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ABSTRACT
In this work we use density functional theory based on the ultra-soft pseudo-potential to calculate the
structural, mechanical and thermal properties of narrow single walled BN, AIN and GaN nanotubes.
The electron-electron interactions were expressed within the local density approximation (LDA). We
have also obtained the Phonon dispersion and elastic constants of these nanotubes using the density
functional perturbation theory. Furthermore the values of Young's modulus, radial breathing mode
frequencies and phononic band gaps for BN, AIN and GaN nanotubes (4,0) are reported. Finally it is
demonstrated that the behavior of heat capacity of these nanotubes strongly depends on the mass of

cations.

Keywords: Density functional theory; Heat capacity; Phonon dispersion; Narrow nano-tubes;

QUANTUM ESPRESSO

INTRODUCTION

Since the discovery of carbon nanotubes
(CNTs) by lijima in 1991 [1], the physical,
chemical, and electronic properties of these
materials have led to a wvariety of
technological uses in many functional
nanodevices [2-9]. Also the study of the
various nanometres scale tubular structures
has attracted many researchers. In the last
decades III-V semiconductors and the
group Ill-nitrides in particular have gained
extensive attention due to their various
potential applications. Therefore the single-
walled III-N nanotubes, consist of rolled-up
graphene sheets with various chairalities,
due to their stability have been the subject
of many investigations. Jia et al have
investigated the structure and stability of
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zigzag and armchair boron nitride
nanotubes (BNNTSs) within the framework
of generalized gradient approximated
density functional theory [10]. Successful
synthesis of pure BNNTs by experimental
work has also been reported [11, 12].
Aluminum nitride nanotubes (AINNTS)
with a wide range of different diameters
were synthesized either by nitriding
impregnated Al powder in a tubular furnace
[13] or using the method of highly non
equilibrium  direct-current  arc-plasma-
induced melting of aluminum in N-Ar
ambient [14]. Carl Hemmingsson et al have
also investigated the low temperature
growth of GaNNTs by halide vapour phase
epitaxy [15]. On the other hand the
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structural and electronic properties of both
armchair and zigzag single-walled GaNNTs
have been investigated by plane-wave basis
DF calculation within the local-density
approximation and the SCC-DFTB code
[16]. Moreover the stability and electronic
properties of single-walled (8,0) and (5,5)
InNNTs are predicted by the GAUSSIAN
program package [17]. Many efforts have
been devoted to investigate the mechanical
properties [18-24], optical characterization
[25-27] and temperature-dependent
transport [28] of III-N nanotubes. Atomistic
simulations play an increasingly important
role in the elucidation of nanotube
properties and development of methods for
their  fabrication  and  applications.
Computational modeling also provides
detailed microscopic information on the
physical properties of nanotubes.

The peculiar property of the nanotubes is
due small diameter. As is well known the

ultrasmall radius SWNTS have many
unusual properties. Therefore in the last
decades many researches have
experimentally and theoretically

investigated the properties of ultrathin
nanotubes [29-34]. Birykov et al [29] have
shown that the narrow nanotubes, with
diameter on the order of 1 nm can be a basis
for an efficient technique of beam steering
at particle accelerators. Zeng et al [30] have
studied the transport properties of (2,2) and
(3,3) SWNTs by using the DFT associated
with noneequilibrium Green function. They
have concluded that the -electronic
properties of small diameter tubes directly
relate to large curvature effect. Bezugly et
al [31] have systematically studied the
electronic band structure and transport
properties of a series of zigzag and
armchair carbon and boron nanotubes of
radii ranging from 0.35 to 16 nm. In
Ref.[32] the structural and electronic
properties of narrow single walled
GaNNTswith diameter from 0.3 to 0.55 nm
using DFT are investigated. in this work it

62

is shown that all the armchair and chiral
GaNNTs have an indirect gap while zigzag
GaNNTs have a direct band gap expect for
(4,0) GaNNT. On the other hand Huang and
coworkers [33] synthesized BNNTs with
average external diameters of sub-10 nm
and indicated the ultrafine nanotubes are
perfect electrical insulators. Recently in
Ref.[34] they have also measured the
mechanical properties of BNNTs. Their
results demonstrate an obvious transition in
mechanics of BNNTs with diameters with
the range of 10 nm or less.

