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Elastic properties of noncarbon nanotubes as compared to carbon nanotubes
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A comparative study of stability, structural, and elastic properties of single-wall noncarbon nanotubes, including
BN, AIN, GaN, AIP, GaP, and B nanotubes using ab initio simulation is presented. The proposed nanotubes can
be found in nature, which is confirmed by calculation of their binding energy. The values of Young’s modulus
and Poisson’s ratio for (0,n) and (n,n) proposed nanotubes with n = 3...20 are obtained. The conception of
two-dimensional (2D) Young’s modulus of planar and tubular materials was developed. The calculations show
that stable forms of boron nitride nanotubes have the 2D Young’s modulus almost similar to carbon nanotubes.
At the same time, it is stated that boron nanotubes have a higher 2D Young’s modulus than any other known

carbon and noncarbon nanostructures.

DOLI: 10.1103/PhysRevB.96.155428

I. INTRODUCTION

A small size [1-4], thermal stability [5—7], mechanical
strength [8—12], high surface area [13,14], and controllability
of electric properties [15-20] allow us to consider nanotubes
very promising materials for a various scope of engineering
and technology. In the second half of the 20th century, there
appeared physical geometrical models and some experimental
research on nanoscale structures, including spatial tubular
nanostructures [21-23]. These data were not taken into account
seriously until 1991.

It is generally accepted that nanotubes were first prepared
from carbon by lijima [24] at that time. Carbon nanotubes are
hollow cylinders formed by a rolled graphite layer. The next
year, the first noncarbon nanotubes based on molybdenum and
tungsten disulfides were synthesized [25]. Later, it was shown
that other chemical elements and compounds can also form
similar tubes [26—30]. The further development of the notion
of noncarbon nanotubes was made either by synthesis or
simulations with subsequent prediction of their structures and
properties [31-35]. At present, these approaches irrespective
of each other result in “discovery” of nanotubes based on
various chemical elements (and their compounds) of the
12th—15th groups of the periodic table [31] as well as some
“exotic nanotubes” based on some chemical elements of the
16th group [36].

The elastic properties of noncarbon nanotubes were in-
vestigated for almost two decades [27,36] (carbon nanotubes
even longer [37-39]). However, the congruence of elastic char-
acteristics (e.g. Young’s modulus) of carbon and noncarbon
nanotubes obtained by different experimental and theoretical
methods is worse than when their electronic properties (e.g.
band gap) are investigated [31]. The lack of high accuracy is
due to the following reasons:

(1) Synthesized nanotubes are not always similar to their
geometrical models. These nanotubes often have an irregular
shape, many inclusions, and defects. Thus, nanotubes obtained
in different laboratories differ from each other, even if they
are the same in chemical composition. Production of “pure”
nanotubes remains a complex nanotechnical problem.
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(2) There are two theoretical approaches to the calculation
of elastic characteristics of nanotubes. The first method is
related to using an interaction potential which is not easy to
describe when a nanotube consists of different atoms. The
second regards a tube as a continuous shell. In this case, it
is necessary to take into account the so-called “monolayer
thickness” or thickness of a nanotube wall. Various authors do
not share the same assumptions about the magnitude of this
parameter for carbon nanotubes [40—42].

(3) The methodology associated with the concept of bulk
deformations applied to single-wall nanotubes is incorrect.
Really, the significance of the cross-sectional area on which
the deforming force acts is undefined for one-dimensional (1D)
and two-dimensional (2D) nanostructures. For more details,
see Refs. [43,44].

Despite the fact that high precision of the Young’s modulus
for carbon nanotubes is not achieved, it is known that this
elastic modulus has a record magnitude among classical
materials. In Refs. [45-48], the authors obtained values
from 0.5 to 5.5 TPa. The excellent result is due to the
“perfect” hexagonal crystalline lattice of carbon nanotubes and
strong covalent bonds between carbon atoms. The noncarbon
nanotubes described in Ref. [31] have a graphenelike crystal
structure. These are boron nitride (BN), aluminum nitride
(AIN), gallium nitride (GaN), aluminum phosphide (AIP),
and gallium phosphide (GaP) nanotubes. The considered
nanotubes are wide-bandgap semiconductors or dielectrics
having great potential applications in nanoelectronics and
nano-optoelectronics.

