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We present a comparative study of the energetic, structural, and elastic properties of carbon and
composite single-wall nanotubes, including BN, 8@nd BGN nanotubes, using a nonorthogonal tight-
binding formalism. Our calculations predict that carbon nanotubes have a higher Young modulus than
any of the studied composite nanotubes, and of the same order as that found for defect-free graphene
sheets. We obtain good agreement with the available experimental results. [S0031-9007(98)06065-7]

PACS numbers: 71.20.Tx, 61.48.+c

Carbon nanotubes [1] were first discovered by lijima [2]More recently, Wonget al. [23] have obtained a value of
in the early 1990s as a by-product of fullerene synthesisl.28 = 0.59 TPa, by recording the force needed to bend
Since then there has been an ever-increasing interest anchored nanotubes using an AFM. Chopra and Zettl [24]
these new forms of carbon, partly due to their novelhave also used thermal vibration analysis to estimate the
structures and properties, but perhaps more so due tvoung modulus of multi-wall BN nanotubes, obtaining a
the wealth of potentially important applications in which value of1.22 = 0.24 TPa. These experimental and theo-
nanotubes could be used. Indeed many applications havetical studies confirm the expectation that nanotubes have
already been reported, from their use as atomic-forcexceptional stiffness, and could therefore be used in the
microscope (AFM) tips [3], to field emitters [4], nanoscale synthesis of highly resistant composite materials.
electronic devices [5], and hydrogen storage [6], to cite a In this Letter we study the structural, energetic, and
few. But probably the highest potential of nanotubes is irmechanical properties of both carbon and composite nano-
connection with their exceptional mechanical properties. tubes, paying special attention to the mechanical proper-

After the discovery of graphitic nanotubes it was pos-ties, since these are expected to play such an important role
tulated that other compounds forming laminar graphitelikein many practical applications. This is the first time that
structures could also form nanotubes [7]. In particularsuch a detailed comparative study has been undertaken. In
BN [8], BC; [9], BC,N [10], and CN [11] nanotubes were the majority of the calculations reported here the atomic
predicted on the basis of theoretical calculations. BNnteractions have been modeled using a nonorthogonal
[12], BG;, and BGN [13] have since been synthesized, tight-bindingscheme due to Porezag and co-workers [25].
though some uncertainty remains as to the actual structufdght-binding (TB) methods [26] offer a good compromise
of BC;N nanotubes [14]. between the more accurate but much more coftst-

The mechanical properties of carbon nanotubes havgrinciples[27] techniques, aneémpirical potentialq28],
been the subject of a number of theoretical [15—21] as wellvhich are cheaper to use, but often not transferable to con-
as experimental [22—24] studies. On the theoretical siddjgurations different from those for which they have been
studies have been mostly carried out using empirical pofitted.
tentials, although Molinat al. [17] employed an orthogo- In the TB scheme used here, the hopping integrals used
nal tight-binding model in their work. The most extensiveto construct the Hamiltonian and overlap matrices are tabu-
theoretical study of the elastic properties of carbon nanolated as a function of the internuclear distance on the basis
tubes to date is that of Lu [21], who used an empirical pairof first-principles density-functional theory (DFT) calcula-
potential model to estimate the Young modulus, Poissotions employing localized basis sets, retaining only one-
ratio, and other elastic constants of both single-wall an&nd two-center contributions to the Hamiltonian matrix
multi-wall nanotubes, as well as nanotube ropes. Howelements [25]. A minimal basis set corresponding to a
ever, it was not possible to extend this study to compositsingle atomiclike orbital per atomic valence state is used.
nanotubes, given that no empirical potential models akin td/ore details on the construction of the TB parametrization
that used for carbon exist for the composite systems. Thesed in this work can be found in Ref. [25].
behavior of carbon nanotubes subject to large axial strains Using the nonorthogonal TB scheme briefly outlined
has been studied by Yakobsenal. [18]. The bending of above we have performed a series of calculations aimed
carbon nanotubes has been studied experimentally and ustcharacterizing the elastic properties of single-wall nano-
ing simulation techniques by lijimat al. [20]. The Young tubes. In particular, we have considered C, BN,;BC
modulus of carbon multi-wall hanotubes has been experiand BGN (n,n) and ,0) (i.e., nonchiral) nanotubes.
mentally determined by Treaast al.[22] using thermal Two structures having the same stoichiometry are possible
vibration analysis of cantilevered tubes. They obtainedor the BGN nanotubes. Only the structure known as Il
a mean value of the Young modulus o8 = 1.4 TPa. [10,29] is considered here, as this is predicted to be the
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most stable of the two. In addition, we have performedTABLE I. Structural and elastic properties of selected nano-
calculations for the chiral (10,5) and (10,7) C nanotubestubes obtained from the tight-binding calculations reported here.
We have also carried out plane wave (PW) pseudopotenti%oung_ modulus values given in parentheses were obtained
DFT calculations within the local density approximation ;o first-principles calculations. Also the value of with

y pP A the conventioR = 0.34 nm is given for comparison.
for the (6,6) C and BN nanotubes, for comparison with the

