + (el Hlp2). (69)

From this expression we derive, if (N = 5),

- 1_18 (%)2 (s|H|s) + 3—16 (%)2 (pe|H|ps) + (p=| H|p-),

(L}

(66)
and
= ) 5 )

The energy levels E3 4 and Eqq 12 define the Fermi point
for m = 0. We have

k
Bsalk) = e£v0la —28cos |, (68)
. ~ ~  ka
E11712(l€) = 6:':70|OZ—25COS 7|, (69)
and the Fermi point is defined by the equations
~ ~ k
a — 23 cos 7(1 =0, (70)
for the inner shell, and
k
a — 23 cos 7(1 =0, (71)

for the outer shell, respectively. By virtue of 8 > a8 > @)
the curvature does not open a gap in the case of sin-
gle nanotubes. Using the values (s|H|s) ~ —12 eV and
(pz|H|pz) = —4 eV in the following expression:

e () ) e

s () - (3)) el @2

e— e~ 0.23 eV.

we find
(73)

Now we use the eigenstates ¢; to find the solution when
the interaction between shells is imposed. Similarly, as in
the previous case, we look for the solution in the form

12
V= Z Gt (74)
i=1
We have secular equations
12
> (Wil Hlv;)¢ = B (75)

Jj=1

We take into account all intertube interactions between
atoms which have a distance d;; less than 4.2 A similarly
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Fig. 7. (Color online) Spectra of armchair DWNT in the ab-
sence of the intertube interactions.
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Fig. 8. (Color online) Spectra of armchair DWNT with the
intertube interactions in symmetric case.

as in [15,16]. We use the value £ = 3.466 for the inter-
tube distance in the numerical computations. We compute
spectra for three different geometries. The first case was
symmetric geometry where the atoms B)(Az) occupy a
position directly above A’(B’), respectively. In the second
case, we shift the inner shell axially by 0.612 A and in
the third case, we rotate the inner shell by 6° from the
symmetric orientation. We get the eigenvalues FE; with
eigenvectors which can be expressed in the form

12
W= Gyt
j=1

The spectra for some values of ka/2 near the Fermi points
of single nanotubes are depicted in Figure 7. The point
ka/2 = 1.086 is the Fermi point of the isolated inner
nanotube. The point ka/2 = 1.057 is the Fermi point of
the isolated outer nanotube. Approximately, from point
ka/2 = 1.054 to point 1.095 the E7; levels are below the
Ej level. So in the armchair DWNT the state ¥y, is oc-
cupied at these points. The state ¥;; is some mixture of
the states ;. For example, for the point ka/2 = 1.083 we
have that the main part of ¥yq is 111 which is 7* state of
the inner tube.

We get that electrons which are localized in the outer
nanotubes in the case without interaction between shells

(76)
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Fig. 9. (Color online) Spectra of armchair DWNT with the
intertube interactions with shift of y-axes of inner tube about
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Fig. 10. (Color online) Spectra of armchair DWNT with
the intertube interactions with rotation of inner tube about
6 angle.

(or in the case of single nanotubes) are now localized in
the inner nanotubes in the state which is unoccupied in
the single nanotubes. Figures 8-10 describe how the shift
and rotation of the inner nanotube, similarly as in [15],
influence the energy gap between conductance and valence
bands in the DWNTs armchair nanotube where E. and E,
are conductive and valence bands. We get similar results
for (4,4)—(8,8) and (6,6)—(12,12) DWNTs.

