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Infrared spectrum of single-walled boron nitride nanotubes
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Using the spectral moment’s method, the infrared spectra of single-walled boron nitride nanotubes are
calculated. The dependence of these modes has been calculated as a function of the nanotube chirality, diameter
(from 0.7 to 5 nm), and length. These predictions are useful for understanding the experimental infrared spectra

of boron nitride nanotubes.
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I. INTRODUCTION

Since their discovery, carbon nanotubes (CNTs)! and
boron nitride nanotubes (BNNTSs)?> have been receiving an
ever-increasing interest due to their particular properties and
potential application in nanodevices.> In contrast to CNTs,
which can be either semiconducting or metallic, depending on
the chirality of the tube and diameter,” BNNTSs are always
semiconducting. The band gap of a BNNT was theoretically
predicted to be approximately equal to that of A-BN (around
5 eV) independent of their diameter, chirality, and wall
numbers.®? However, recent experiments have shown that this
band gap was higher than 5.5 eV.!? The stability of BNNTs
was first predicted based on tight-binding® and first-principles’
calculations.

A variety of growing methods, such as arc discharge,
laser ablation,'>!# ball milling,'>'® chemical vapor deposition
(CVD),"-20 and substitution reaction,”! were developed to
synthesize multiwalled boron nitride nanotubes (MBNNTSs).
Recently, Lee et al.?*> have prepared MBNNTSs by thermal
chemical vapor deposition. The diameters of the MBNNTSs
prepared by this route were evaluated by scanning electron
microscopy. They range from 10 to 100 nm, depending on the
growing parameters, and their length is estimated to be longer
than 10 ;um. More recently, Guo et al.>* showed that MBNNTs
appear in bundles with a width close to 50-70 nm or as a single
tube with a diameter around 5-20 nm.

By contrast to CNTs for which Raman resonance conditions
are achieved in the visible and IR range, Raman spectroscopy
is not an easy tool to characterize BNNTs because their
resonance conditions occurs in the UV range. Due to the
existence of a dipolar moment between N and B atoms, IR
spectroscopy can be used to characterize BNNTs. In MBNNT
samples, the IR spectrum shows two main absorption bands
located around 805-815 and 1369—1390 cm~!. The position
of the IR modes in each range is sample dependent (see
Table I). The mode in the 1369-1390 cm~! band originates
from the in-plane stretching modes of ~#-BN networks. The
weak absorption in the 805-815 cm™! range is associated with
the out-of-plane radial buckling (R) mode where boron and
nitrogen atoms are moving radially inward or outward. Up to
now, no experimental evidence of infrared-active modes has
been reported in the far-IR region.
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In this paper we focus on the infrared-active modes
of single-walled boron nitride nanotubes (SBNNTSs). The
structures of the armchair, zigzag, and chiral nanotubes are
described by the symmetry groups Ch.;, Coany, and Cy,
respectively.?” Group-theoretical analysis>’-?® reveals that four
A and five E| modes for a chiral SBNNT (I‘icrhi =4A G SE)),
three A and five E; modes for a zigzag SBNNT (I'f;* =
3A; ®5E)), and one A, and three E;, modes for an armchair
SBNNT (I'''™ = A, @ 3E),) are infrared active.