In this work we have investigated the
structural, = mechanical and  thermal
properties of single walled BN, AIN and
GaN zigzag nanotubes (4,0) using the ultra-
soft pseudo-potential based on density
functional perturbation theory (DFPT). The
elastic constants, Young's moduli, radial
breathing mode frequencies and phononic
band gaps of these nanotubes have been
calculated wusing the obtained phonon
dispersion curves. We have also studied the
temperature behavior of heat capacity for
these nanotubes.

THEORETICAL METHOD

As is well known, in the harmonic
approximation, a nanotube consists of a
periodic array of ions that oscillate around
their equilibrium positions on the surface of
any empty tube by thermal energy. The
vibration energy of the ions at non-zero
temperature has crucial significant effects
on mechanical and thermal properties of
crystal such as capacity and thermal
expansion.  The  density  functional
perturbation theory (DFPT) method works
under the adiabatic Born-Oppenheimer
(BO) approximation. Thus it is assumed
that according to any vibrational
configuration of the ions, the electronic part
of the system remains in the ground state.
The phonon frequencies ® are determined
by eigenvalues of Hessian of the BO energy
E(r), scaled by the ion masses [35]:
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where M(M;) denote the mass of the ion at
R (Ry) position. Therefore, the calculation
of vibrational properties of the system
needs computing the first and second
derivatives of BO energy surface. To do so,
the Hellmann-Feynman (HF) theorem
would be very helpful,
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To perform the computational procedure,
the ground-state electron charge density
nr(r) as well as its linear response to the

on,, (r
differential, My (©) ,

I

essentially known. These can be obtained
from regular density functional theory
(DFT) methods. Therefore, via
diagnolization of dynamical matrices
(Eq.(1)), it is possible to calculate the
phonon dispersion and also the phonon
density of states (PHDOS) throughout the
Brillouin zone (BZ).

The QUANTUME ESPRESSO code
has been applied to calculate the structural,
phononic, mechanical and thermodynamic
properties of BNNT, AINNT and GaNNT
(4,0). The static energies are computed by
means of using the DFT. The phonon
frequencies are also calculating by means of
using the DFPT. The calculations are
carried out under the localized density
approximation (LDA). The interactions of
the electrons with ion cores are represented

ionic must be
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by the Vanderbilt-type ultrasoft pseudo-
potentials for Ga and N atoms. The Perdew-
Wang  exchange-correlation  functional
(PWO91) was used for the calculation of
electron exchange correlation energy. The
wave functions were expanded into plane
wave with kinetic energies up to 40 Ry. The
summation over the Brillouin zone is
carried out with a K-point sampling using
Monkhorst-pack grid with parameters of
1x1x12 for BNNT, AINNT, GaNNT (4,0).

All structures have been treated by
supercell geometry. The size of the
supercell was adjusted to make the

interactions between adjacent nanotubes
negligible (about 10A from surface to
surface). Optimization of the ionic position,
lattice parameters and cell volume were
achieved after the relaxation when all forces
and stresses become less than 0.25 meV/A
and 0.05 GPa respectively. The Broyden-
Flecher-Goldfarb-Shanno (BFGS)
algorithm was used to relax the structure of
the crystal model. In order to obtain
complete  phonon  dispersion,  five
dynamical matrices were calculated on a
1x1x8 g-point mesh.