4 Conclusion

In the present work, we take into account that the Fermi
levels of the individual nanotubes which create the dou-
ble wall nanotubes are different. This difference is very
important in the double wall nanotubes with small di-
ameters. The interplay between energy difference of the
Fermi levels of the individual nanotubes and the energy
gap between valence and conducting band of individual
nanotubes have a strong effect on the conductivity of dou-
ble wall nanotubes [23-25]. The important parameter is
also a difference of wave vectors kp of the individual nan-
otubes.
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To compute the influence of a curvature of the sur-
face on the matrix elements of the secular equation, we
used two methods. The rehybridization of the 7 orbital
method was used for the computation of diagonal ma-
trix elements which define the Fermi levels of single nan-
otubes. To compute the nondiagonal matrix element, we
used the curvature tensor b;;. In the present work, we get
the same gap as in [20] which was computed by the re-
hybridized method for single wall zig-zag nanotubes. The
gap is by a factor of 4 larger than that computed in the
previous study [22]. The reason is that we get analytically
a 4 time bigger term 0t¢;/t. The curvature of the surface
opens the gap in the zig-zag SWNTs but does not open
the gap in the armchair SWNTs. The Fermi level of the
outer shell is about 0.21 eV higher than the Fermi level of
the inner shell in the case of (9,0)—(18,0) zig-zag DWNTs.
In the case of zig-zag DWNTs, the curvature does not shift
the minimum of the conductance band and maximum of
the valence band of the individual nanotubes. The result is
that these DWNTSs are the semiconductor. The electronic
structure of the (9,0)—(18,0) DWNTs in the absence of
the intertube interactions is shown in Figure 4. Due to the
difference in Fermi levels of individual nanotubes the va-
lence states are not symmetric to conduction states about
the Fermi level. We have a gap E; = 25 meV between
the valence band of the outer shell and the conductive
band of the inner shell. The difference in the Fermi levels
of individual nanotubes has not been taken into account
n [10]. They have symmetric valence states to the con-
duction states, and the energy gap F, is associated with
outer (18,0) nanotubes in the absence of the intertube in-
teraction. We get a minimum gap between the valence and
conductive band at the points v/3ka/2 ~ 40.05 and this
energy gap has value F;, = 90 meV when the intertube
interactions are imposed. We also compute the energy
gaps of (8,0)—(16,0) and (10,0)—(20,0) zig-zag DWNTs.
For (8,0)—(16,0) DWNTs we get a significantly greater
gap than is predicted by DFT calculations. It is mainly
due to difference in the energy gaps of (8,0) SWNTs. DFT
calculations predict energy gaps 0.6 eV. Quasiparticle cor-
rections open the gap to 1.75 eV [26]. A similar gap is
predicted in the present paper. The values of the mini-
mum energy gaps for different types of zig-zag SWNT's
and DWNTs are collected in Tables 1 and 2.

The Fermi level of the outer shell is about
0.23 eV higher than the Fermi level of the inner shell
for (5,5)—(10,10) armchair DWNTSs. The result is that in
the armchair DWNTs part of electrons from the valence
band of the outer shell comes to the conductance band of
the inner shell. The inner shell will have a negative charge
and will have electron conductivity, and the outer shell will
have a positive charge and will have hole conductivity. In
the case of armchair SWNT's, the Fermi points are shifted

and the shift depends on the curvature. Since the 35 is

bigger than %, the Fermi point k£ of the outer nanotube
is smaller than the wave vector kp of the Fermi point of
the inner nanotube. The highest occupied state is located

above the lowest unoccupied state in the case of the arm-
chair DWNT. The differences are 0.16 €V in the symmet-
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ric geometry, 0.1 eV when inner nanotube is shifted in the
direction of the axes and 96 meV in the case of the rota-
tional displacement of the inner with respect to the outer
tube. So armchair DWNTs have a semimetallic charac-
ter. We get the same character of the conductivity in all
computed geometries for the armchair (5,5)—(10, 10) nan-
otube. It means that the conductivity does not strongly
depend on the relative position of individual shells. We
get similar results, as in [3,4], for the asymmetric geome-
try of (5,5)—(10, 10) armchair nanotube, but we have the
inverse asymmetry of the electronic spectra. In our model
we get the asymmetry because the Fermi level of the outer
nanotube is higher than the Fermi level of the inner nan-
otube, and the wave vector kg of the Fermi level of the
outer nanotube is smaller than the wave vector of the
Fermi level of the inner nanotube (Fig. 8). We get simi-
lar results also for (4,4)—(8,8) and (6,6)—(12,12) DWNTs
where the highest occupied state is 0.217 eV above the
lowest unoccupied state in the case of (4,4)—(8,8) DWNTs
and 0.12 eV in the case of (6,6)—(12,12) DWNTs.

The main reason why there is a difference in the char-
acter of the conductivity of armchair and zig-zag double
wall nanotubes is the absence of the shift of the wave
vector k where the individual zig-zag nanotubes have a
minimal gap. So zig-zag DWNTs are semiconductors. We
have a maximum of the valence band of the outer armchair
nanotube higher than a minimum of the conductive band
of the inner nanotube in the armchair DWNTs. There is
no energy gap in armchair nanotubes but there is a shift
of kr. Those are the main reasons why the armchair dou-
ble wall nanotubes with a small radius are semimetal. We
can also conclude that the shift and rotation of the inner
nanotube do not influent largely the main characteristics
of the DWNTs armchair nanotubes; therefore, they are
stable with their semimetallic character. It would be in-
teresting to test this prediction in experiment.

