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Comparative theoretical study of single-wall carbon and boron-nitride nanotubes
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We present a comprehensive comparative study of properties of BN and C nanotubes using a full potential
linear combination of atomic orbitals approach, as well as a planewave pseudopotential method. This paper
covers our results on the structural, mechanical, vibrational, and electronic properties, examining in detail the
effects of intertube coupling. Structural aspects and mechanical properties are discussed and compared in BN
and C nanotubes, and to experiment. Upshifts in the values of the radial breathing modes, due to intertube
coupling, are found to be small and systematic, about 2% in zigzag nanotubes, and varying from 2 to 7 % in
armchair tubes, for both materials. Finally, the effects of intertube interactions on the van Hove singularities are
discussed.
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I. INTRODUCTION

From the time of their discovery, carbon~C!1 and boron-
nitride ~BN!2 nanotubes~BN-NT’s and CNT’s! have been
receiving ever-increasing interest due to their novel prop
ties and potential application in nanodevices. It is well est
lished that CNT’s can be either metallic or semiconducti
depending on the tube chirality and diameter, suggestin
variety of nanoelectronics applications.3–6 Furthermore, the
high stiffness demonstrated experimentally by Youn
moduli and tensile strength7,8 measurements, and by theore
ical predictions9–11 are notable, extending their potential a
plications, for example, to composite reinforced materials12

other application areas are being explored as well, suc
hydrogen storage,13 or field emission;14–16all of which have
been recently summarized.17 BN-NT’s are also interesting
materials, due to their constant wide band gap~5.5 eV!,18

independent of chirality and diameter, and in their ability
sustain heat. It has been shown recently that BN-coa
CNT’s demonstrate better field emission19 than as-produced
CNT’s.

Resonant Raman spectroscopy has become a prom
technique in probing and characterizing the structure
nanotubes,20,21 which can be explained in terms of mode
that take into account the valencep and conductionp* en-
ergy bands. The strong resonance Raman effect in nanot
permits the study of their optical and electronic properti
which occurs between the singularities of the conduction
valence bands, and previous studies established a rela
ship with tube diameter.21–24 However, relatively simplistic
models may not be appropriate to predict RBM’s, especia
for small diameter tubes, and to provide insight into the
fects of intertube interactions. Indeed, recently a study
single-wall carbon nanotube properties@C(n,n) and C(n,0),
n5(4,6,8,10)], was carried out,25 where CNT’s were mod-
eled as isolated tubes or crystalline ropes, using a f
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potential linear combination of atomic orbitals~FP-LCAO!
density functional theory approach. Although the full pote
tial all-electron scheme is computationally intensive, the
curacy in modeling single-wall CNT’s was evident in com
parison to other theoretical work and experiment. Moreov
previous high-level theoretical calculations10,11 have been
rather limited, and a comprehensive study using highly
curate methods, to validate an approach for a reliable pre
tion of RBM’s in CNT’s and BN-NT’s, has not been carrie
out thus far. In this paper, we report an extensive and rig
ous investigation using the all-electron LCAO and plan
wave pseudopotential methods~PW-PP!. Calculated Young’s
moduli of CNT’s are found to be in excellent agreement w
recent experimental measurements7 and in light of these
newly reported results, it is suggested that our calcula
values for BN-NT’s are also appropriately estimated. For
RBM’s of CNT’s, we validated our fitting constants by ca
culating the value of the RBM of an isolated large diame
C~20,20! nanotube, and compared it with the extrapolat
value; we also fitted our RBM results to the suggested mo
by Bachilo et al.24 Although we obtained excellent agree
ment with the fitted constant,24 the proposed model does no
hold for a large radius tube. Finally, we studied the effects
intertube interactions on the van Hove singularities~vHS! of
CNT’s, and calculated the ratio (E22/E11) to be in good
agreement with recent experimental data.26

II. COMPUTATIONAL DETAILS

FP-LCAO and PW-PP schemes, usingDMOL3 and
CASTEP,27 were applied, adopting the generalized gradie
approximation ~GGA!, with the Perdew and Wang28

exchange-correlation functional and a double-numeric b
set. A hexagonal symmetry of order 8 with inversion w
©2003 The American Physical Society04-1



Isol.