RESULTS AND DISCUSSION
After relaxation it was seen that the cation
atoms moved radially toward the tube axes
while the nitrogen atoms moved in the
opposite direction. In the binary covalant-
ionic tublar structures, atoms with more
electronegativity tend to move outward and
atoms with more electropositivity tends to
move inward. Thus the radial geometry of
tublar structure is charactrized by two
concentric cylindrical tubes. All the cation
atoms form the inner cylinder and the all
the nitrogen atoms form the outer cylinder.
The radial buckling AR is defined by:

AR =R, —R 4)

Cation
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Table 1. The tube radius(R), the periodic length of a unit cell along tube axis (L), buckling
separation (AR) and bonding length for BNNT, AINNT and GaNNT (4,0)

Theory- HI-N  bonding

NT@E0)  work approximation R(A) L&) AR(A) length (A)
BN present pwpp-LDA 1.71 4.27 0.153 1.49

other pwpp-GGA 1.691" 423010 0.1431 1.5601%

resent -LDA 2.13 0.191 1.82

AIN p pwpp

other pp-GGA - - - 1.830¢

present pwpp-LDA 2.152 5.36 0.23 1.90
GaN

other pp-GGA 2.1987 5.37837) 0.2357 1.90 &

where Ry and Reaion are the means radii of
N and cation atoms cylinders, respectively.
In Tab. 1 we summarize the parameters of
BN, AIN, GaN nanotubes (4,0) including
the tube radius (R), length of a unit cell
along tube axis (L), buckling
separation(AR) and bonding length
between III-N atoms. Fig. 1 illustrates the
phonon dispersion curves and the
corresponding phonon density of states
(PHDS) for BNNT, AINNT and GaNNT
(4, 0) obtained by calculating the
vibrational frequencies along the tubes'
axis (the Z-direction). It can be concluded
from this figure that these nanotubes are
dynamically stable since all phonon
frequencies have positive values through
the Brilouin zone. Since the unit cell
contains 16 atoms, there are 48 vibrational
normal modes. In Fig. 1 two phononic
band gaps can be seen for the AINNT and
GaNNT (4,0) while no gap can be seen for
the BNNT (4,0). The two gaps for the
AINNT and GaNNT (4,0) may be due to
the existence of different kinds of atoms in
the Z-direction. The values of these gaps
increase by increasing the mass difference
of cations and anions (Tab. 2). The lack of
band gap in the dispersion curve of BNNT
(4,0) is due to small value of the mass
difference of cations and anions. So we can
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regard AINNT and GaNNT (4,0) as
phononic crystal (PC) and opaque barrier
[33]. This suggests the potential for
designing various phonon optic devices,
such as phonon filters, mirrors, resonators,
etc. Fig. 2 depicts four acoustic branches at
low frequencies near the I' point: two
degenerate TA modes, one LA mode and
one twist mode. The twist mode indicates
the ionic rotational wave propagation
along the tube axis.

According to the close connection
between the theory of lattice dynamics and
the theory of elasticity the sound velocities
can be obtained from the slopes of the
acoustic branches of the phonon dispersion
relations at T’ point(d(’J dk) . The values

k=0

of the sound velocities are listed in Tab. 3.
As seen from Tab. 3 the LA mode has the
highest velocities for (4,0) BNNTs,
AINNTs and GaNNTs. The velocity of the
LA, TA and twist modes decreases by
increasing the mass of cations.
Furthermore the elastic constant along the
axis of the nanotube can be calculated by
the velocity of LA mode via the relation:

()
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Fig. 1. Phonon dispersion curves and phonon density of states (PHDOS) for BNNT, AINNT
and GaNNT (4,0) along Z direction.

Table 2. The values of phononic band gaps for BNNT, AINNT and GaNNT (4,0)

NT(4,0) Phononic band gap (cm™) Rang of the band gap (cm™)
BN - -
AIN 66 and 76 410-476 and 657-733
GaN 101 and 106 275-376 and 443-549
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Fig. 2. Acoustic branches around the I point.