The phonons of individual SBNNTs have been calcu-
lated with different approaches: valence-shell model,?® tight-
binding approach,?® force-constant model,*® and ab initio
calculations.?!=33 It must be emphasized that these approaches
do not permit us to calculate the phonons in SBNNT with a
large diameter or finite length due to the significant number of
atoms, which is necessary to take into account. The spectral
moments method (SMM) is an alternative way to solve this
latter problem. The moments method was initially developed
by different authors studying electronic properties in solid-
state physics.**¥ A few years ago, the SMM was shown to
be a powerful tool for determining infrared absorption, Raman
scattering, and inelastic neutron-scattering spectra of harmonic
systems.*®% This method can be applied to large systems,
whatever the type of atomic forces, the spatial dimension, and
structure of the material. This method was previously used to
study the dynamical properties of different disordered systems
having more than 10° degrees of freedom, as is the case with
Sierpinski gaskets,?” silica aerogels,*® and diffusion-limited
cluster-cluster aggregates.’**’ The SMM was recently used
to calculate IR and Raman spectra of carbon nanotubes*'
and peapods.*®~*® The nonresonant Raman spectra of SBNNTs
have been calculated*® using the force-constant model of Xiao
et al.*® and the spectral moments method>® in the framework
of the bond-polarization theory. A good agreement with group
theory prediction was found. Particularly, in good agreement
with the theoretical results, 283031 it was shown that the radial
breathing-mode wave number is inversely proportional to the
nanotube diameters, and no chirality effect is evidenced.

In this paper, we use the spectral moments method to calcu-
late the infrared spectra of individual finite and infinite single-
walled boron nitride nanotubes. In Sec. II, we present the struc-
ture of SBNNTSs, the dynamical model, and the computational
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TABLE 1. Infrared experimental data in MBNNT.

Reference IWN HWN
Ref. 22 800/815 1369
Ref. 24 805 1380
Ref. 25 810 1390
Ref. 26 813 1389

technique. Calculation for SBNNTs with different diameters
(0.7-5 nm), chiralities (armchair, zigzag, and chiral), and
lengths are reported in Sec. III. In the same section, a compari-
son between experimental IR data and calculations is reported.

II. MODELS AND COMPUTATIONAL METHOD

A single-walled BN nanotube can be obtained from an #-
BN sheet by rolling it up along the straight line connecting two
equivalent lattice points into a seamless cylinder in a way that
the two points coincide. Following the usual terminology of
reference,® the tube can be specified by integers (n,m), which
define the chiral vector between the two points. Alternatively,
the tube can be described by its diameter D and the chiral angle
0, which is the angle between the chiral vector and the nearest
zigzag of B-N bonds. The SBNNT chirality can be classified
into two types: achiral tubes, including armchair (n,n) and
zigzag (n,0) SBNNTSs, and chiral SBNNTSs (n,m # n # 0).

To calculate the phonon modes in SBNNT, it is necessary
to start from an accurate model which reproduces the phonon
dispersion curves of the two-dimensional (2D) hexagonal
h-BN layer measured from high-resolution electron energy
loss spectroscopy.”” By using a Born—von Karman model and
by taking into account interactions up to the fourth neighbors
both for force constants in the plane and out of plane, Xiao
et al.*® provide a reasonable description of the experimental
phonon dispersion curves of the #-BN layer. In a nanotube, the
force-constant matrix between the i and j atoms is obtained
by rotating the B-N chemical bond from the two-dimensional
plane of #-BN to the three-dimensional cylindrical coordinate
system of a nanotube. Infrared absorption measurements
performed on multiwalled BN nanotubes show two strong
peaks located around 800 and 1380 cm~! (Refs. 20,22,24-26).
In order to reproduce the experimental position of these IR
features, the first-nearest-neighbor force constants of the Xiao
model are slightly modified. The modified Xiao force constants
are given in Table II, where the subscripts 7, t;, and ¢, refer
to stretching, in-plane bending, and out-of-plane bending,
respectively. No significant changes have been obtained for

TABLE II. Force-constant parameters for 2D 4-BN in units of
10* dyn cm~!. Here the subscripts r, t;, and ¢, refer toradial, transverse
in plane, and transverse out of plane, respectively.

Radial Tangential

#! =40.50 ¢\ =9.50 ¢l =150
¢F% =17.00 ¢58 = 323 B-8 = _0.70
#N N =8.00 o =-0.73 NN = —0.55
¢ = 1.00 ¢} =325 ¢ =0.65
¢t =—-1.90 Pt =1.29 ¢t =-0.30
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(10,10) BNNT phonon dispersion curves with the new set of
parameters in comparison with Xiao ones (Fig. 1 of Ref. 30).
The IR absorption spectrum I, () is given by"!

