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Double-wall (DW) CNTSs consisting of two coaxial single-wall (SW) constituents, possess mechani-
cal, structural and electronic properties which are superior to SW CNTs. DW CNT is also the sim-
plest model of multi-wall (MW) carbon nanotube. In this study, we have simulated DW NTs with not
only commensurate (6,6)@(11,11) and (10, 0)@ (19, 0) morphologies (analogously to those double-
wall carbon nanotubes studied so far), but also incommensurate (6,6)@(19,0) and (10,0)@(11,11)
ones, all described by asymmetric P1 rod group. Inter-shell distances in aforementioned nanotubes
are changed from 3.37 to 3.54 A, within the interval of DW CNT stability. Due to essential differ-
ence between the translation periods of SW CNTs with (n,,n;) and (n,,0) chirality indices (their
ratio is 1/,/3), we have been able to use the first-principles DFT-LCAO method only for detailed
calculations on the first two nanotube configurations mentioned above (using unit cell model),
while the semi-empirical self-consistent-charge density-functional tight-binding (SCC-DFTB) method
has been applied for calculations of all four DW NT configurations (in the framework of super-
cell model characterized by large translation length unit of incommensurate double-wall nanotube
achieving 4.24 nm). Combining both methods for calculations on SW and DW CNTs, we have ana-
lyzed their electronic properties (e.g., band structure, density of states as well as electronic charge

redistribution).

Keywords: Morphology of DW CNTSs, Ab Initio DFT-LCAO Method, Semi-Empirical SCC-DFTB
Method, Calculated Parameters of CNT Electronic Structure.

1. INTRODUCTION

Broad technological application of carbon nanotubes
(CNTs) is still hindered by inability to provide reproducible
growth of CNTs with predetermined chirality indices since
existing experimental methods of nanotube synthesis yield
a mixture of metallic and semiconducting nanotubes.'™
Multi-wall (MW) nanotubular structures were found to
be grown more efficiently as compared to SW NTs with
diameters > 1.5-2.0 nm.* Since MW CNTs contain a few
concentric nanotubular shells, they have more complex
electronic and transport properties as compared to SW
CNTs, mainly due to the inter-wall interactions between the
adjacent shells.>3 A number of quantum effects, such as
the ballistic transport, the negative magnetoresistance and
the interference effect, have been observed in MW CNTs.’
On the other hand, the propagation of azimuthally symmet-
ric guided waves inside the multi-walled carbon nanotubes,
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which is technologically important for the electromagnetic
characteristics of CNT-based antennas, was recently ana-
lyzed theoretically.® When modeling the electromagnetic
properties of an MW CNT, the inter-wall interaction lead-
ing to either electron tunneling or hopping between the
shells is one of critical points for a proper description of
aforementioned propagation effects.®’

The simplest examples of MW CNTs are coaxial
double-wall nanotubes (DW CNTs) which provide ratio-
nal explanation for the dependence of their electronic and
structural properties on the inter-wall van der Waals-type
interactions.® The two-shell structure can protect the inner
tube from the external perturbations, thus giving the desired
properties of nanotube cables, field-effect transistors and
molecular capacitors.>® DW CNTs with outer diameter
~ 1.5 nm were synthesized by fusion of fullerenes encap-
sulated in SW NTs.* 10