Table 3. The values of acoustic velocities for BN, AIN and GaN nanotubes (4,0)

NT(4,0) Vg (knv/s) Via (knvs) Viwist (kn/s)
BN 12.242 19.195 2.677
AIN 10.404 14.427 1.366
GaN 6.595 10.372 1.209

where p is the density of the nanotube. In
order to calculate the density of the
nanotube it is assumed that the BNNT,
AINNT and GaNNT (4,0) are rolled
honeycomb-like graphitic sheet with 2.11,
2.50 and 2.62 A thickness respectively
(half of the length of the L parameter for
wurtzite phase). Tab. 4 shows that the
elastic constant for the BNNT 1is greater
than those for the
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Table 4. The values of density, elastic
constant and Yong modulus for BNNT,
AINNT and GaNNT (4, 0)

NT@0) PG5 Cu(TPa)  Y(TPa)
BN 3402910 1.254 1.256
AIN 3149.733  0.655 0.583
GaN 5852.383  0.629 0.497
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AINT and GaNT. Furthermore the
Young modulus, Y, is another important
mechanical property of nanonubes. As is
known the value of Y is defined as:

2
0 £=

0

where Vj is the equilibrium volume, E is
the total energy, and [] is the subjected
strain. Here we calculate Y using the DFT
approach by minimizing the total energy
with respect to strain along the tube's axis
(Murnaghan method). The results are
shown in Tab. 4. As it can be concluded
from the results of Tab. 1 by reducing the
value of bond lengths between the cation
and nitrogen atoms in the nanotubes the
value of Yong modulus is increased.
Therefore the stiffness of the nanotubes
will be increased by decreasing the bond
lengths between the atoms in nanotubes
[40].

Another  vibrational  characteristic
feature of nanotubes is their radial
breathing mode (RBM) frequencies (the
most important low-frequency Raman
active mode). For the RBM, all the atoms
move in the radial direction synchronously,
which generates an effect similar to
"breathing". We note here that RBM has
been extensively used in measuring and
identifying nanotubes diameter and
electronic structures by many researchers.
We have listed the values of RBM
frequencies in Tab. 5. The dependence of
the RBM frequency on the BN and GaN
nanotubes diameter, in the elasticity

theory, can be respectively expressed as
[18]:

202.16
w, =———cm’, 7
RBM d(nm) ( )
7849 .
—_ 1 , (8)

[0 ———Cm
REM T~ (nm)

Our obtained results for RBM values
based on ab initio calculation are in good
consistent with those obtained from
elasticity theory. According to the well-
known harmonic mass-spring
approximation [34], decreasing the RBM
values can be attributed to increase the
mass of cations.

After calculating the PHDOS for these
single walled nanotubes we have
investigated the temperature dependence of
their heat capacity according to the
following relation:

,
Vinax hv e
c, =] g(V)(kBT) T

where v is the phonon’s frequency, g (v) is
the PHDOS and vuma.x is the highest
frequency of the system which is related to
the Debye temperature. The heat capacity
directly reflects the details of the excitation
spectrum. Therefore we have plotted the
heat capacity vs. temperature in Fig. 3. At
high temperature, the heat capacity of
these binary nanotubes increases by
decreasing the mass of cations. In addition
the low temperature behavior of heat

Table 5. The values of radial breathing mode (RBM) frequencies for BNNT, AINNT and

GaNNT (4, 0)
NT4,0) calculation BN AIN GaN
B present 571.45 323.39 185.87
RBM(cm™) Eqs.6,7 59108 ; 182.36
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capacity contains information regarding
the dimensionality of the system.
Nanotubes which are quasi-one
dimensional (1D) systems consisting of
rolled-up 2D sheets exhibit both 1D and
2D behavior. Fig. 4 shows the heat
capacity vs. T and T° at low temperature
limit. It can be seen from Fig. 4 that at low
temperature regime the heat capacity is
proportional to T for the BNNT and 7* for

AINNT and GaNNT (4,0). As it can be
seen from Tab. 1 the radius of BNNT (1.71
A) is smaller than radii of GaNNT (2.15
A) and AINNT (2.13 A). This means that
the BNNT bevaves like 1D system while
the AINNT and GaNNT behave seemingly
like 2D systems. Therefore we may
consider that the behavior of heat capacity
of nanotubes is related to the curvature
effect at low temperature limit.

