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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 potential linear combination of atomic orbitalsP-LCAO)
density functional theory approach. Although the full poten-
From the time of their discovery, carb@@)! and boron- tial all-electron scheme is computationally intensive, the ac-
nitride (BN)? nanotubesBN-NT’s and CNT’9 have been curacy in modeling single-wall CNT’s was evident in com-
receiving ever-increasing interest due to their novel properparison to other theoretical work and experiment. Moreover,
ties and potential application in nanodevices. It is well estabprevious high-level theoretical calculatidhs' have been
lished that CNT’s can be either metallic or semiconductingrather limited, and a comprehensive study using highly ac-
depending on the tube chirality and diameter, suggesting eurate methods, to validate an approach for a reliable predic-
variety of nanoelectronics applicatiofi® Furthermore, the tion of RBM’s in CNT’s and BN-NT’s, has not been carried
high stiffness demonstrated experimentally by Young'sout thus far. In this paper, we report an extensive and rigor-
moduli and tensile strengfi measurements, and by theoret- gys investigation using the all-electron LCAO and plane-
ical prediction$™** are notable, extending their potential ap- wave pseudopotential methotRW-PP. Calculated Young's
plications, for example, to composite reinforced materials; moduli of CNT's are found to be in excellent agreement with
other application areas are being ex;l)éored as well, such g3cent experimental measureméngd in light of these
hydrogen storag€’ or field em|SS|ori',;4 all of which have a1y reported results, it is suggested that our calculated
been _recently summr_;mzéEI.BN—NT_s are also '”tereStl'g‘g values for BN-NT’s are also appropriately estimated. For the
ekt o oty s et oy sy oS O TS, we vldted or fung contans by cal
P Y ' y ulating the value of the RBM of an isolated large diameter

sustain heat. It has been shown recently that BN-coate (20,20 nanotube, and compared it with the extrapolated
CNT'’s demonstrate better field emisstdithan as-produced ” "y P b
value; we also fitted our RBM results to the suggested model

CNT's. ) 24 .
Resonant Raman spectroscopy has become a promisirl? Bachno et a}l. Although we obtained excellent agree-
ent with the fitted constaff,the proposed model does not

technique in probing and characterizing the structure o i X ;
nanotube€®2! which can be explained in terms of models hold for a large radius tube. Finally, we studied the effects of

that take into account the valeneeand conductiont* en-  Intertube interactions on the van Hove singularitiedS) of

ergy bands. The strong resonance Raman effect in nanotub&NT'S, and calculated the ratioEg,/E4) to be in good
permits the study of their optical and electronic properties@dreement with recent experimental data.

which occurs between the singularities of the conduction and

valence bands, and previous studies established a relation-

ship with tube diametéett—2* However, relatively simplistic Il. COMPUTATIONAL DETAILS

models may not be appropriate to predict RBM’s, especially

for small diameter tubes, and to provide insight into the ef- FP-LCAO and PW-PP schemes, usimgvoL3 and
fects of intertube interactions. Indeed, recently a study ofAsTeR?’ were applied, adopting the generalized gradient
single-wall carbon nanotube propert{g(n,n) and CH,0), approximation (GGA), with the Perdew and Wafy
n=(4,6,8,10)], was carried oGt,where CNT’s were mod- exchange-correlation functional and a double-numeric basis
eled as isolated tubes or crystalline ropes, using a fullset. A hexagonal symmetry of order 8 with inversion was
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TABLE I. Structural parameters of CNT’s in crystalline-rogespe form and as isolatedisol.) tubes. Units are in A.

C(4,0 C(6,0 C(4,4 C(8,0 C(10,0 C(6,6) C(8,9 C(10,10
Rope Isol. Rope Isol. Rope Isol. Rope Isol. Rope Isol. Rope Isol. Rope Isol. Rope Isol.

Horizontal 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 1.412
bonds

Vertical bonds 1.400 1.398 1.405 1.404 1.418 1.417 1.411 1.409 1411 1411 1.417 1417 1.416 1416 1.414 1414

Raverage 1.660 1.665 2.402 2.399 2.74&.746 3.158 3.160 3.9833.929 4.070 4.077 5.420 5416 6.76D 6.761

Intertube 6.030 7.980 8.600 9.490 11.040 11.200 13.900 16.600
distance

2Ryyeraget 3.4 6.720 8.200 8.900 9.720 11.276 11.540 14.240 16.920

3[2.794(Ref. 11)]. f[11.680(Ref. 11, 11.600(Ref. 10].

b18.990(Ref. 11)]. 9[5.498 (Ref. 11].