A number of theoretical simulations on equilibrium
structure and electronic properties of commensurate DW
CNTs were performed so far.>® -7 For majority of
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these calculations, the plane-wave formalism of Density
Functional Theory (DFT-PW) was applied, within the
Local Density Approximation (LDA), in order to simu-
late DW NTs possessing armchair-type (ac-)* or zigzag-
type (zz-),'"'® and both types of chiralities.'*'” The
linearized augmented cylindrical-wave (LACW) method'*
was also developed for DFT-LDA calculations on both
ac- and zz-chiralities of any DW NTs. In recent ab initio
DFT + HF hybrid calculations on the atomic structure and
electronic properties of commensurate BN and TiO, DW
NTs with hexagonal morphology using the Generalized
Gradient Approximation (GGA), we have applied the for-
malism of linear combination of localized atomic functions
(LCAO)."® The LCAO formalism (within LDA approach)
was also used for construction of both Hamiltonian and
overlap matrices for further generation of Green's func-
tions, necessary to estimate conductance in DW CNTs."
Semi-empirical tight-binding (TB) method was applied for
calculations of both electronic® '3 and phonon'? proper-
ties of DW NTs, while atomistic method based on the
Lennard-Jones potential served for determination of equi-
librium structures of various double-wall nanotubes with
arbitrary chiralities."

The energetically most stable configurations among the
commensurate DW CNTs with ac- and zz-chiralities were
found to be (6,6)@(11,11) and (9,0)@(18,0), respec-
tively, with the inter-shell spacing 3.4-3.6 A (as to

chiral double-wall nanotubes, they were found to be less
stable).'” Moreover, for the two series of DW CNTs stud-
ied within the diameter range, the most stable inner-outer
combination is consistently (n;,n,)@(n; +5,n,+35) for
armchair pairs and (n,,0)@(n, +9, 0) for zigzag pairs."
One of the top questions for DW CNTs solved using their
theoretical simulations is the inter-shell interaction and its
influence on the electronic properties. In the symmetric
DW configurations consisting of two metallic shells (when
|n, — n,| is a multiple of three), energy bands crossed
near the Fermi level £,.* In the asymmetric case, band
crossing is not allowed at all, causing the formation of
pseudo-gaps in the density of states. While the inter-shell
hybridization opens up pseudo-gaps in the electronic struc-
ture, it modifies the character of the corresponding wave
function near &,, and hence is likely to affect the conduc-
tivity of multi-wall nanotubes. On the other hand, semi-
conducting (n,, 0)@(n,, 0) CNTs keep a smaller band gap
as compared to that of inner or outer tubes.'®

Another aspect of the inter-shell interaction in DW
CNTs is a charge transfer between the two weakly interact-
ing SW shells which can be correlated with the difference
of their work functions.® At the same time, the inter-
shell interaction in the multi-wall tubes is not so weak,
to allow the extrapolation of work functions for the iso-
lated single-wall tubes. The predicted work function vari-
ation of double-wall CNTs indicated a potential difficulty

Fig. 1.
study.
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Models of coaxial (6,6)@(11,11) (a), (10,0)@(19,0) (b), (6,6)@(19,0) (c) and (10,0)@(11,11) (d) DW CNTs as simulated in the current
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in their nanoelectronic device applications.'® Judging from
very similar charge redistributions found for the symmet-
ric and asymmetric DW CNTs, the chirality and diame-
ter of the individual nanotubes matter more than relative
nanotube orientations.!! It was rather problematic to pin-
point the dominant eigenstates responsible for the charge
transfer into the inter-shell region, since the charge redis-
tribution is contributed from many eigenstates, some of
them are far below &,. There appears to be a significant
hybridization between these deep states and the inter-shell
state.

In this paper, we analyze results of: (i) DFT-LCAO
calculations on the commensurate (6,6)@(11,11) and
(10,0)@(19,0) CNTs, as well as (ii) self-consistent-charge
density-functional tight-binding (SSC-DFTB) calculations
both on pair of commensurate nanotubes mentioned
above and, for the first time, on pair of incommensurate
(6,6)@(19,0) and (10,0)@(11, 11) nanotubes. Section 2
shortly describes basic concepts of DFT-LCAO and SSC-
DFTB methods. In Section 3, we consider asymmetric
models of both commensurate and incommensurate DW
CNTs (Fig. 1). In the former case, we apply the unit cell
model (the same as for SW CNTs), while in the latter
case, we use the supercell model characterized by large
translation length unit (4.24 nm). Combining both meth-
ods for calculations on SW and DW CNTs, we analyze
and compare in Section 4 their electronic properties.