1.412

1.414

AKDIM, PACHTER, DUAN, AND ADAMS PHYSICAL REVIEW B 67, 245404 ~2003!
TABLE I. Structural parameters of CNT’s in crystalline-ropes~rope! form and as isolated~isol.! tubes. Units are in Å.

C~4,0! C~6,0! C~4,4! C~8,0! C~10,0! C~6,6! C~8,8! C~10,10!
Rope Isol. Rope Isol. Rope Isol. Rope Isol. Rope Isol. Rope Isol. Rope Isol. Rope

Horizontal
bonds

1.460 1.463 1.435 1.435 1.421 1.421 1.422 1.425 1.421 1.420 1.415 1.415 1.413 1.413 1.412

Vertical bonds 1.400 1.398 1.405 1.404 1.418 1.417 1.411 1.409 1.411 1.411 1.417 1.417 1.416 1.416 1.414
Raverage 1.660 1.665 2.402 2.399 2.746a 2.746 3.158 3.160 3.933c 3.929 4.070e 4.077 5.420g 5.416 6.760i 6.761
Intertube

distance
6.030 7.980 8.600 9.490 11.040 11.200 13.900 16.600

2Raverage13.4 6.720 8.200 8.900b 9.720 11.270d 11.540f 14.240h 16.920j

a@2.794~Ref. 11!#. f @11.680~Ref. 11!, 11.600~Ref. 10!#.
b@8.990~Ref. 11!#. g@5.498~Ref. 11!#.
c@3.979~Ref. 11!, 3.955~Ref. 10!#. h@14.400~Ref. 11!#.
d@11.360~Ref. 11!, 11.310~Ref. 10!#. i @6.864~Ref. 11!, 6.800~Ref. 10!#.
e@4.140~Ref. 11!, 4.100~Ref. 10!#. j @17.130~Ref. 11!, 17.000~Ref. 10!#.
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used to reduce computational time. Structural, mechan
and vibrational properties were calculated using the
LCAO scheme, setting the atomic cutoff radius to 10.4~a.u.!.
The k points sampling in the Brillioun zone were generat
by the Monkhorst-Pack scheme, employing 15k points for
the crystalline rope~bundle! and 5k points for an isolated
tubule. In the case of electronic properties, we employed
PW-PP approach, with a planewave kinetic energy cutof
280 ~eV!, using 32k points along the tube axis. Note that th
geometry and cell parameters were optimized in all calcu
tions ~details are given elsewhere25!. In this work, the use of
PW-PP, for the electronic structure calculations, is due to
flexibility available in the PW-PP codes in selecting thek
points along the desired symmetry lines of the irreduci
Brillioun zone. It should be noted that our GGA calculation
performed using a PW exchange-correlation functional,
not fully account for dispersion forces.29–31 Further evalua-
tion of intertube interactions, possibly using asymptotica
corrected functionals, would be advantageous.

III. RESULTS AND DISCUSSION

A. Structural parameters

The structural parameters of CNT’s and BN-NT’s a
listed in Tables I and II, respectively, showing a sm
effect of intertube interactions. The intertube interacti
24540
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energies of CNT’s were also calculated and found to be,
average, 0.2 and 0.17 eV/Å, for the zigzag and armch
tubes, respectively, in good agreement with previous theo
ical work.32 As expected, the buckling in BN-NT’s, evalu
ated by structure relaxation, leads to an outer and in
radius formed by nitrogen and boron atoms, respectivel10

This buckling is shown to be inversely proportional
the tube radius~Fig. 1!, but does not depend on tub
chirality. For the tubes considered in this work, we observ
a 66% reduction in the buckling from BN~4,0! to BN~10,10!
tubes. Figures 2 and 3 list bondlength chang
of CNT’s and BN-NT’s, respectively, as a function o
tube radius, for both horizontal~h! and vertical (v) bonds;
h is in the direction of the circumference of the tube a
v is parallel to the tube axis. The accuracy of bondleng
~Tables I and II! is important, as it is known that suc
small variations may affect properties, such as the vibratio
frequencies.33 Although the bondlengths in BN-NT’s
appear to have the same behavior as in covalently bon
CNT’s, their variations with tube radius is small, compar
to the bonding in CNT’s, which may be due to the bucklin
The horizontal and vertical bonds are found to be com
rable in armchair tubes, with average values of 1.4
and 1.438 Å, for CNT’s and BN-NT’s, respectively, where
in zigzag tubes, these bonds have an opposite beha
with respect to the tube radius, namely, an increase
the h bond while thev bond decreases for small rad
sol.