TB results. Our PW calculations used Troullier-MartinsB:CyN: ~ (n,m) Deq (nm) o Y, (TPanm Y (TP3

pseudopotentials [30]. A cutoff of 40 Ry was used in thec (10,0) 0.791 0.275 0.416 1.22
basis set, and 10 Monkhorst-Pack [27] points to sample the (6,6) 0.820  0.247 0.415 1.22
one-dimensional Brillouin zone. The hexagonal supercell (0.817) (0.371) (1.09)
was chosen large enough so as to ensure that the minimum (10,5  1.034  0.265 0.426 1.25
distance between a tube and any of its periodic images was (10,7) 1165 0.266 0.422 1.24
larger than 5.5 A. Our TB calculations were performed us- (10,10)  1.360  0.256  0.423 1.24
ing I'-point sampling only, but using periodically repeated (1250&2 E'ggl 0.270 0.430 1.26
cells which were large enough along the axial direction so (15.15) 034 0.256 0.425 1.25
as to ensure that total energy differences were converg&i (10,00 0811 0232 0284 0.837
to an accuracy approximately equal to that achieved with (6.6) (8 885’??) 0.268 (ooé%%? (00?8874())
the PW calculations. . (150) 1206 0246 0298  0.876
The Poisson ratio is defined via the equation (10,10) 1390  0.263 0.306 0.901
R — Ry (20,0) 1.604 0.254 0.301 0.884
R~ e 1) (15,15) 2.081  0.263 0.310 0.912
. o o BC, (5,00 0818 0301  0.308 0.906
Here, € is the axial strainR., is the equilibrium tube ra- (3,3) 0850 0.289 0.311 0.914
dius, R is the tube radius at straig, and o is Poisson’s (10,0) 1.630 0.282 0.313 0.922
ratio. The values ofo- obtained for a number of rep- (6,6) 1.694 0.279 0.315 0.925
resentative tubes considered in this work are reported igc,n 11 (7,0) 1111  0.289 0.336 0.988
Table I. Regarding the Young modulus, its conventional (5,5) 1.370 0.287 0.343 1.008
definition is
1 0°E . . :
Y = 70 T Ly (2)  outthat this difference is small compared to the uncertainty

with which Y can at present be experimentally determined
where Vy is the equilibrium volume, an& is the strain  for multi-wall nanotubes [22—24]. Structural properties
energy. In the case of a single-wall nanotube, this definideduced from the PW and TB calculations are also in
tion requires adopting a convention in order to defiage  very good agreement for both C and BN systems. The
which for a hollow cylinder is given by, = 2#LRSR,  equilibrium diameter, as seen in Table I, differs by about
whereL is the lengthR is the radius, andR is the shell 1% or less. The nearest neighbor distance in the case
thickness. Different conventions have been adopted in thef the (6,6) C nanotube is 1.42 A in both the PW and
past; for example, Lu [21] recently toakR = 0.34 nm,  TB calculations. For the BN (6,6) nanotube, the results
i.e., the interlayer separation in graphite, while Yakobsorare 1.43 and 1.45 A for the PW and TB calculations,
et al. [18] took the valueSR = 0.066 nm. We follow a  respectively.
different path. Rather than adoptingash hocconvention, An interesting magnitude associated with nanotubes is
we use a different magnitude to characterize the stiffness ahe curvature energy @train energyE,, which we define
a single-wall nanotube, which is independent of any shelas the difference of the energy per atom in the tube and
thickness. We define that in the corresponding infinite flat sheet. In Fig. 1 we
1 92E plot the strain energy obtained from our TB calculations
Yy = —— ) (3) for C, BN, and BG nanotubes as a function of the tube
So €% le=o diameter. It can be seen that the characteristic behavior
Here, S, is the surface defined by the tube at equilibrium.E, « 1/D? whereD is the tube diameter, is obtained. Our
The value of the Young modulus for a given conventioncalculations indicate that the strain energy at a given tube
valuedR is given byY = Y,/S6R. In Table | we give the diameter is highest for C nanotubes, and that both BN and
values obtained foF, for a number of tubes. This alter- BC; nanotubes have very nearly the same strain energy.
native definition could prove useful for future experimentsThe fact that these composite nanotubes have smaller strain
determining the elastic properties of single-wall nanotubesenergy than pure carbon nanotubes is in agreement with
Our first observation is that PW and TB results giveprevious first-principles results [8,9].
very similar answers for all the calculated properties. The A structural feature which is specific to the BN nano-
differences in values of the Young modulus (calculatedubes is the presence of a certain degree of buckling on the
adopting the conventio@R = 0.34 nm) for the (6,6) C tube surface, which results from the B atoms displacing
nanotube are of the order of 0.12 TPa. Itis worth pointingtowards the tube axis, while the N atoms displace in the
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03 ‘ ' ' of 0.34 nm for the graphene sheet thickness. This value
A is in excellent agreement with the experimental result of
_ ' ;35233 1.28 = 0.59 TPa of Wonget al.[23]. Although our re-
£ ’8\ =—a BN (n.n) sults are only for single-wall tubes, it can be expected that
‘g 02} B\ o0 BN (n,0) ] the elastic properties of multi-wall tubes and nanoropes be
e %A D Ezgg mostly determined by the strength of the C-C bonds in the
> +C abinitio bent graphene sheets, and thus be very similar to those of
5 ABN ab initio single-wall tubes. Our results for C nanotubes are also
g o1} X BC, abinitio in reasonable agreement with the measurements of Treacy
& etal.[22] (1.8 = 1.4 TPa). Chopra and Zettl [24] obtain
a value of 1.22 TPa with an estimated 20% error for multi-
--------- wall BN nanotubes. This value is again somewhat larger
003 08 13 s 23 than what we obtain for BN nanotubes, but neverthe-