If a center of each hexagon contains one additional atom,
a crystal lattice becomes triangular. Boron nanotubes consist
of rolled-up pieces of a triangular lattice in the form of an
armchair or a zigzag [49,50]. Such nanotubes together with
boron convex clusters [51] and spherical clusters [52,53] form
a special class of boron nanostructures fully described in
Ref. [54]. Among the electron deficient elements of the 13th
group, only boron (25?2 p') can form strong covalent bonds. In
this connection, pure boron compounds have neither a purely
covalent nor a purely metallic character [49]. However, all
nanotubes composed of boron atoms, despite their size and
form, are metallic [49,55]. On the contrary, BN nanotubes
exhibit dielectric properties with energy gap from 5.5 to
6.0 eV [31].
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FIG. 1. The atomic models of the considered carbon and noncar-
bon (A™BY) nanotubes before optimization: (a) carbon nanotubes
(0,5), (b) carbon nanotubes (10,10), (c) crystalline structure of
graphene which can be rolled to nanotubes, (d) noncarbon nanotubes
(0,5), (e) noncarbon nanotubes (10,10), and (f) crystalline structure
of planar form A™BY nanoallotropes. Here, gray balls indicate the
carbon atoms, green balls indicate the A atoms, and light blue balls
indicate the B atoms.

Since the mechanical characteristics of carbon nanotubes
are unique, the elastic properties of similar noncarbon nan-
otubes can also cause an interest. The aim of this paper is to
investigate the elastic characteristics of the thermodynamically
stable single-wall nanotubes composed from boron atoms,
boron compounds, and other atoms adjacent to a boron atom
in the periodical table using ab initio simulation.

II. MATERIALS AND METHODS

The atomic models of the considered carbon and noncarbon
(A" BV) nanotubes together with its planar form are shown in
Fig. 1. The notation A™ BY means that symbol A can be atoms
of B, Al, or Ga and symbol B is N or P.

The nanotubes presented in Fig. 1 have a hexagonal
crystalline lattice type. Nanotubes with a hexagonal lattice
type can be designated as h-C, h-BN, h-AIN, h-GaN, h-AIP,
and h-GaP.

The remaining atomic models of considered noncarbon
(from boron) nanotubes together with its planar form are shown
in Fig. 2.

Nanotubes presented in Fig. 2 have a triangular crystalline
lattice type. Nanotubes with a triangular lattice type can
be designated as tri-B. The edges of boron nanotubes, like
carbon nanotubes, are also of two types: zigzag and armchair
(quasiarmchair).

The lattice parameters of all planar nanoallotropes
[Figs. 1(c), 1(f), and 2(c)] were used to generate the coordinates
of the atoms on a cylinder surface, and the sheet was wrapped
to form the tubular structure [Figs. 1(a), 1(b), 1(d), 1(e), 2(a),
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FIG. 2. The atomic models of the considered noncarbon (from
boron) nanotubes before optimization: (a) boron nanotube (zigzag
setting), (b) boron nanotube (armchair setting), and (c) crystalline
structure of borophene, which can be rolled to nanotubes in the form
of armchair or zigzag. Here, green balls indicate the boron atoms.

and 2(b)]. After using a structural optimization procedure for
condensed systems, it is possible to obtain the equilibrium
geometry for all nanotubes. The optimized atomic coordinates
were used as the input data for the ab initio calculation to
define the binding energy and strain energy. In Ref. [56], it is
noted that, to determine the elastic constants, it is necessary
to strain a crystalline structure and calculate the total energy
response to the strain.

The corresponding calculations were performed by means
of the density functional theory (DFT) implemented within
the VASP 4.6 [57-59]. In all cases, ion cores were treated
using Vanderbilt pseudopotentials [60]. Electron exchange
and correlation effects were described by means of the
corrected spin-polarized generalized gradient Perdew-Burke-
Ernzerhof approximation [61]. The electronic wave function
was expanded in a plane-wave basis set with an energy cutoff
of 400 eV. Brillouin zone sampling was carried out using a
Monkhorst-Pack mesh [62] of 1 x 1 x 37 for all the cases.
All calculations were carried out using periodic boundary
conditions. To avoid the interaction between adjacent atoms in
the direction perpendicular to the sheet, a lattice cell parameter
much greater than a possible bond length was used (6 A).