1.437
1.438

6.888
6.858
TABLE II. Structural parameters of BN-NT’s in crystalline-rope~rope! form and as isolated~isol.! tubes. Units are in Å.

BN~6,0! BN~8,0! BNC~9,0! BN~6,6! BNC~8,8! BN~9,9! BN~10,10!
Rope Isol. Rope Isol. Rope Isol. Rope Isol. Rope Isol. Rope Isol. Rope I

Horizontal bonds 1.454 1.454 1.449 1.447 1.448 1.446 1.442 1.441 1.440 1.441 1.441 1.439 1.437
Vertical bonds 1.437 1.437 1.438 1.438 1.439 1.438 1.454 1.440 1.442 1.442 1.442 1.441 1.438
RN 2.487 2.485 3.186 3.185 3.649 3.642 4.180 4.177 5.537 5.546 6.216 6.222 6.887
RB 2.393 2.393 3.253 3.254 3.593 3.582 4.125 4.125 5.499 5.507 6.185 6.188 6.858
Intertube distance 8.300 9.500 10.100 11.200 14.000 15.200 16.700
2RN13.4 8.370 9.770 10.700 11.760 14.470 15.830 17.170
4-2
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tubes. The small changes in bond lengths in armch
tubes may indicate a small hybridization of thep
bond,11 while in the zigzag tubes a strong rehybridizati
is evident, particularly for small radii tubes. This argumen
further supported by our Young’s moduli results. The co
verged bondlengths in CNT’s and BN-NT’s, agree well w
the experimental data for a carbon sheet~1.419 Å!34 and
hexagonal BN~1.446 Å!,35 respectively.

B. Mechanical properties

The first measurement of Young’s modulus for CNT’s w
performed by Treacyet al.36 by applying the thermal vibra
tional amplitude technique, obtaining a value of (1.861.4)
TPa for multiwall CNT’s; Krishmanet al.37 measured a
value in the range of (1.320.4,1.310.6) TPa using the sam
technique; while Salvetat and co-workers38 reported a value
of (1.2860.58) TPa for single-wall bundles using an AF
with a special substrate to allow for a direct measurem
The most recent experiment7 reported a tensile strength and

FIG. 1. Buckling of BN-NT’s as a function of tube radius. Th
solid and dashed lines connecting the square symbols are fo
purpose of visualization.

FIG. 2. Bondlengths of CNT’s as a function of tube radius.
24540
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Young’s modulus for CNT’s to be 0.15 and 0.9 TPa, resp
tively. For BN-NT’s, Young’s modulus was measured39 with
the thermal vibrational amplitude technique, reporting
value of (1.2060.24) TPa.

According to elastic theory, Young’s modulus~YM ! in-
volves a wall thickess definition, which has been controv
sial for single wall carbon nanotubes. Yakobsonet al.8 used a
value of 0.6 Å, leading to an unrealistic YM value
(;5 TPa), as compared to experiment. Others9–11 have
adopted the graphite interlayer value~3.4 Å! as the
wall thickness, providing more realistic results. Using av
age optimized intertube distances of CNT’s~3.07 Å!
and BN-NT’s~2.95 Å!, in the calculation of YM’s, will result
in 15 and 20 % upshifts, respectively, compared to th
calculated using the 3.4 Å graphite interlayer value~which
we used for comparison with other studies!. However,
the YM values of CNT’s will still remain higher than
those of BN-NT’s, preserving the relative strength betwe
these materials, as expected. Figure 4 illustrates the t