°[3.979(Ref. 11, 3.955(Ref. 10]. N[14.400(Ref. 11)].

9[11.360(Ref. 11, 11.310(Ref. 10]. '[6.864 (Ref. 11, 6.800(Ref. 10].

©[4.140(Ref. 11, 4.100(Ref. 10]. 1117.130(Ref. 11, 17.000(Ref. 10].

used to reduce computational time. Structural, mechanicagnergies of CNT’s were also calculated and found to be, on
and vibrational properties were calculated using the FPaverage, 0.2 and 0.17 eV/A, for the zigzag and armchair
LCAO scheme, setting the atomic cutoff radius to 1@41).  tubes, respectively, in good agreement with previous theoret-
The k points sampling in the Brillioun zone were generatedical work** As expected, the buckling in BN-NT's, evalu-
by the Monkhorst-Pack scheme, employing K.points for ~ ated by structure relaxation, leads to an outer and inner
the crystalline ropebundle and 5k points for an isolated radius formed by nitrogen and boron atoms, respectitfely.
tubule. In the case of electronic properties, we employed thdhis buckling is shown to be inversely proportional to
PW-PP approach, with a planewave kinetic energy cutoff of€ tube radius(Fig. 1), but does not depend on tube
280(eV), using 32k points along the tube axis. Note that the chirality. For the tubes considered in this work, we observed
geometry and cell parameters were optimized in all calcula@ 86% reduction in the buckling from BM,0) to BN(10,10
tions (details are given elsewhérg In this work, the use of tubes. Figures 2 and 3 list bondlength ~changes

PW-PP, for the electronic structure calculations, is due to th Jbgl;g;ﬁusal}gr E’(;lt_hNIosr’izcr)?ligﬁ)cg\ﬂy\’/e?tisca? (}f)u T)%t::) dnS' of
flexibility available in the PW-PP codes in selecting the ’ ’

points along the desired symmetry lines of the irreducibleh is in the direction of the circumference of the tube and
o . i rallel h xis. Th r f bondlength
Brillioun zone. It should be noted that our GGA calculatlons,t)-l- s parallel to the tube axis e accuracy of bondlengths

: - - ables | and I} is important, as it is known that such
performed using a PW exchange-correlation functional, d@mn,)| variations may affect properties, such as the vibrational

not fully account for dispersion forcéS=*! Further evalua- frequencies® Although the bondlengths in BN-NT's
tion of intertube interactions, possibly using asymptoticallyappear to have the same behavior as in covalently bonded

corrected functionals, would be advantageous. CNT's, their variations with tube radius is small, compared
to the bonding in CNT’s, which may be due to the buckling.
Ill. RESULTS AND DISCUSSION The horizontal and vertical bonds are found to be compa-

rable in armchair tubes, with average values of 1.415
and 1.438 A, for CNT’s and BN-NT’s, respectively, whereas
The structural parameters of CNT's and BN-NT's arein zigzag tubes, these bonds have an opposite behavior
listed in Tables | and IlI, respectively, showing a smallwith respect to the tube radius, namely, an increase of
effect of intertube interactions. The intertube interactionthe h bond while thev bond decreases for small radii

A. Structural parameters

TABLE II. Structural parameters of BN-NT’s in crystalline-rop@pe form and as isolatedsol.) tubes. Units are in A.

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 Isol.

Horizontal bonds 1.454 1.454 1.449 1447 1448 1446 1442 1441 1440 1441 1441 1439 1437 1437
Vertical bonds 1.437 1.437 1438 1.438 1439 1.438 1.454 1440 1.442 1442 1442 1441 1.438 1438

Ry 2.487 2485 3.186 3.185 3.649 3.642 4.180 4.177 5537 5546 6.216 6.222 6.887 6.888
Rg 2.393 2.393 3.253 3.254 3593 3.582 4.125 4.125 5499 5507 6.185 6.188 6.858 6.858
Intertube distance 8.300 9.500 10.100 11.200 14.000 15.200 16.700
2Ry+3.4 8.370 9.770 10.700 11.760 14.470 15.830 17.170
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FIG. 1. Buckling of BN-NT’s as a function of tube radius. The
solid and dashed lines connecting the square symbols are for the FIG.
purpose of visualization.