1a00 - [ BNNT(4,0)
{ |- - --AINNT(4,0)
1200 - GaNNT(4,0

C (/KgK)

o 1
0 100

T
200

T !
300 400 500
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Fig. 3. Temperature dependence of heat capacity for BNNT, AINNT and GaNNT (4,0).
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Fig. 4. Heat capacity vs. T and T* for BNNT, AINNT and GaNNT (4,0).
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CONCLUSION
The ab initio calculations have been
performed to obtain the structural,

mechanical and thermal properties of BN,

AIN and GaN nanotubes (4,0). We have
presented a comparison of the physical
properties of these nanotubes. The results



A. Nejati ef al./J. Phys. Theor. Chem. IAU Iran, 13 (1) 61-70: Spring 2016

of our calculations for structural properties
of BN, AIN and GaN nanotubes (4,0) are
in good agreement with the previous
theoretical works. Some important phonon
quantities such as phononic band gap,
RBM frequency and velocity of acoustic
modes have also been calculated. The
positive  phonon  dispersion  curves
demonstrate the dynamical stability of the
systems. We have shown that the velocity
of the acoustic modes decreases by
increasing the mass of cations. It is also
shown that the existence of phononic band
gap is related to the mass difference of
cations and anions. To the best of our
knowledge there is no experimental and
theoretical data for the elastic constant and
young modules for BN, AIN and GaN
nanotubes (4,0). Therefore we have
calculated these quantities for BN, AIN
and GaN nanotubes (4,0). Our calculations
show that at low temperature the heat
capacity for BNNT is proportional to T
while this quantity for AINNT and GaNNT
(4,0) is proportional to 7°. Furthermore it
is shown that at high temperature, the heat
capacity of these binary nanotubes
increases by decreasing the mass of
cations.

REFERENCESG.

[1] S. Ijima, Nature. 354 (1991) 2148.

[2] S.S. Karajanagi, H. Yang, P. Asuri,
E. Sellitto, J.S. Dordick and R.S.
Kane, Langmuir 22. (2006) 1392.

[3] C.S. Jones, X. Lu, M. Renn, M.
Stroder and W. Shih, Microelectronic
Engineering. 87 (2010) 434437.

[4] S.M. Jung, H.Y. Jung and J.S. Suh,
Sens. Actuators B. 139 (2009) 425.

[5] A. Hartschuh, H.N. Pedrosa, L.
Novotny and T.D. Krauss, Science
301 (2003) 1354.

[6] J. Maultzsch, R. Pomraenke, S.
Reich, E. Chang, D. Prezzi, A. Ruini,
E. Molinari, M.S. Strano, C.

69

Thomsen and C. Lienau, Physica
Status Solidi B 243 (2006) 3204.

[7] W.L Park, H.S. Kim, S.M. Kwon,
Y.H. Hong and HJ. lJin,
CarbohydrPolym .77 (2009) 457.

[8] L. Meng, C. Fu and Q. Lu, Natural
Science 19 (2009) 801.

[9] V.Z. Poenitzsch, D.C. Winters, H.
Xie, G.R. Dieckmann, A.B. Dalton
and I.LH. Musselman, J.Am. CHEM.
Soc. 129 (2007) 14724.

[10] J.F. Jia, H.S. Wu and H. Jiao, Physica
B 381 (2006) 90.

[11] N.G. Chopra, R.J. Luyken, K. Cherry
V.H. Crespi, M.L. Cohen, S.G. Louie
and A. Zettl, Science 269 (1995) 966.

[12] A. Loiseau, F. Willaime, N.
Demoncy, G. Hug and H. APascard,
PHYS. REV. Lett.76 (1996) 4737.

[13] Q. Wu, Z. HuX, Z.Wang, Y.N. Lu, X.
Chen, H. Xu and Y. Chen, J. AM.
CHEM. SOC.125 (2003) 10176.

[14] Y.F. Zhukovskii, N. Pugno, A.L
Popov, C. Balsurbramanian and S.
Bellucci, J. Phys: Condensed Matter.