Tube Diameter (nm) less, the agreement is close. Lu’s [21] estimation of the

FIG. 1. Curvature strain energy as a function of the equilib-YoFmg modqlus for single-wall C nanotubes gives re.su'ts

rium tube diameter, as obtained from the tight-binding calculaWhich are slightly smaller than ours (0.97 TPa), a differ-

tions, for C, BN, and B nanotubes.ab initio results are from ence which is most likely due to the different models used
Refs. [8-10]. in his calculations and ours.

Our calculations predict that there is a small depen-

opposite direction. The amount of buckling is independenfjence. ofY, on the tube diameter, but this depgndence
s noticeable only for small values of the tube diameter,

of the tube helicity, as can be seen in Fig. 2. Notice th o : . . .
good agreement witlab initio results [8]. As for the he I_|m|t|ng (diameter mdepenqlent) value being rapldly
strain energy, the buckling effect decreases rapidly Witf?btl?'tn%d g[ the trangel (Z)f exper_lrrﬂ.en'tal_ly obsterv?(: Sj['r?gle'
increasing tube diameter, going to the flat BN sheet limit ofivall tube diame ers~(.. nm). IS 1S 1n contrast to the
zero buckling. This tendency of BN nanotubes to bucklereSUItS of Lu [21], \.Nh'Ch are ".ilm.OSt completgly indepen-
which is a result of the slightly different hybridizations of dent of ih.e tUbe.bsf:f[e apflh ch\|(ral|ty. WZ kl)eheve twatt tge
B and N in the curved hexagonal layer, will have the effect?PPArent INSEnsIbIity of the young modulus on the tube
of forming a surface dipole, a fact that could be relevant'2¢ _al_nd ch|r'a||ty ob;erved by Lu IS du_e to the fapt that an
for potential applications of ,these tubes empirical pair potential was used in his calculations, and
In Fig. 3 we have plotted the value.s ot obtained such a model will not reflect the effects that the curva-
for the different tubes. The first feature to be noticed ist ' .W'l.l have on the bo.ndlng properties of the system. In
the fact that both fors(, n) and ., 0) nanotubes, the car- the Ilmlt of Iarg_e tube diameters, we could expect that the
bon tubes are predicted to be significantly stiffer than an)'lg"las‘tIC properties .WOUld correspond 1o thos_e of a plane,
of the composite tubes. The BR are predicted to be defect-free, graphitic sheet. Inde_ed, calculation¥afor
somewhat stiffer than BN and BQubes. The value of plane graphene and BN sheets give 0.41 and 0.30 TPanm,
espectively, which can be seen to be very similar to the

. . r
2ptr°;](-jrsp ?on;nfgjﬁgﬁom&eo\;wf?ét 'I(':P:\a?;l;[iun%esa (\:/(;TL%_esults obtained for C and BN nanotubes of the largest
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FIG. 3. Young modulus as a function of the tube diameter

FIG. 2. Buckling in the BN nanotube equilibrium structures for C, BN, BG;, and BGN (structure Il only), as calculated
vs tube diameter. We define the buckling as the mean radius dfom the tight-binding simulations. Results obtained foyn)
the nitrogen atoms minus the mean radius of the boron atomsanotubes (filled symbols);(0) nanotubes (empty symbols),
The ab initio results are from Ref. [8]. and also for C (10,5)«) and (10,7) k) are shown.
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