3. Bondlengths of BN-NT’s as a function of tube radius.

Young’s modulus for CNT’s to be 0.15 and 0.9 TPa, respec-
tubes. The small changes in bond lengths in armchaitively. For BN-NT’s, Young’s modulus was measutedith
tubes may indicate a small hybridization of the  the thermal vibrational amplitude technique, reporting a
bond;* while in the zigzag tubes a strong rehybridization yajue of (1.26-0.24) TPa.
is evident, particularly for small radii tubes. This argument is According to elastic theory, Young’s modulg¥M) in-
further supported by our Young's moduli results. The con-qyes a wall thickess definition, which has been controver-
verged bondlengths in CNT's and BN-NT's, agree well with i, for single wall carbon nanotubes. Yakobsaral® used a
the experimental data for a carbon shee#19 A* and value of 0.6 A, leading to an unrealistic YM value

35 ;
hexagonal BN(1.446 A, respectively. (~5 TPa), as compared to experiment. Otfers have

adopted the graphite interlayer valu@.4 A) as the
B. Mechanical properties wall thickness, providing more realistic results. Using aver-
The first measurement of Young’s modulus for CNT's was@9€ optimized intertube distances of CNT(8.07 A
performed by Treacyet al®® by applying the thermal vibra- and BN-NT’s(2.95 A), in the calculation of YM’s, will result
tional amplitude technique, obtaining a value of (tB4) in 15 and 20% upshifts, respectively, compared to those
TPa for multiwall CNT’s; Krishmanet al®” measured a calculated using the 3.4 A graphite interlayer valugich
value in the range of (1:30.4,1.3+ 0.6) TPa using the same We used for comparison with other studiesdowever,
technique; while Salvetat and co-work¥rseported a value the YM values of CNT's will still remain higher than
of (1.28+0.58) TPa for single-wall bundles using an AFM those of BN-NT's, preserving the relative strength between
with a special substrate to allow for a direct measurementhese materials, as expected. Figure 4 illustrates the trend
The most recent experimémeported a tensile strength and a
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FIG. 4. CNT’s and BN-NT’s Young's moduli of isolated tubes
FIG. 2. Bondlengths of CNT'’s as a function of tube radius.  and crystalline ropes as a function of tube radius.
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FIG. 6. BN-NT’s Poisson ratio of isolate@olid line) tubes and

FIG. 5. CNT's Poisson ratio of isolategolid line) tubes and crystalline ropegdashed linesas a function of tube radius.

crystalline ropegdashed linesas a function of tube radius.

new results for CNT'S, our values can be considered to be
in our calculated Young's moduli, as a function of tubein the right range. Our calculated results also show the
radius. In general, intertube interactions do not alter Young'syrvature effect, that is, a decrease in strength for small radii
moduli results for C and BN nanotubes. For CNT's, wWeypes, in agreement with a previous theoretical stddy.

show a good agreeme(gee Table I} with a recent experi-
mental value of 0.9 TPawhere our largest value is within
25% of experiment. Ld, using the force-constant model,
obtained a closer value to experiment of 0.97 TRawever,

his predicted Young’s moduli are independent of tube radius

IlO

and chirality. Hernandeet al."" reported results from a tight-

binding study, which are higher by 35% than the recen

reported datd.We also find that Young’s moduli depend
on chirality in CNT’s. In BN-NT’s, our results are within
the lower error bracket of the available dataHowever,

since BN-NT’s are softer than CNT’s, and in light of the

TABLE lIl. Young's moduli (YM, TPa) (YM=(1N,)
X (9%El9€?), where Vo=27L 6R; SR is the edge to edge intertube
separation;L unit cell length, andR radius of the tube;éR
=3.4 A 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
(4,9 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. 1)] [0.87 (Ref. 11]
(8,9 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. 13)]

The effect of the curvature is rather pronounced in zigzag
nanotubes, suggesting a strong rehybridization of the
7r bond. These results are consistent with previous theoreti-
cal work on curvature effect®:*!

Poisson ratio results provide insight on the tubes response
0 an external force, plotted in Figs. 5 and 6, for CNT’s and
N-NT’s, respectively. The results are found to depend on
the tube radius, where small radii tubes have a higher re-
sponse to axial strain. Furthermore, our findings indicate that
in general BN-NT’s are more sensitive to an external force
than CNT’s. With the exception of zigzag-CNT’s, we note
that the intertube interactions slightly decrease the sensitivity
of tubes subject to axial strain.