The binding energy per one atom E; was calculated as
follows [36]:

E E,— NE 1
b=y ()
Here, E is the total energy of an isolated atom, N is the
number of atoms in the translating cluster (unit cell), and E,
is the total energy of the cluster. The assumption was made
that zero level of energy corresponds to disintegration of the
system, i.e. E < 0,E, < 0. Because |E;| > |N E|, the binding
energy turns out negative. This approach, which is in good
agreement with the available theoretical and experimental
results, is usually used to define the energetic stability [63-65].
As shown in Ref. [66], there are two main ways of extracting
elastic data through ab initio simulation using the total energy
of the strained materials and stress-strain relationship. The
Young’s modulus Y is calculated as the second derivative of the
total energy E, with respect to the strain along the longitudinal
direction of a nanotube at the equilibrium parameters [67]

1 [(9%E,
Y = 7()(—882 ) : )
e=0
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Here, V, is the equilibrium volume, ¢ is the relative
extension. On the basis of a continuous shell model, the
equilibrium volume for a single-wall carbon (or noncarbon)
nanotubes can be defined as

Vo = nLDSR, 3)

where L and D denote the length and diameter of a
nanotube, respectively; R is the abovementioned “mono-
layer thickness”; here, it is the thickness of a tube wall
[42].

For carbon nanotubes, the wall thickness is not well defined:
in Ref. [45], the value R = 0.66 A is obtained by using the
rolling energy formula of the graphite sheet vs §R = 34A
[24] taken as an interwall distance of graphite. Furthermore, it
is still unclear what value should be taken for the thickness of
noncarbon nanotubes.

In Ref. [36], an alternative definition for Young’s modulus
was used, namely

1

ayayjanaimSijim

Yp = 4)

Here, s;jin are the components of a tensor of elastic
compliances in the crystallographic coordinate system, (ay,)
is the matrix of the directing cosines of a moving reference
system in respect to the crystallographic axes [44]. The matrix
representation of a fourth-rank tensor s;;,, was used, i.e. a
pair of symmetric indices is replaced by: 11 — 1; 22 — 2;
12,21 — 3. Such a representation is used for an elastic
stiffness tensor c¢; .

The components of the elastic stiffness tensor were defined
aaaf—ai,’ where F is the potential strain energy
(per unit of an area) of an elastic-deformed body, &;;,;,, are
the components of a strain tensor. The strain energy is the
difference between the energies of stretched (or compressed)
and relaxed nanotubes.

The relation between the elastic compliances s;; and elastic
stiffness ¢;; is given by Ref. [68]

as Cijim =

(=1 Ac;;
where A€ is the matrix determinant composed of elastic
stiffness coefficients, and Ac;; is a minor obtained from the
determinant by crossing out the ith row and the jth column.

The relationships between s;; and c¢;; for the structures
having a hexagonal lattice are given by Ref. [68]

&)

Sij =

Cl1 C12
SIN= 55 S2="">5 5> (6)
2 —c? 3 —c?
11 12 11 12

and for structures having a triangular lattice the relationships
are as follows:

C22 C12
Sp=——">5, Sp=——-—5,
C11C22 — € C11C22 — €
Cl1
= —L ™
C11C22 — €

Using Eqgs. (4) and (6), the relationship for the Young’s
modulus of the h-C, h-BN, h-AIN, h-GaN, h-AIP, and h-GaP
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nanotubes along their longitudinal direction is given by

2 2
‘11— n

®)

Yop =
C11

Using Egs. (4) and (7), the relationship for the Young’s
modulus of triangular nanotubes (along their longitudinal
direction) is given by

2
C11C22 — €y

€))

Yop =
i

Defined in this way, the elastic characteristic Y,p “shows”
an extremely 2D nature. Therefore, Y,p [from Eq. (4)] is a 2D
Young’s modulus, which allows us to avoid the choice of the
wall thickness [44,69,70].

The Poisson’s ratio as a measure of the lateral compression
along h accompanied by the tension along k [36,44] is given
by Ref. [36]

Sk

o=—, (10)
Skk

where sp,; and sy, are components of the elastic compliances
also derived from the elastic moduli tensor using Eqs. (6) and
.

In this paper, the linear elastic response regime is applied.
The ratio D/L < 0.1 which corresponds to the case of long
nanotubes was used everywhere.

III. RESULTS AND CONCLUSIONS

Flat and buckled boron nanotubes [49] having similar
values of bond lengths and binding energy per atom are
detected after all steps of optimization. The terms “flat” and
“buckled” explain how the atoms are located on the surface
of boron nanotubes. All boron atoms on the surface of flat
nanotubes are at the same distance from its longitudinal axis.
Contrary to flat boron nanotubes, the surface of buckled boron
nanotubes is puckered [49].