he FIG. 3. Bondlengths of BN-NT’s as a function of tube radiu

FIG. 4. CNT’s and BN-NT’s Young’s moduli of isolated tube
and crystalline ropes as a function of tube radius.
4-3
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AKDIM, PACHTER, DUAN, AND ADAMS PHYSICAL REVIEW B 67, 245404 ~2003!
in our calculated Young’s moduli, as a function of tub
radius. In general, intertube interactions do not alter Youn
moduli results for C and BN nanotubes. For CNT’s, w
show a good agreement~see Table III! with a recent experi-
mental value of 0.9 TPa,7 where our largest value is within
25% of experiment. Lu,9 using the force-constant mode
obtained a closer value to experiment of 0.97 TPa;7 however,
his predicted Young’s moduli are independent of tube rad
and chirality. Hernandezet al.10 reported results from a tight
binding study, which are higher by 35% than the rec
reported data.7 We also find that Young’s moduli depen
on chirality in CNT’s. In BN-NT’s, our results are within
the lower error bracket of the available data.39 However,
since BN-NT’s are softer than CNT’s, and in light of th

TABLE III. Young’s moduli ~YM, TPa! (YM5(1/Vo)
3(]2E/]e2), where,V052pLdR; dR is the edge to edge intertub
separation;L unit cell length, andR radius of the tube;dR
53.4 Å for C and BN! for C and BN nanotubes.

C BN
Chirality Rope Isol. Rope Isol.

~4,0! 0.82 0.84
~6,0! 0.95 0.97 0.70 0.71
~4,4! 0.96 0.96
~8,0! 1.01 1.01 0.77 0.77
~9,0! 0.79 0.79
~10,0! 1.04 1.03

@0.97 ~Ref. 10!,
1.22 ~Ref. 11!#

~6,6! 0.98 0.98 0.80 0.81
@1.22 ~Ref. 11!# @0.87 ~Ref. 11!#

~8,8! 1.00 0.99 0.82 0.80
~9,9! 0.83 0.84
~10,10! 1.00 0.99 0.84 0.83

@0.97 ~Ref. 10!,
1.24 ~Ref. 11!#

FIG. 5. CNT’s Poisson ratio of isolated~solid line! tubes and
crystalline ropes~dashed lines! as a function of tube radius.
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new results for CNT’s,7 our values can be considered to b
in the right range. Our calculated results also show
curvature effect, that is, a decrease in strength for small r
tubes, in agreement with a previous theoretical stud10

The effect of the curvature is rather pronounced in zigz
nanotubes, suggesting a strong rehybridization of
p bond. These results are consistent with previous theo
cal work on curvature effects.40,41

Poisson ratio results provide insight on the tubes respo
to an external force, plotted in Figs. 5 and 6, for CNT’s a
BN-NT’s, respectively. The results are found to depend
the tube radius, where small radii tubes have a higher
sponse to axial strain. Furthermore, our findings indicate
in general BN-NT’s are more sensitive to an external fo
than CNT’s. With the exception of zigzag-CNT’s, we no
that the intertube interactions slightly decrease the sensiti
of tubes subject to axial strain.

C. Radial breathing modes and electronic density of states

Theoretical42 and experimental5,43,44studies of RBM’s for
CNT’s are well known and shown to be proportional toA/d,
whered ~nm! is the diameter andA(cm21 nm) a fitting con-
stant. Dresselhauset al.21 estimated an experimental valu
for A of 248 (cm21 nm) for isolated tubes. Alvarezet al.45

calculated (232/d16.5)(cm21) for bundled tubes, obtained
by a tight-binding approach that includes the Lennard-Jo
potential. Bandowet al.,46 using a force constant mode
have obtained (223.75/d)(cm21) for tube bundles of various
chiralities. Sauvajol and co-workers, through generaliz
tight-binding molecular dynamics calculations, includin
also a Lennard-Jones potential to account for van der W
~vdW! interactions, obtained a slightly different model fo
bundled tubes, namely, (A/da), wherea was found to be
0.93. Recently, Bachiloet al.24 have fitted their results
for isolated semiconducting tubes to (223.5/d112.5)
(cm21), where 12.5 (cm21) is a constant that gives
the best r.m.s. error to the experimental data. Th