L@="% j—'“j“'z[a(w—w-)—a(ww-)] (1)
ST ne - 20, J 170
with
Ajg = Ek —me,(koz), 2

where n and c are, respectively, the refractive index of the
material and the speed of light. g, is the effective charge tensor,
and M, is the mass of the kth atom. w; and e;(ka) are the
wave number and the (ko) component of the displacement
amplitude for the kth atom (« is Cartesian coordinate) in the
jthmode. A usual method to calculate the IR spectrum consists
of injecting in the previous expressions the values of w; and
ej(ka) obtained by direct diagonalization of the dynamical
matrix D of the system by resolving

D|j) = wilj) ©)

However, when the system contains a large number of
atoms, as for long tubes of finite length, the dynamical matrix
D is very large, and its diagonalization fails or requires long
computing time. In contrast, the spectral moments method
allows us to compute directly the IR spectrum of very
large harmonic systems without any diagonalization of the
dynamical matrix.’*3® Otherwise, for small samples, both
approaches lead exactly to the same position and intensity
for the different peaks.

Considering the symmetrical function J(w), where a(j) is
given by Eq. (2),

2
%(w)zzla(ﬂl 80 — ) + 8@ +w)l. @

- 2w j

This function is identical (for w > 0), apart from constants,
to a component of the IR absorption [Eq. (1)] for a given
polarization. The response of the system is given by the
function J(w), which can be further written as

Ja) = la(j)Psu — &), 5)
J

where u = w? and Aj = w?.

J(u) can be directly carried out from the dynamical
matrix D and from the effective charge tensor, without any
diagonalization. In fact, it is easy to show that

J(u) = L lim Im[R(2)], (6)
T e—~>04

where z = u +ie and R(z) = (q|(z] — D)"'|q). The (6n)
component of the |g) vector is given by the expression
qn

VM,

which is supposed to be known for a given (§) component of
the IR absorption.

(Onlq) =

(N
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FIG. 1. The (bottom) /z(w) and (top) Ix(w) polarized infrared spectra calculated for a (10,10), (14,5), and (17,0). Spectra are displayed in
the (left) low-, (middle) intermediate-, and (right) high-wave-number regions.

The spectral moments method consists of developing R(z)
in a continued fraction:

bo
R(z) = 7 , 3
T—ar— —— B
e T T
where the coefficients a, and b, are given by
ap+1 = ]_)nn/vnn; bn = vnn/vn—ln—l; bO =1 (9)

The spectral generalized moments v, and Vn of J(u) are
directly obtained from the dynamical matrix D.

Van = (qnl(fIn), Vpp = (Qn|D|Qn>a (10)

with
|gnv1) = (D = aui)gn) — bulgn-1);
lg—1) = 05

Iterations enable the computation of expression (8) and then
the function /(w). Each element of the dynamical matrix D is
given by

11
q0) = 1. v

1
Dog(n,m) = ————=adp(n,m), (12)

M, M,,

with ¢qg(n,m) being the force constants between n and m
atoms.

The wave numbers of the infrared-active modes were
directly obtained from the position of the peaks in the
calculated IR spectra. In all the following calculations, the
line shape of each peak is assumed to be Lorentzian, and
the width is fixed at 1.7 cm ™.

The IR intensity depends on the dynamic dipolar moment
variation (or effective charge ratio gp/gy) between nitrogen
and boron atoms for BNNTSs systems. In the literature and
to the best of our knowledge, there is no calculation of the
effective charge on SBNNT. In this work, in order to enhance
the IR response of nanotubes, effective charges on boron
and nitrogen atoms are fixed at gg = +1 and gy = —1 for
a given B-N bond. Consequently, the intensities obtained in
this work cannot be compared to the experimental spectra.
However, these results can be used to analyze the dependence
in intensity of a mode with diameter or chirality. Finally, the
SMM predictions concerning the number and position of IR
lines as a function of diameter, length, and chirality do not
depend on the charge ratio gz /gy, and the SMM predictions
can help to interpret the IR experimental data.