Generally, we can say that the conductivity depends
on the relative position of the wave vectors k where the
individual nanotubes have a minimum gap. If there is no
shift, the DWNTs are semiconductors. Zig-zag SWNTs
have a minimum gap at point I'. It means that from our
prediction all zig-zag DWNTs ought to be semiconduc-
tors. It is partially supported in [25]. On the other hand,
if there is a shift in the wave vectors where the individual
nanotubes have a minimal gap depending on the mutual
positions of the Fermi levels and the energy gap width
of individual nanotubes, the DWNT can be semimetal or
semiconductor. The examples are (5,5)—(10,10) DWNTs
where the shift is caused by curvature and (4,2)—(10,5)
DWNTs where individual nanotubes have gap minima at
the points X and I" [27]. We have shown that the differ-
ence in the Fermi level energies and mixing of orbitals lo-
calized on the outer and inner nanotubes cause the charge
transfer from outer to inner tubules. We do not take into
account that charge transfer between the outer and in-
ner tubules create an electric field between these tubules.
So not all electrons can transfer from the outer shell to
the inner shell, as is predicted by the present study. As-
sumption of this effect can make a reconstruction of the



574

electronic spectra of DWNTSs. This is important mainly in
the DWNTs where the inner nanotube has a very small
diameter. The result can be metallic character of zig-zag
DWNTs with (7,0) and (5,0) inner nanotube, as is pre-
dicted in [6,7,27]. Our calculations predict semiconducting
character of (9,0)—(18,0) DWNTs similarly to [3,10] and
contrary to [6]. It ought to be resolved.

If inner shell has a radius about 7 A and more, the dif-
ference between Fermi energy of the outer and the inner
tubules is small. So the charge transfer is not significant.
The lower the minimum of the 7* state of the inner nan-
otube in comparison with the maximum of the 7 state of
the outer nanotube the bigger charge transfer is. If individ-
ual nanotubes have metallic character, the charge transfer
will be greater then in the case of DWNTs where one or
both of the nanotubes are semiconductor. It means for
instance that the charge transfer is smaller in the case of
zig-zag DWNTs than in the case of armchair DWNTs with
similar radius. Charge transfer is from the outer to the in-
ner nanotube because Fermi level of the outer nanotube
is higher then Fermi level of the inner nanotube.

From equation (71) we get the following formula for
the Fermi wave vector kp of the armchair SWNT;

#_ (77)

For a large radius the Fermi wave vector is located at
kr(R — o0) = 2mw/3a. As a diameter decreases, the po-
sition of kp shifts from kp(R — oo) towards the bigger
wave vectors. The DFT calculations predict the opposite
shift [28]. Parameter « is smaller than parameter 3. It
means that because of curvature the hopping integral in
the 71 direction is smaller than the hopping integrals in
the 79 and 73 directions. This is the reason why we get
the shift of kr towards the bigger wave vector with de-
creasing of the radius of the nanotube. We expect that
less symmetric DWNTs have no such stable characteristic
when we change a relative position of the outer and in-
ner nanotubes. The oscillation character of a energy gap
will not exist in the case of less symmetric DWNTs. The
understanding how the rotation of the inner nanotube in
different types of DWNTs influences electronic properties
of this type of nanostructures is needed to design a new
type of nanomotors [29].
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Appendix A

In a tight-binding approximation for the case of zig-zag
tubules we get the following systems of equations: for the
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outer shell

60141 + HAlech + HA1B§CB§ + HAlBchl
+ 3 Wi, aCx = ECa,, (78)
)

where Ha,p, = v00e' " ™; Haypy, = y00e' "™ Hayp, =
'7061 I
€Cp, + Hp,4,Ca, + Hp, 4,Cay + Hp, 4,Ca,

+ ZWBI_)\C)\ = ECBI, (79)
A

7 — .

-
It _ —ik7. _
where Hp, 4, = yoe "™ Hp,a, =v0Be™ " ™; Hp, a, =

YoBe~ .
€Ca, + Ha,5,CB, + Ha,5,CB, + Ha,p;Cpy

+ ZWAz)\C)\ = ECA27 (80)
A
where Ha,p, = Y0e' ¥ 705 Hayp, = ~ofei 75

—
=
1 kT3

Ha,py =
Yole

6032 + HB2AIOA1 + I{BgA/lch’1 + HB2A20A2
+ ZWBg)\C)\ = ECBZ, (81)

X
where Hp,a, = ~ofe '"™; Hp,ay = ofe™" "7
s
HB2A2 — ,YOe—zkn'
€Cp; + Hp; 4,Ca, + Hp; 4, Cay + Hp; 4, Cay
+§ Wp; ACx = ECp;, (82)
x
= T
where Hpra, = ~0fe '*™; Hpa = rofe " F75;

—
7T —
1k T{

Hp;a, = oe™
€Cay + Hayp;Cp; + Hayp,Cpy + Hayp, Cp,
+ Z WA’Z.)\O)\ = ECA’Z, (83)
X

where Haypr = yofe' "™ Hayp, = o€ "™
?_; 271 272

’70667‘ 7—2'