FIG. 6. BN-NT’s Poisson ratio of isolated~solid line! tubes and
crystalline ropes~dashed lines! as a function of tube radius.
4-4
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COMPARATIVE THEORETICAL STUDY OF SINGLE- . . . PHYSICAL REVIEW B 67, 245404 ~2003!
models assume the universal trend of (A/d), independent
of the chiral angle. A more complicated expression of
RBM was adopted by Kuzmanyet al.47 to predict the up
shift for tube bundles@234/d1C(N,d)#(cm21), where
(234/d) was obtained by fitting the theoretical results f
isolated tubes, and C(N,d) is a function that counts for the
upshift in bundles, which in turn depends on the number
tubes in a bundle~N! and tube diameter (d). C(N,d) is a
refined functional form of the one proposed by Henra
and co-workers:48 C(d)5(10.3d22.3)2.56/d(cm21), which
results in a much larger upshift of;25 cm21, for the range
of the diameter tubes considered in this work, than
observed values.49

In this work, our calculations were carried out for isolat
tubes and ropes with optimized intertube distances. Figur
and 8 display RBM results for CNT’s and BN-NT’s, respe
tively. We fitted the obtained RBM values toA/R, whereR is
the radius andA the fitting constant~see Table IV!. Note that

FIG. 7. FP-LCAO CNT’s RBM’s of isolated~dashed lines!
tubes and crystalline ropes~solid lines! as a function of tube radius

FIG. 8. FP-LCAO BN-NT’s RBM’s of isolated~dashed lines!
tubes and crystalline ropes~solid lines! as a function of tube
radius.
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the reported values~Table IV! were converted to (cm21 nm)
for consistency. Interestingly, our DFT calculations sugge
slight dependency of the RBM’s on the chirality for th
range of diameters considered in this work~Table I!. The
CNT’s fitting constants results, for isolated tubes, are con
tent with previous PW-PP RBM calculations,42 with values
of 224.0 and 233.4 cm21 nm for the zigzag and armcha
tubes, respectively. Furthermore, to assess the reliability
the A/R relationship, in terms of extrapolating results
larger diameter tubes, a DFT calculation for the isolated a
chair C~20,20! tube ~80 atoms per unit cell! was performed,
obtaining a value of 84 cm21, in good agreement with the
extrapolated value of 86 cm21. These results imply that ou
fitting constants could be used to predict RBM
for large diameter tubes. A further comparison w
made with the proposed model of Bachiloet al.24 for isolated
semiconducting tubes. Although our armchair-RBM resu
for isolated tubules fitted well (224.2/d112.5)(cm21)
with this model, it does not holdfor large diameter tube
as we obtained an extrapolated value of 92 cm21 for
the C~20,20! tube. Furthermore, the additional consta

TABLE IV. Fitting constants of radial breathing modes in cry
talline rope and in isolated CNT’s and BN-NT’s. Units are
(cm21 nm).

Radial breathing modes fitting constants
Chirality Crystalline-rope Isolated

C~n,0! 228.0 224.0~232.0!a

C~n,n! 241.4 233.4~236.0!a

BN~n,0! 207.6 205.0
BN~n,n! 220.2 209.8

aReference 42.

FIG. 9. PW-PP Electronic density of states~DOS! for various
intertube distances of the C~10,10! metallic nanotube.
4-5
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TABLE V. Radial breathing modes (cm21) in crystalline ropes~Rope! and in isolated~Isol.! tubes of
CNT’s and BN-NT’s.

C BN
Chirality Rope Isol. Upshift Rope Isol. Upshift

~6,0! 460.7 453.6 1.5% 420.0 414.5 1%
~8,0! 366.5 361.0 1.5% 320.6 317.1 1%
~9,0! 283.6 279.8 1%
~10,0! 299.5 291.4 2%
~4,4! 435.0 426.0 2%
~6,6! 297.0 287.0 3.5% 261.6 251.1 4%
~8,8! 229.0 215.0 6.5% 203.6 188.8 7%
~9,9! 177.7 168.6 5%
~10,10! 181.0 171.0 6% 156.4 153.0 2%
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12.5 cm21 has no physical meaning whend tends to infinity,
as this frequency vanishes for a flat graphene sheet, co
sponding to theq50 transverse acoustic mode.