19 (2007) 395021.
[15] C. Hemmingsson, G. Pozina, S.
Khromov and B. Monemar,

Nanotechnology. 22 (2011) 085602.

[16] SM. Lee, Y.H. Lee, Y.G. Hwang,
J.Elsner, D. Porezag and F. Thomas,
PHYS. REV. B60 (1999) 7788.

[17] Z. Qian, S. Hou, J. Zhang, R. Li, Z.
Shen, X. Zhao and Z. Xue, Physica E
30 (2005) 81.

[18] V.R. Velasco and M.C. Munoz,
Surface Science. 603 (2009) 2950.

[19] M. Aydin, VIB. SPECTROSCOPY.66
(2013) 30.

[20] Y.R. Jeng, P.C. Tsai and T.H. Fang,
Nanotechnology. 14 (2004) 1737.

[21] B. Akdim, R. Pathter, X. Duan and
W. Adams, PHYS. REV. B67 (2003)
245404.

[22] E. Hernndez, C. Goze, P. Bernier and
A. Rubiol, PHYS. REV. Lett.80
(1998) 4502.



A. Nejati ef al./J. Phys. Theor. Chem. IAU Iran, 13 (1) 61-70: Spring 2016

[23] G. Stan, C.V. Ciobanu, T.P Thayer,
G.T. Wang, J.R. Creighton, K.P
Purushotham, L.A. Bendersky and
R.F. Cook, Nanotechnology. 20
(2009) 035706.

[24] B. Xu, A.J. Lu, B.C. Pan and Q.X.
Yu, PHYS. REV. B71 (2005) 125434.

[25] G.Y. Guo and J.C. Lin, PHYS. REV.
B71 (2005) 165402.

[26] K. Rezouali, M.A. Belkhir and J. Bai,
Physica E 41 (2008) 254.

[27] B. Xu and B.C. Pan, PHYS. REV. B74
(2006) 245402.

[28] J. Appenzeller, V. Derycke and R.
Martel, APP. PHYS. LETTERS.82
(2003) 4131.

[29] V.M.Biryukov and S.Bellucci, Phys.
Lett. B 542 (2002) 111.

[30] H. Zeng, H. F. Hu, J. W. Wei, Z. Y.
Wang, L. Wang and P.Peng, APP.
PHYS. LETTERS. 91 (2007) 033102.

[31] V. Bezugly, H. Eckert, J.Kunstmann,
F.Kemmerich, H.Meskine and G.

Cuniberti, Phys. Rev. B 87 (2013)

245409.
[32] Y.Guo, X. Yan and Y. Yang, Phys.
Lett. A373 (2009) 367.

70

[33] Y. Huang, J. Lin, Ch. Tang, Y.
Bando, Ch.Zhi, T.Zhai, B.Dierre,
T.Sekiguchi and D.Golberg,
Nanotechnology.22 (2011) 145602.

[34] Y. Huang, J. Lin, J.Zou, M. Sh.
Wang, K.Faerstein, Ch. Tang, Y.
Bando and D.GolbergNanoscale. 5

(2013) 4840.

[35] S. Baroni, S. D. Gironcoli and A. D.

Corso, Rev. Mod. Phys73 (2001) 515.

[36] S. Hou, J. Zhang, Z. Shen, X. Zhao
and Z. Xue, Physica E 27 (2005) 45.

[37] Y. Guo, X. Yan and Y. Yang, PHYS.
LETT. A373 (2009) 367.

[38] K. Rezouali and M.A. Belkhir,
ACTA PHYS POL A.113 (2008)
713.

[39] S. Mizuno and Y. Nakamura,
CHINESE J PHYS.49 (2010) 84.

[40] E. Hernandez, C.Goze, P. Bernier and
A. Rubio, Phys. Rev. Lett80 (1998)
4502.

[41] N. W. Ashcraft and N.D.Mermin,
Solid State Physics (Saunders:
Harcourt College Publishers) 1976.