€Cpy + Hpya,Cay + Hpy a1 Cay + Hpya,Ca,

+ Z Wpy 2Cx = ECp;, (84)
x

Hayp, =

—_,

. .—>—>
where Hp; 4 = y0e™*F T Hpyay = y0Be™"*™; Hpya, =
T
,.Yoﬂe—lkTg'
GCAII +HA/131031 +HA§B2CB2 +HA§BQCBQ

+ Z Wa zCx = ECy4,, (85)
>\
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where HAiBi = ye'" HA'lBg = YoBe' " T3 HA/IBQ =

7056“’”_5. Here )\ denotes the atoms of the unitary cell
localized on the inner shell. Now we write down the equa-
tions for the inner shell in the case of zigzag nanotubes.

€CA+ HapCp + HapCp + Z WarCx = ECy4, (86)
X

ik D kTS o ikt
where Hap = v0€' "™ ; Hap = y0B(e" "™ 4 €' 7 75).

€Cp+ HpaCa+ HpaCar + Y WpaCy = ECp, (87)
A

—ikT Ro—ikT . —ikT
where Hp = e 1 Hpa :”yoﬁ(e 2+e 3).

ECa+HapCp+HapCp+Y WasCx=ECa, (88)
A

ik FikT o ikTs
where Ha/pr = e IQHA’B:'YOB(e 24 e'hTs),

ECB/—FHB/AC'A—!-HB/A/CA/—FZ Wp ACx = ECps, (89)
A

where Hprar = yoe K71 Hpig = ’705(6
and A denotes the atoms of the unitary cell localized on
the outer shell.

_ikT 4 e—i??g’)

Appendix B

In a tight-binding approximation for the case of armchair
tubules we get the following systems of equations: for the
outer shell

€Ca, + Ha,B,Cp, + Ha,5,Cp; + Z Wa, 2O\ = ECy,,
X
(90)

where Ha, g, = Yo' ¥ 71; Ha,py = YoB(etF T2 etk T,

€Cp, + Hp,4,Ca, + Hp,0,Ca, + Y Wg, 2Cx = ECp,
A
(91)

,yoﬁ(e—lk?g +

—

0=

where Hp, 4, = 70046_””1; Hp, 4,
=

e—zkrg)

€Cay, +Hp,p,Cp, + Hayp,Cp, +ZWA2*AO)‘ = EC4,,
A

(92)
where HA232 = ,-)/anik?f; HA2BI = '-)/06(6“ca + eik%)
Cp, + Hp,a,Cay + Hp,2,Ca, + Y Wp, \Cx = ECp,,

A

(93)
where Hp,a, = yae "7 Hp,a, = YoB(e kT +
e‘iz’?).

€Cay + Hap,Cp, + Ha; g Cp; + ZWA;,AC,\ = ECay,
X

(94)
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—

T T e

where H 41 pr = yoae' " ™5 Har g, = 70B(e' ¥ 7 + €' ¥ 78).

ECBi +HBiAiCA/1 +HB1A’20A’2 + E WB{,ACA = ECBia
A

(95)
where HBiA/l = fyoae_ik?l; HBiAé — 706(6_1-]6?2 +
e—i?‘?},)'
€Cay + Hayp; Cp; + Hayp, Cpy + ZWBQ,AC/\ = ECp,,
A

_(0)

ik, ik | LikT3
wh H (& H & &
ere Hayp; = Yoo i Haypy = 708( + )-

EOBQ + I{BQAIOA1 + HBQAQCAQ + ZWB§>>\O>\ = EC’Bé7
A

(97)
= 7B * T +
e . Here A\ denotes the atoms of the unitary cell lo-

calized on the inner shell. The equations for the inner shell
can be expressed in the form:

T =
where Hpya, = Yooe PR T Hpy a,

—i?%)

€Ca+ HapCp + HypCp + Z Wi Cx = ECa, (98)
x

~ kT B kT | ik
where Hap = yoae s Hapr = vo00(e +e ).

éCp+ HpaCa+ HpaCar+ Y WpACx = ECp, (99)
A

—_,

where Hpa = yoae " * 75 Hpar = y0B(e™"F 7 + 71F75),

€Cy + HapCp + HapCpr + Z WarzCx = ECar,
)

(100)
where Harp = y0aet ¥ 75 Hap = 70B(e'F 7 + ¢ F 7).
éCp + HpACa+ HpraCyr + ZWB/,AC)\ _ ECB/,

A
(101)

where Hpar = yode " *71; Hpr g = %g(e—ikr—g_’_e_ik;g)'
Here A denotes the atoms of the unitary cell localized on
the outer shell.
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