In BN-NT’s, a similarA/R trend has been obtained, wit
fitting constants lower than those of CNT’s by 8 and 10 %
zigzag and armchair tubes, respectively. Moreover, intert
interactions alter the RBM’s, as seen in the increase of t
values~Table V! for crystalline ropes. Indeed, we tested t
sensitivity of the RBM’s with respect to the intertube di
tance and found that, although intertube distance values
about 3%, on average, smaller than (2R13.4 Å) ~see Table
I!, the calculated RBM for a C~6,6! tube at the graphite
interlayer distance~3.4 Å!, for example, was found to
equal that of an isolated tube (287.0 cm21). Thus, the RBM
calculations were performed at the optimized intertu
distances.

Other theoretical work48,49 reported an up shift between
and 12 % in the RBM values for C~9,9! and C~10,10! tubes.
Our results show lower upshifts, especially in the case
zigzag tubes, where the upshift is found to be small a

FIG. 10. PW-PP Electronic density of states~DOS! for various
intertube distances of the C~8,8! metallic nanotube.
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systematic, about 2% in CNT’s and 1% in BN-NT’s, where
it varies from 2 to 7 % in the armchair CNT’s and BN-NT’s
as listed in Table V.

Calculations of the electronic density of states of CNT
were carried out to study the change of the first and sec
vHS due to tube coupling, as compared to a previous tig
binding scheme,50 which reported on the effects of intertub
interactions on the electronic structures, such as the ope
of a pseudogap due to the broken symmetry51,52 in metallic
C~10,10! nanotubes. The study suggested that the pseudo
expands the vHS, concluding that the expansion needs t
taken into account in the characterization of tubes by Ram
spectroscopy. We examined the trend of the vHS in C~6,6!,
C~8,8!, and C~10,10! tubes. Figures 9–11 summarize th
electronic DOS, with various intertube distances for ea
tube. The opening of a pseudogap is shown in all ca
appearing exactly at the equilibrium intertube distance. In
estingly, this pseudogap does not always lead to an outw
expansion~away from the Fermi energy! of all vHS. As the
tubes are brought together in C~10,10!, the vHS peaks

FIG. 11. PW-PP Electronic density of states~DOS! for various
intertube distances of the C~6,6! metallic nanotube.
4-6
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COMPARATIVE THEORETICAL STUDY OF SINGLE- . . . PHYSICAL REVIEW B 67, 245404 ~2003!
broaden, creating a pseudogap at the Fermi level center
zero, causing an outward expansion of the vHS. Howeve
the case of C~8,8!, an inward shift of the second vHS in th
conduction band was obtained. As we proceed to a sma
tube radius, for example C~6,6!, the singularities were shifted
inward, except for the valence second vHS, which w
shifted outward. This is in contrast to the tight-bindin
results,50 where the singularities were predicted to alwa
shift outward when the tubes are brought together. Also,
E22/E11 values were found to be, on average, on the orde
1.7 ~Table VI! for the armchair tubes, with a value of 2.0 fo

TABLE VI. Results of the first (E11) and second (E22) van
Hove singularities for selected crystalline-rope~rope! and isolated
~isol.! armchair CNT’s. Units are in eV.

C~6,6! C~8,8! C~10,10!
Rope Isol. Rope Isol. Rope Isol.

E11 2.634 2.850 2.011 1.867 1.977 1.722
E22 4.817 4.733 3.366 3.233 3.255 3.144
E22/E11 1.829 1.661 1.674 1.732 1.646 1.826
L.

ur

r,

A.

s,

e

O

er

.

.
c
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the C~10,0! zigzag nanotube, generally in agreement w
experiment.26

IV. CONCLUSIONS

A comparative study using first-principle calculations r
vealed interesting features for BN and C nanotubes, suc
the trends in bondlengths, toughness, and RBM’s. We
viewed the Young’s moduli values in light of recent expe
mental data. The high sensitivity of the RBM’s to the inte
tube distance has been explored, highlighting the importa
of the cell parameters optimization. In addition, we provid
a fine analysis of the RBM’s trends, comparing our results
the case of the armchair CNT’s, with previously report
models. Finally, we reported on the effects of vHS due to v
der Waals interactions, in the armchair CNT’s electron
DOS, revealing that the outward expansion of the vHS d
not hold for all diameter nanotubes.
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