2. COMPUTATIONAL DETAILS
2.1. DFT-LCAO Method

The first-principles DFT and Hartree-Fock (HF) methods,
as implemented in the CRYSTAL-09 code," are based on
the self-consistent field (SCF) solution of the one-electron
equations: .

hi @i (r) = €@y (r) (1)
where crystalline orbitals ¢;(r) of the N-electron sys-
tem (per unit cell) are expanded as linear combinations of

the set of m Bloch functions built from the local, atom-
centered Gaussian-type functions (GTFs):

a0 =N S0, 0 (S meticn)

nG

Xei(r—R;))=> ¢,G(a,;r—R; —g) (2b)

I

where k is the wave vector of the irreducible representa-
tion of the group of crystal translations {g}; R; denotes the
coordinates of nuclei in the zero cell of which the atomic
orbital x,;(r) is centered; G, ¢, and e, are the normalized
GTFs, its coefficients and exponents, respectively. In the
current study, we have used the all-valence basis set (BS)
of GTFs for carbon atom in the form (6s-311sp-11d) sug-
gested in CRYSTAL Manual,'® with further re-optimization.

1076

The DFT-LCAO method allows us to describe nanotubes
in their original 1D space form, unlike the PW methods,
which were used mainly for ab initio calculations on DW
CNTs. Indeed, to restore the 3D periodicity in the PW
nanotube calculations, the x—y supercell of nanotubes is
artificially introduced:'® the NTs are placed into a square
array with the inter-tube distance up to 3 nm. At such sep-
arations, the inter-wall interaction is usually found to be
rather small, however, the convergence of results obtained
using such a PW calculations depends on the artificial
inter-tube interactions (thus, the additional computational
efforts should be provided to ensure their negligibility).
Such an artifact is certainly absent for description of 1D
nanostructures when using LCAO formalism.

Various types of DFT-LCAO method, as implemented
in CRYSTAL-09 code," differ by the exchange-correlation

functionals:

. OE [p(r);K]

Uye = ——~— ®3)

p(r)

where E .. is the energy functional while p(r) the electron
density function. The GGA-corrected exchange-correlation
functional by Perdew, Burke and Ernzerhof (PBE)* has
been used in our spin-polarized calculations. To provide
a balanced summation in both direct and reciprocal lat-
tices, the reciprocal space integration has been performed
by sampling the Brillouin zone with the 8 x 1 x 1 Pack-
Monkhorst mesh'® which results in 5 k-points in total
for unit cell of SW and DW CNTs. Calculations are
considered as converged only when the total energy dif-
fers by less than 1077 a.u. in two successive cycles of
the self-consistency procedure. A smearing temperature of
0.001 a.u. has been applied to the Fermi function.!® This
value has been chosen relatively low, to ensure that the
magnetic moment is not artificially modified by a too high
value. All the calculations have been performed with the
total geometry optimization.

2.2. SSC-DFTB Method

The DFTB method is based on a second-order expan-
sion of the Kohn-Sham total energy within DFT approach,
with respect to charge density fluctuations.?' The Oth-order
approach is equivalent to a common standard non-self-
consistent semi-empirical TB scheme,?> while at second
order a transparent, parameter-free, and readily calcula-
ble expression for the generalized Hamiltonian matrix
elements can be derived. These are modified by a
self-consistent redistribution of Mulliken charges (SCC).
Besides the usual band structure and short-range repul-
sive terms the final approximate Kohn-Sham energy within
the DFTB method additionally includes a Coulomb inter-
action between the charge fluctuations. This accounts for
long-range electrostatic forces at large distances between
the two point charges and approximately includes self-
interaction contributions of a given atom if the charges
are located at one and the same atom. Due to the SCC

Nanosci. Nanotechnol. Lett. 4, 1074-1081, 2012
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extension, the DFTB method can be successfully applied
to problems, where deficiencies within the non-SCC stan-
dard Slater-Koster TB approach?? become obvious.