The equilibrium values of bond lengths for all types
of selected noncarbon nanotubes as compared to carbon
nanotubes are given in Table I. It is well known that the
bond length of nanotubes composed of the same atoms and
having the same crystalline structure is almost independent
of its diameter [71]. Therefore, the average values of bond
lengths are listed in Table 1.

We see that the bond lengths calculated in this paper are in
the range of 1.42-2.40 A and close to values given in other
papers.

The equilibrium values of binding energy for all types
of selected nanotubes as compared to carbon nanotubes are
shown in Fig. 3.

One can see that the binding energy for all noncarbon nan-
otubes does not exceed (on modulus) 7.45 eV. It is slightly less
than the binding energy of carbon nanotubes. Therefore, the
thermodynamic stability of noncarbon nanotubes is worse too.

Figure 4 shows the 2D Young’s modulus for selected (0,7)
nanotubes as compared to carbon nanotubes.

Figure 5 shows the 2D Young’s modulus for all types of
selected (n,n) nanotubes as compared to carbon nanotubes.

155428-3



ALEKSEY KOCHAEV

PHYSICAL REVIEW B 96, 155428 (2017)

TABLE I. The average values of bond lengths (A) for different types of carbon and noncarbon nanotubes after optimization.

C BN AIN GaN AIP GaP B

This paper 1.42 1.47 1.77 1.84 2.40 2.20 1.68

Other 1.42 [71] 1.51[72] 1.79 [73] 1.84 [75] 2.34[76] 2.29 [77] 1.64 [50]
1.95 [74] 1.69 [49]

From Figs. 4(a) and 5(a), one can see that the 2D Young’s
modulus of selected (A™ B™) noncarbon nanotubes has lower
elastic characteristics than carbon nanotubes. However, as it is
shown in Figs. 4(b) and 5(b), the elastic characteristics of boron
nanotubes are absolutely unique. If one takes into account the
concept of three-center bonding, such a result seems likely.
A detailed model of the three-center bonding is described in
Ref. [50]. In addition, the result seems even more attractive
due to the fact that individual samples of borophene have been
already synthesized [78].

The 2D Young’s modulus of the zigzag boron nanotubes
(flat triangular) is almost equal to 1800 N/m. For buckled
zigzag structure, it is slightly less. The 2D Young’s modulus
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FIG. 3. The binding energy per atom as a function of the
diameter for: (a) considered (0,n) nanotubes, and (b) considered (n,n)
nanotubes. Each icon corresponds to the notation of chirality. For
(0,n) nanotubes, it begins counting from n = 3 to 12 successively;
the last icon (far right) corresponds to n = 20. For (n,n) nanotubes,
it begins counting from n = 2 to 12 successively; the last icon (far
right) corresponds to n = 20.

of armchair boron nanotubes (flat and buckled triangular) is
about two times less than for the zigzag boron nanotubes. As
it was rightly noted in Ref. [49], the anisotropy of the elastic
properties for borophene sheets leads to a similar result. In
the zigzag boron nanotubes, strong o bonds lie along straight
lines forming parallel chains. Stretching (or compressing) the
zigzag boron nanotubes along its longitudinal direction will
be much harder than stretching armchair nanotubes in the
same direction.

Presented in Figs. 4(a), 4(b), 5(a), and 5(b), results are
discussed in more details. The obtained dependence of the
Young’s modulus on the diameter is more complicated than
it was previously known. Let us remember that, according to
some papers, the Young’s modulus increases with an increase
in diameter [27]; in other papers, the opposite assumption
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FIG. 4. 2D Young’s modulus for: (a) A™BY nanotubes (0,n) as
compared to carbon nanotubes, and (b) buckled boron nanotubes as
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of chirality. For selected nanotubes, it begins counting from n = 3 to
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is made [48]; in the third type of paper, authors prove
that the elastic properties of nanotubes are independent of
their diameters and chiralities [38]. In our case, satisfying
the condition D/L < 0.1, the 2D Young’s modulus initially
increases, reaching a maximum value, and then gradually
decreases. We believe that such dependence is explained as
follows: thin nanotubes have a small transverse size (D < 5 A
for boron nanotubes), so atoms on the “strongly rounded”
walls interact with each other, reducing their overall rigidity.
The binding energy per atom of such thin nanotubes is
also low. When this interaction ceases, then the 2D Young’s
modulus is maximized (D =~ 7 A for boron nanotubes). As
the diameter of a nanotube increases (D > 8 A for boron
nanotubes), the curvature factor weakens, and the Young’s
modulus decreases to a value corresponding to the plane
structure. In addition, using the ab initio simulation method,
the preliminary geometry optimization is performed. As
shown in Table I, the equilibrium geometry parameters (the
bond lengths) obtained in this paper and recently published
papers are quite similar. Unfortunately, we do not know if
optimization in Refs. [27,38,48] was performed.