III. RESULTS AND DISCUSSION

We report the calculations of the infrared responses of
achiral and chiral SBNNTs of different diameters and lengths.
In all the calculations, the nanotube axis is along the Z axis.
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(a): E; 1391cm™

(b): A, 1394cm’!

(¢): E; 797cm’!

(d): A, 801cm’

(e): A, 148cm’™

(f): E; 88cm’!

(2): Ei 214cm’!

FIG. 2. (Color online) Infrared-active-mode atomic displacements and symmetries for selected normal modes in the (17,0) SBNNT.

A. Symmetry of the IR-active modes

Calculations are first performed on infinite SBNNTSs which
are obtained by applying periodic conditions on the unit
cells of the nanotube. The symmetries of the infrared-active
modes are directly derived from the polarized /z(w) and Ix(w)
spectra. Indeed, it was established that the A, (E},) IR mode
of an armchair SBNNT, the A; (E;) IR modes of zigzag
SBNNT, and the A (E;) IR modes of chiral SBNNTs are
active in the I7(w) [Ix(w)] spectrum.?” The I(w) and Ix(w)
spectra of (10,10), (14,5), and (17,0) SBNNTs are displayed
in Fig. 1.

In the high-wave-number (HWN) range, above 1200 cmL,
the Ix(w) and Iz(w) polarized spectra are dominated by strong
IR-active modes. The Ix(w) spectra show that the £, mode is
calculated around 1392 cm™! in (10,10) armchair SBNNT, the
two E; modes, located around 1391 cm™!, are accidentally
degenerated in the (17,0) zigzag SBNNT, and the two E;
modes are found at 1391 and 1392 cm~! in the spectrum

of the (14,5) SBNNT. The I (w) spectra evidence that the A,
mode is located at 1393 cm™~! for the (10,10) armchair SBNNT,
and the A, mode is found at 1394 cm™! for the (17,0) tube.
For the (14,5) chiral nanotube, two A; modes located around
1390 cm™! (with a very weak intensity) and 1393 cm~! are
predicted.

The eigenvector displacements of the modes of (17,0)
SBNNT are given in Fig. 2 (the arrows indicate the magnitude
and direction of B and N atom displacements). These vectors
allow us to identify the longitudinal or transverse character
of the optical modes. In the HWN range, all the modes are
tangential modes. With respect to the tube axis, the strong E|
mode is a transverse optical mode [Fig. 2(a)], and the E| mode,
with a weak intensity, and the A; mode [Fig. 2(b)] are longitu-
dinal optical modes. Also, as evidenced from their eigenvector
displacements (not shown), in the (14,5) chiral SBNNT, the
E, mode, close to 1391 cm™!, is a longitudinal optical mode,
and the strong mode at 1392 cm™! is a transverse one.
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FIG. 3. Dependence of the low-wave-number infrared spectrum
as a function of the chiral angle 0: Iz(w) (dashed line) and Ix(w)
(solid line). All the spectra are displayed with the same intensity
scale.

Concerning the intermediate-wave-number (IWN) region,
from 600 to 1200 cm™!, independently of the SBNNT chirality,
the Ix(w) spectrum is dominated by a strong single mode
located around 797 cm ™! of E |, (E;) symmetry for armchair

PHYSICAL REVIEW B 85, 115437 (2012)

(zigzag and chiral) SBNNTs. This mode corresponds to an
out-of-plane mode with radial displacements of B and N atoms
in the opposite directions, as illustrated in Fig. 2(c). There are
two nodes along the circumference and all boron atoms move
inward (outward), while all nitrogen atoms move outward
(inward) on both sides of the nodes. In good agreement with
theoretical results,?82%31-33 no IR-active mode appears for the
armchair tube in the Iz(w) spectrum. A single mode of A;
(A) symmetry, located around 801 cm~!, was found for the
(17,0) zigzag [(14,5) chiral]. As shown in Fig. 2(d), this mode
is an out-of-plane mode with radial displacements of B and N
atoms in the opposite directions: all boron atoms move inward
(outward) when all nitrogen atoms move outward (inward).