The total DFTB energy within the spin-polarized
approach (SDFTB) is present as a sum of four terms:?!

occe

Efc)[t)FTB = Z Znt¢r<¢zo'|HO[n0]|l/jur + ZFYaIBAQaAQB
o=t i
+5 ZZ Zpalpal’ Wall’ +Erep (4)
a lealca

where spin populations in different spin states are

expressed via Mulliken populations (pa; = Gap — Gauy):
1 oce N
Qaic = anlf Z Z (C,u.m' VIU'S[LV +CVIG' /LIUSV,UL) (5)

uela v

Variation of approximate Kohn-Sham energy expression,
Eq. (4), with respect to the minimal basis yields single-
particle ‘Kohn-Sham-like’ equations:

Z Cwa( pra

Values of n,, and n, describe spin-polarized and refer-
ence densmes respectively, H,,, and §,, are elements of
Hamiltonian and overlap matrices, while ¢;, are optimized
pseudo-atomic orbitals. Constants W, are resolved with
respect to the angular momentum, while v,z are deter-
mined analytically from the Coulomb interaction of two
atom-centered spherical charge distributions located at R,
and Rg. The short-range repulsive energy E,,, is defined
from the specific atom-type pair potentials U(R,z).

When using the DFTB method, the Slater-Koster file for
description of C—C interaction was obtained from the DFT-
PBE calculations on diamond.?* Experimental cell constant
was reproduced in this case within ~2 per cent.

One of the most noticeable advantages of SSC-DFTB
method is the size of periodic unit which can be calculated:
the maximum number of atoms per supercell describ-
ing by asymmetric P1 rod group is 1500-2000 versus
150-200 atoms per supercell when performing analogous
DFT-LCAO calculations (i.e., total number is about ten
times larger).

)=0 Vu,i,o (6)

€ig ;w

3. MODELS OF DW CNTs

The four DW CNTs with different chirality combina-
tions, i.e., (6,6)@(11,11), (10,0)@(19,0), (6,6)@(19,0),
and (10,0)@(11, 11), have been simulated in this study
(Fig. 1). Due to difference of translation periods for
SW CNTs with (n,,n,) and (n,, 0) chirality indices by
irrational number of times (+/3), only the first two DW NT
configurations from those mentioned above can be calcu-
lated using first-principles DFT-LCAO method." Indeed,
(6,6)@(11,11), (10,0)@(19,0) nanotubes contain 68 and
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Table I. Three types of nanotube combinations used for DFTB cal-
culations on commensurate and incommensurate DW CNTs shown in
Figure 1. Values of Nj,,, describe numbers of atoms per DW NTs, d,. =

ac

2 473 A and d_, = 4.282 A are unit lengths of ac- and zz-shells, while

A,. .. and 8, are absolute and relative errors of averaged unit lengths
for 1ncommensurate DW CNTs.
9d,.@5d_, 17d, @10d,, 26d,.@15d_,
A, (A) A, (A), A (A),
Model Npw  Bueczes #) Npw  (84ezes %) Npw  (8yses %)
Figure 1(a)* 612 - 1156 - 1768 -
Figure 1(b)* 580 1160 1740
Figure 1(c) 596 0.83 1168 039 1764  0.03

Figure 1(d) 596  (3.556) 1148  (0.943) 1744  (0.037)

Note: *Morphology of commensurate DW NTs corresponds to that of the con-
stituent SW NTs with a length of supercell exceeding parameter of unit cell by the
corresponding number of times as described in the upper row of table.

116 atoms per DW CNT unit cell, respectively. At the
same time, CRYSTAL-09 code restricts the number of basic
functions by 10000;'7 since BS of C mentioned in Subsec-
tion 2.1 contains 23 GTFs while graphene unit cell consists
of two carbon atoms, the computational limit of atoms per
asymmetric DW NT unit cell is 10000/46 ~ 217.