C. Radial breathing modes and electronic density of states

Theoretical? and experimentaf®**studies of RBM'’s for
CNT's are well known and shown to be proportionalAtd,
whered (nm) is the diameter ané(cm™1nm) a fitting con-
stant. Dresselhaust al?! estimated an experimental value
for A of 248 (cm *nm) for isolated tubes. Alvareet al*®
calculated (2321+6.5)(cm' 1) for bundled tubes, obtained
by a tight-binding approach that includes the Lennard-Jones
potential. Bandowet al,*® using a force constant model,
have obtained (223.7&f(cm ) for tube bundles of various
chiralities. Sauvajol and co-workers, through generalized
tight-binding molecular dynamics calculations, including
also a Lennard-Jones potential to account for van der Wall
(vdW) interactions, obtained a slightly different model for
bundled tubes, namelyA(d®), wherea was found to be
0.93. Recently, Bachiloet al?* have fitted their results
for isolated semiconducting tubes to (228.5/12.5)

(cm 1), where 12.5 (cm?) is a constant that gives
the best r.m.s. error to the experimental data. These
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E(eV)
models assume the universal trend @éf/d), independent FIG. 9. PW-PP Electronic density of statd309) for various

of the chiral angle. A more complicated expression of theintertube distances of the(f0,10 metallic nanotube.
RBM was adopted by Kuzmangt al*’ to predict the up
shift for tube bundles[234d+ C(N,d)](cm 1), where

(234Md) was obtained by fitting the theoretical results for . . .
isolated tubes, and ©(d) is a function that counts for the for consistency. Interestingly, our DFT calculations suggest a

upshift in bundles, which in turn depends on the number of/9ht dependency of the RBM's on the chirality for the
tubes in a bundléN) and tube diameterd). C(N,d) is a  'an9€ of diameters considered in this wdilable ). The
refined functional form of the one proposed by Henrard®NT'S fitting constants results, for isolated tubes, are consis-
and co-workerd8 C(d) = (10.3d—2.3)2.56d(cm 1), which  tent with previous PW-PP RBM calculatioffswith values
results in a much larger upshift e 25 cn 2, for the range of 224.0 and 233.4 cimt nm for the zigzag and armchair

of the diameter tubes considered in this work, than thdubes, respectively. Furthermore, to assess the reliability of
observed value® the A/R relationship, in terms of extrapolating results to
In this work, our calculations were carried out for isolatedlarger diameter tubes, a DFT calculation for the isolated arm-
tubes and ropes with optimized intertube distances. Figures ghair 020,20 tube (80 atoms per unit cellwas performed,
and 8 display RBM results for CNT’s and BN-NT’s, respec- obtaining a value of 84 cm', in good agreement with the
tively. We fitted the obtained RBM values #4JR, whereRis  extrapolated value of 86 cit. These results imply that our
the radius andh the fitting constan{see Table IV. Note that  fitting constants could be used to predict RBM's
for large diameter tubes. A further comparison was
B P e e e e made with the proposed model of Bachéibal > for isolated

the reported value€Table 1V) were converted to (cm' nm)

] semiconducting tubes. Although our armchair-RBM results
400 [ ] for isolated tubules fitted well (224@#+12.5)(cmt)
= - Crystalline-rope ] with this model, it does not holdfor large diameter tubes,
g %0 3 as we obtained an extrapolated value of 92 émfor
2 BN@®,0) ] the Q20,20 tube. Furthermore, the additional constant
172} = =
g 300 . 1
s 250 BNG6)5 ] TABLE IV. Fitting constants of radial breathing modes in crys-
g.. E S ] talline rope and in isolated CNT’s and BN-NT’s. Units are in
E 200 } Isolated 3 . h (Cm’lnm).
150 BN@.9) 2 Radial breathing modes fitting constants
r DACL Chirality Crystalline-rope Isolated
100'.‘.‘|.‘.‘\.‘..|‘..,|‘..‘|‘...\...“
1 2 3 4 5 B 7 8 C(n,O) 228.0 224@320a
Radius (1) C(n,n) 241.4 233.4236.02
BN(n,0) 207.6 205.0
FIG. 8. FP-LCAO BN-NT's RBM's of isolateddashed linegs  BN(n,n) 220.2 209.8
tubes and crystalline rope&olid lines as a function of tube
radius. *Reference 42.
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TABLE V. Radial breathing modes (cm) in crystalline ropegRope and in isolatedlsol) 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%
(4,9 435.0 426.0 2%
(6,6 297.0 287.0 3.5% 261.6 251.1 4%
(8,9 229.0 215.0 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%

12.5 cm'! has no physical meaning wherrtends to infinity,

systematic, about 2% in CNT’s and 1% in BN-NT'’s, whereas

as this frequency vanishes for a flat graphene sheet, corré-varies from 2 to 7% in the armchair CNT's and BN-NT's,
sponding to thej=0 transverse acoustic mode. as listed in Table V.