In the low-wave-number (LWN) range (<600 cm™!), the
I7(w) spectrum shows a single mode (A; symmetry) centered
at 148 cm~! for the (17,0) tube and a mode (A symmetry)
for the (14,5) tube. No mode is calculated for the (10,10)
armchair tube. This mode is assigned to the radial breathing
mode (RBM) of the tube, and all atoms in the unit cell move
in phase in the radial direction [Fig. 2(e)]. Our calculations
confirm that this RBM is only IR active for chiral and zigzag
tubes, in good agreement with tight-binding?® and ab initio’'3>
calculations.

In the Ix(w) spectrum, two E; modes located around 88
and 214 cm™! are predicted for (14,5) and (17,0) SBNNTs,
and a single E;, mode at 210 cm~! is calculated for the
(10,10) armchair tube. The E; (88 cm~!) mode corresponds

Armchair Zigzag Chiral
1400
) 00000,
000099023600 RRRRARRERRIRRQE3 00 Q) 0000000000 28PPPIPPPPEGP 0GP 20 0 &
1 e P
B
I s
N e
+ 00
1380 4 i i
1370
Z 7 ~ =
820 - i
- <4
-
]
E 8104 -
e
4
W™ 800 il 4
o Ty
0 1 L sl U RNENEIS
g 70 - - - - - - v T v T T T T T T T T T
5 450
c
Q +
> +
© +
= . .
+ +
300 + B + B *
+ o o +
o ™ *
+ + o %
o+ o H
+ o o
t
+ Oo ++ =0
+ o ﬁq%
+ + @) +
150+ +, R 9 i _ "
+ + i +
try * iy " +
+++ ++++ ey RES
4 iy faar R
T, iy + ++++++HH+# Ty -
N ey s - 00 o]
bt R [eNe}
- R
0 T T T T T T T T T T T
0 1 2 3 4 50 1 3 4 50 1 2 3 4 5

Diameter (nm)

FIG. 4. Diameter dependence of the wave numbers of the main infrared-active modes of SBNNTs: modes observed in the /7 (w) spectrum

(circles) and modes observed in the Ix(w) spectrum (crosses).
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TABLE III. The a, b, and ¢ parameters for the a/D and a/D + b/ D? + ¢ dependences of the modes as a function of the tube diameter D.

Units are as follows: ¢, nm cm™'; b, nm?> cm™'; ¢, cm™'.
Range Mode Symmetry Parameters Zigzag Armchair Chiral
LWN A 198.71 198.53
E! a 116.60 116.88
E" 287.05 286.77 287.16
a 2.03 1.94
IWN A b 11.20 11.38
c 793.22 793.22
a 9.17 7.32 5.51
E b —1.00 0.85 2.11
c 791.30 791.81 792.37
a ~029
HWN Al b —5.87
. 139338
a 0.75 —0.68 0.84
Al b 0.34 —0.056 —0.92
c 1393.02 1393.61 1393.20
a 7.09 5.38 —0.63
E! b —9.21 —6.57 —3.93
c 1391.37 1391.94 1393.63
a —0.11 3.84
E" b —2.57 —541
c 1393.92 1392.26

to a longitudinal mode with B and N atoms moving upward
(downward) on both sides of the nodes [Fig. 2(f)]. The E;
mode at 214 cm~! corresponds to a mixing of tangential and
radial displacement of B and N atoms, as shown in Fig. 2(g).
There are two nodes along the circumference, and all boron
and nitrogen atoms move inward (outward) for the radial
component and upgrade (downgrade) for the tangential one
on both sides of the two nodes.