On the other hand, to determine a number of super-
cells per ac and zz shells of incommensurate DW CNTs
supercells, which ratio approaches to +/3 & 1.73205, we
have considered different possible nanotube combinations
with different levels of precision (Table I). For each DW
NT pattern, we have estimated absolute and relative differ-
ences between the lengths of ac- ad zz-supercells via their
stretch or compression with regards to arithmetic average
(A,.,, and §,.__,, respectively). When considering DW
combination 9d, @5d,,, the value of §,._,, is found to be
inadmissibly large (3.66 per cent), while for 26d,.@15d,_,
with almost neglecting 8,,,_,, (0.04 per cent) the total num-
ber of atoms in DW NT supercells (N, ) exceeds restric-
tion of the DFTB code.?! This is why we have chosen for
simulation of incommensurate DW CNTs 17d,. @104 _, re-
calculating commensurate DW CNTs too.

4. RESULTS AND DISCUSSION

4.1. DFT-LCAO and DFTB
Calculations on SW CNTs

The simplest verification of the electronic structure cal-
culated using ab initio DFT-LCAO and semi-empirical
DFTB methods has been achieved for the band struc-
tures of SW CNTs corresponding to constituents of DW
CNTs (Fig. 1) of either ac- or zz-chiralities (Figs. 2(a), (b)).
Comparison of DFT-LCAO and DFTB band structures
clearly shows their qualitative similarity, especially below
the Fermi level, and confirms existence of direct gap for
7z-CNT.!

The tight-binding energetic parameter 7y, = 2.17 eV
was taken to match the band-gap calculated using
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(a)  ac-CNT (6,6), CRYSTAL (PBE) vs. U 15+

E, eV

(b) zz-CNT (10,0), CRYSTAL (PBE) vs. [IF 15+

E, eV

Fig. 2. Band structures for (6, 6) (a) and (10,0) (b) SW CNTs are shown
according to calculations performed using both DFT-LCAOQO (black solid
lines) and DFTB (red dashed lines) methods.

DFT-LCAO method for the semiconducting (10,0) nano-
tube (Fig. 2(b)):

V3k.d  kd
cos—+1 (7
5 C0S—5 +1 (7)
where d is a period of zz-SW CNT, while &, and £,
are projections of k-vector for nanotube in the reciprocal
space.

k.d
E.(k)= i'yu\/thzos2 —‘2_ +4cos

4.2. Comparison of DFT-LCAO and DFTB Structural
and Total Energy Parameters of DW CNTs

In Table II, we compare initial and optimized geometry
parameters (diameter of inner shell Dy, as well as inter-
shell distance ARyy;) calculated using both methods and
present the corresponding relaxation energies per carbon
atom (E,,, ). Obviously, the latter have been found to be
substantially larger when performing DFTB calculations,
especially on incommensurate DW CNTs (Table II).
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Table II. Structural properties of DW CNTs calculated using DFT-
LCAO and DFTB methods. For commensurate DW NTs, both methods
have been applied while incommensurate nanotubes have been calcu-
lated within DFTB approach. Values of AR, DY, and E,,, are defined
above.

ARy (A) D, (A) "

relax

Model Method  Initial Optimized® Initial Optimized® (eV/at)
Figure 1(a) DFT-LCAO 3.39 3.38 8.12 8.14 0.005
DFTB 3.37 8.15 0.008

Figure 1(b) DFT-LCAO 3.53 3.53 7.84 7.85 0.002
DFTB 3.52 7.87 0.011

Figure 1(c) DFTB 3.37 3.40 8.12 8.11 0.055

Figure 1(d)  DFTB 3.54 3.52 7.84 7.85 0.063

Nore: * Averaged values.