In Table II, the comparative elastic characteristics of tubular
and planar structures are presented.

Using Table II, the values of Young’s modulus introduced
by different approaches can be compared. The values Y,p
and Y3p (the bulk Young’s modulus) of tubular and planar
carbon and noncarbon nanotubes are given in the second
and third columns, respectively. The bulk Young’s modulus
defined as Y3p = Y>p/8R is given for additional comparison.
In Refs. [27,69], for h-BN, authors assumed the value 6 R =
3.4 A, which is not very reliable, of course. Therefore, it can
only be used as a rough estimate of the bulk Young’s modulus
in this paper.

TABLE II. Comparative table of the elastic characteristics of some carbon and noncarbon structures.

Y [from Eq. (2)] (N/m) depending on choice of the SR

Yp (N/m) Ysp (TPa) 0.66 A [45] 1.3 A[79] 3.4 A [69]

h-C (10,10)

This paper 436 1.28 467

Other papers 0.5+5.0 [45-48] 350 [45] 423 [69]
Graphene

This paper 353 1.04 381

Other papers 327 [44] 0.9+2.8 [81,82] 365 [79]

342 [80]

h-BN (10,10)

This paper 387 1.14 354

Other papers 0.90 [27] 306 [69]
BN sheet

This paper 264 0.78 291

Other papers 275 [80]

279 [83]

Buckled tri-B (0,5)

This paper 1680
Buckled tri-B (5,5)

This paper 825
Borophene (Y in perpendicular directions)

This paper 998; 637

Other papers 0.87; 0.42 [49]
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TABLE III. Poisson’s ratio for carbon and noncarbon nanotubes
(0,10) and (10,10).

C BN AIN GaN AlP GaP

(0,10) 0.58 0.57 0.55 0.55 0.51 0.52
(10,10) 0.57 0.56 0.52 0.53 0.51 0.51

The values Y [from Eq. (2)] depending on the choice of 6R
are also presented. As shown in Table II, a strong dependence
of the Young’s modulus Y on the parameter SR is observed.

The values of Poisson’s ratio for noncarbon nanotubes
(0,10) and (10,10) as compared to carbon nanotubes are given
in Table III.

For boron nanotubes, the Poisson’s ratio calculated in this
paper is 0.60, and it almost does not depend on the diameter.
The article in Ref. [84] shows that Poisson’s ratio for the planar
2D supracrystal and wide carbon nanotubes is 0.62.

To summarize, a detailed study of the energetic, structural,
and elastic properties of certain noncarbon nanotubes has been
carried out. In present calculations, the mutual influence of
atoms on adjacent sides of nanotubes was taken into account,
which also allows us to investigate the corresponding proper-
ties of thin nanotubes properly. The calculation demonstrated
that the GaP, GaN, and AIP nanotubes are energetically
metastable structures. The binding energy of the remaining

PHYSICAL REVIEW B 96, 155428 (2017)

nanotubes indicates rather good thermal stability (less than for
carbon nanotubes), and it is commensurable with the binding
energy of some fullerenes [85].

On the basis of the continuum theory of elasticity, the
elastic characteristics for rather long nanotubes were obtained.
The chirality indices for each type of noncarbon hexagonal
nanotube corresponding to the maximum values of Young’s
modulus were obtained, which makes it possible to use the
stiffest ones in practical applications. The agreement between
the present results and the data from other theoretical and
experimental works for carbon and noncarbon nanotubes
was shown. The results indicate that h-BN nanotubes are
close to carbon nanotubes as far as their elastic properties
are concerned. Combining this feature with their wide-
bandgap character makes them suitable for applications where
electrically insulating high-strength materials are needed.
Since the 2D nanoallotrope of boron—borophene—has been
synthesized recently, an interest in its compounds appeared
again. The excellent stiffness of boron nanotubes will certainly
be used in many aspects of nanotechnology.
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