In BN-NT’s, a similarA/R trend has been obtained, with ~ Calculations of the electronic density of states of CNT’s
fitting constants lower than those of CNT’s by 8 and 10 %, inwere carried out to study the change of the first and second
zigzag and armchair tubes, respectively. Moreover, intertub¥HS due to tube coupling, as compared to a previous tight-
interactions alter the RBM's, as seen in the increase of theipinding schemé’ which reported on the effects of intertube
values(Table V) for crystalline ropes. Indeed, we tested theinteractions on the electronic structures, such as the opening
sensitivity of the RBM's with respect to the intertube dis- Of @ pseudogap due to the broken symnfétryin metallic
tance and found that, although intertube distance values afe(10,10 nanotubes. The study suggested that the pseudogap
about 3%, on average, smaller tharR23.4 A) (see Table €xpands the VHS, concluding that the expansion needs to be
), the calculated RBM for a (8,6) tube at the graphite taken into account in the characterization of tubes by Raman
interlayer distance(3.4 A), for example, was found to Spectroscopy. We examined the trend of the VHS (6,6,

equal that of an isolated tube (287.0 thy. Thus, the RBM  C(8,8), and G10,10 tubes. Figures 9-11 summarize the
calculations were performed at the optimized intertubeglectronic DOS, with various intertube distances for each

distances. tube. The opening of a pseudogap is shown in all cases,

Other theoretical wofl®*°reported an up shift between 8 appearing exactly at the equilibrium intertube distance. Inter-
and 12 % in the RBM values for (8,9 and G10,10 tubes.  estingly, this pseudogap does not always lead to an outward
Our results show lower upshifts, especially in the case ofxpansionaway from the Fermi energyf all vHS. As the
zigzag tubes, where the upshift is found to be small andubes are brought together in(10D,10, the VHS peaks

—R=13.3

rope

----- isolated

| isolated T T
& 2nd vHs

p2 < 1stvHs

DOS
"9
DOS

E (eV) E(eV)

FIG. 10. PW-PP Electronic density of stat@0S) for various
intertube distances of the(&8) metallic nanotube.

FIG. 11. PW-PP Electronic density of stat&0S) for various
intertube distances of the(€6) metallic nanotube.
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TABLE VI. Results of the first E;;) and second E,;) van  the 10,0 zigzag nanotube, generally in agreement with
Hove singularities for selected crystalline-rogepe and isolated experimemz,6
(isol.) armchair CNT's. Units are in eV.

IV. CONCLUSIONS

C(6.6 C@8.8 (10,10 A comparative study using first-principle calculations re-

Rope  Isol. ~ Rope sol.  Rope lIsol. \egled interesting features for BN and C nanotubes, such as

Ey 2634 2850 2011 1.867 1977 1.722 the trends in bondlengthsl, toughn.ess., and RBM'’s. We re-
Esp 4817 4733 3366 3233 3255 3.144 viewed the Young’s moduli values in light of recent experi-

mental data. The high sensitivity of the RBM’s to the inter-
tube distance has been explored, highlighting the importance
of the cell parameters optimization. In addition, we provided
a fine analysis of the RBM’s trends, comparing our results, in
broaden, creating a pseudogap at the Fermi level centered thie case of the armchair CNT’s, with previously reported
zero, causing an outward expansion of the vHS. However, imodels. Finally, we reported on the effects of vHS due to van
the case of (8,8), an inward shift of the second vHS in the der Waals interactions, in the armchair CNT's electronic
conduction band was obtained. As we proceed to a smalldpOS, revealing that the outward expansion of the vHS does
tube radius, for example(6,6), the singularities were shifted not hold for all diameter nanotubes.

inward, except for the valence second VvHS, which was

shifted outward. This is in contrast to the tight-binding ACKNOWLEDGMENTS
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