Moreover, we have estimated the binding energy
between shells of commensurate (6,6)@(11,11) CNT
(which was found to be equilibrium amongst armchair-
type carbon nanotubes'”), according to formula:

_Ebhid(DK;T@D;:%{) = Ew: (DK:T @Da":’!;) T E:(JI(D;\?T)
- E:(:;(D;\j‘r‘;{ (8)

where E,, are the calculated total energies of DW NT and
its constituent SW NTs with optimized structure. DFT-
LCAQO calculations have given us 0.26 kJ/mol per C atom

(a) (6,6)@(11,11)

(b) -

E, eV

Fig. 3. Band structures of commensurate (6,6)@(11.11) (a) and
(10,0)@(19,0) (b) CNTs calculated from the first principles (DFT-
LCAOQ), which models are shown in Figures 1(a) and (b), respectively.

Nanosci. Nanotechnol. Lett. 4, 1074—1081, 2012
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P —

- DO,

Fig. 4. Difference electron density plots Ap(r) calculated using DFT-LCAO method (the total electron densities in commensurate DW CNT minus
the sum of these densities in the two constituent SW CNTs) projected onto the section planes across NTs: (6,6)@(11,11) (a) and (10,0)@(19,0) (b).
Solid (red), dashed (blue) and dot-dashed (black) isolines describe positive, negative and zero values of the difference density, respectively. Isodensity
curves are drawn from —0.01 to +0.01 ¢ A=} with increments of 0.0004 ¢ A~3.

versus (.88 kJ/mol obtained in our DFTB calculations.
Obviously these are qualitatively compatible taking into
account principal difference of both methods. For com-
parison, in recent calculations on the binding energy for
equilibrium configuration of BN (5,5)@(10, 10) NT,"® we
have obtained 0.67 kJ/mol.

4.3. DFT-LCAO Calculations of
Electronic Properties for DW CNTs

Comparison of the band structures of commensurate ac-
and zz-type DW CNTs calculated using ab initio method
(Fig. 3) with those shown in Figure 2 allows us to

(a) 1 1 1 L 1 1 1 1 1 1 1 (b) 1 L 1 1 1 1 1 1 1 1 1
(6,6)@(11,11) CRYSTAL | (10,0)@(19,0) CRYSTAL |
7 | i | L
=
3
g | L
< | L
= 1
Q L
(=]
e A e sy
-12-10-8 -6 -4 -2 0 2 4 6 8 10 12 12-10-8 6 -4 2 0 2 4 6 B8 10 12
Energy E, eV
(C) 1 1 1 1 1 1 1 1 1 1 1 (d) 1 1 L 1 1 1 1 1 1 1 1

(6,6)@(11,11) DFTB

T T T T T T T

L IR L, R
-12-10 8 6 4 -2 0 2 4 6 8B 10 12

(10,0)@(19,0) DFTB

—r T T T T T T T T T

L | T
-12-10 8 6 -4 -2 0 2 4 6 8 10 12

Fig. 5. Comparison of total DOSs for commensurate (6,6)@(11, 11) and (10,0)@(19,0) double-wall carbon nanotubes calculated using DFT-LCAO

(a), (b) and DFTB (c), (d) methods, respectively.

Nanosci. Nanotechnol. Lett. 4, 1074-1081, 2012
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conclude: (i) For ac-DW CNT, both the internal and exter-
nal nanotubes are conducting, thus, contributing to the
total conductance of nanotube. At the same time, band
crossing is not allowed causing the formation of pseudo-
gaps in the density of states as was observed earlier.’
(ii) For zz-DW NT consisting of initially semiconducting
CNTs, its gap is slightly reduced (band gap of 0.93 eV
was calculated for (10,0) CNT, 0.50 eV for (19,0), and
0.49 eV for (10,0)@(19,0)). Thus, we predict the semi-
metallic or even conducting state (with increasing number
of conducting channels) of MW CNTs partly consistent of
semiconducting CNTs, in accordance with earlier study.'®

Figure 4 shows the difference electronic charge re-
distributions drawn for optimized values of AR, and DY,
for double-wall ac- and zz-carbon nanotubes (Table II).
Considerable re-distributions of the electronic density are
observed with clearly visible polarization effects, especially
around the inner shells. Re-distribution of density function
Ap(r) for ac-NTs is characterized by a more pronounced
localization around carbon atoms with clearly visible sec-
tioned traces of conducting channels (vs. a more “smeared”
charge distribution in zz-NTs).

4.4. Comparison of DOSs Calculated for DW CNTs
Using DFT-LCAO and DFTB Methods

When performing DFTB calculations on four types of DW
CNTs shown in Figure 1, we can analyze the one-electron
densities of states (DOSs) only since the corresponding
band structures have been found to be too blackened, to
distinct separate bands (due to a large number of atoms in
supercells). For verification, we compare DOSs for com-
mensurate DW nanotubes (Figs. 1(a), (b)) calculated using
both DFT-LCAO and DFTB methods (Fig. 5).
Comparison of total DOSs for these commensurate
double-wall carbon nanotubes constructed when using
both methods shows their qualitative similarities, e.g.,
ac-(6,6)@(11,11) NT is described as conducting, while in
semiconducting zz-(10,0)@(19,0) NT, the energy gap is

1 1 1 1 1 1 1 1 1 1 1

(6,6)@(19,0) DFTB

DOS (Arb. units)

clearly observed (Fig. 5). On the other hand, quantitatively,
the corresponding densities do not coincide, especially
at energies higher than Fermi level. Since DFT-LCAO
description of DOSs is accepted as adequate!® we can con-
clude that DFTB estimate of DOS can be considered as
qualitative only. As to total densities of states calculated
using DFTB method for incommensurate (6,6)@(19,0)
and (10,0)@(11,11) CNTs (Fig. 6), we can conclude that
both double-wall nanotubes are conducting.

5. SUMMARY

Large-scale first-principles LCAO calculations using DFT-
LCAO PBE Hamiltonian have been performed for the
analysis of the atomic and electronic structure of double-
wall carbon nanotubes simulated using different models
for different morphology. On the other hand, application of
semi-empirical DFTB method has allowed us to calculate
DW CNTs with different chirality containing up to 1500
atoms per nanotube supercell.

Noticeable interaction between the walls in equilibrium
DW CNT configurations results in a decrease of band
gaps in double-wall nanotubes as compared to those for
SW CNTs. For commensurate ac-DW NT, we predict that
both the internal and external nanotubes are conducting
and, thus, they both contribute to the total conductance
of ac-DW nanotube. For commensurate (m,0)@(n,0) and
non-commensurate (m, m)@(n, 0) and (m, 0)@(n, n) NTs,
despite the fact that these nanotubes contain initially
semiconducting NTs, the gap is reduced. This gives us
ground to predict the semi-metallic or even conducting
state (with increasing number of conducting channels)
of the MW CNTs partly consistent of semiconducting
CNTs.

To estimate stability of DW NTs, we have chosen the
binding energies between their constituent shells (Ey,,4) as
a criterion. These binding energies depend mainly on the
inter-wall distance (AR, ;) and the diameter of the internal
shell (D¥,).

1 1 1 1 1 1 1 1 1 1 1

(10,00@(11,11) DFTB

T T T T T T T T T T T
-12-10 -8 6 -4 -2 0 2 4 6 8
Energy E, eV

T T T T T T T T T T T

-12-10 -8 6 -4 -2 0 2 4 6 8 10 12

Fig. 6. Total densities of states for incommensurate (6,6)@(19,0) (a) and (10,0)@(11,11) (b) double-wall carbon nanotubes calculated using DFTB

method.
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Inter-wall bonding in DW CNTs determined by van der
Waals interactions is noticeably weaker than that in DW
BN and TiO, NTs determined by effects of polarization.'®
Re-distribution of density function Ap(r) for ac-NTs is
characterized by a more pronounced localization around
carbon atoms with clearly visible sectioned traces of con-
ducting channels (vs. a more “smeared” charge distribution
in zz-NTs).
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