To illustrate the chirality dependence of the infrared-active
modes in the low-wave-number range, the calculated Ix(w)
and Iz(w) spectra are displayed for five values of the chiral
angle 6 (0°, 10°, 15°, 20°, and 30°), associated with (17,0),
(17,3), (14,5), (14,7), and (10,10) SBNNTSs, respectively
(Fig. 3). We observe for both polarized infrared spectra
an oscillatory wave number behavior of the modes which
is related to the variations in the diameter of the selected
SBNNTSs: 1.35 nm (17,0), 1.48 nm (17.3), 1.35 nm (14,5),
1.47 nm (14,7), and 1.37 nm (10,10). On the Iz(w) spectrum
(dashed lines), the increase of 6 from 0° (zigzag) to 30°
(armchair) leads to the progressive vanishing of the mode
located around 148 cm™!, and for 6 = 30° no mode was
observed. In the Iy (w) spectrum (solid lines) of zigzag SBNNT
a strong mode is calculated at 88 cm~! and a small one is
calculated at 214 cm~'. The increase of 6 from 0° to 30°
leads to the rise of the intensity of the high-frequency mode
by contrast with the vanishing of the low-frequency mode.

B. Diameter and length dependence of the active modes

Figure 4 shows the diameter dependence of the wave
numbers of the IR-active modes (circles for A modes and
crosses for E modes) for armchair (left), zigzag (middle),

and chiral (right) SBNNTSs. In the LWN and IWN ranges,
independent of the chirality, all the modes downshift with
increasing tube diameter. By contrast, in the HWN region, all
the modes upshift when the tube diameter increases, except
the A; tangential mode of zigzag SBNNTSs, which slightly
downshift when the diameter increases. One can see that
the LWN modes are strongly dependent on the diameter
in comparison with HWN and IWN modes. From these
results, and for SBNNTs in the diameter range 0.7-2.5 nm,
phenomenological relations which describe the diameter de-
pendence of the IR-active-mode wave numbers have been
derived.

In the HWN and IWN regions, we found that the diameter
dependence of the totally symmetrical A mode and degenerate
E mode wave numbers are well fitted by the phenomenological
relation:

w=a/D+b/D*+c, (13)

where D is the nanotube diameter. The a, b, and ¢ parameters
are given in Table III for armchair, zigzag, and chiral
nanotubes. It must be emphasized that this previous expression
has a useful application for deriving the diameter of tubes
from the experimental infrared-active-mode wave numbers.
No physical meaning is attached to the values of the different
parameters of the fit.

For large diameters (D > 2.5 nm) and independent of
chirality, one can observe that all IWN modes overlap, and
a result is a single band with a wave number of 793 cm™!
close to the out-of-plane radial buckling mode. All HWN
tangential modes also overlap for large diameters to give a

115437-6
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FIG. 5. Dependence of the Iy(w) (solid line) and Iz(w) (dashed line) (left) IWN and (right) HWN infrared spectra of (17,0) tube as a
function of the tube length. Spectra are displayed for five finite lengths, L = 2.15, 4.30, 8.61, 21.52, 86.10 nm, and for infinite SBNNT, from

bottom to top. All the spectra are displayed with the same intensity scale.

single band with a wave number of 1393 cm™! close to the
in-plane stretching mode of #-BN.

In the LWN range, the dependence of the wave number
of the A and E modes as a function of tube diameter is
described by an a/D scaling law with the a parameter
depending on the mode symmetry (see Table III). The
value of this latter parameter is close to 116, 198, and
287 nm cm™~! for the lowest E (E') mode, RBM, and highest
E (E") mode, respectively, independent of chirality. This
behavior is close to the one calculated for the Raman-active
breathing modes using the same approach® and ab initio
methods.?®2%31733 Qur fitting constants for RBM are consistent
with the values of 205 and 209.8 nm cm~! obtained by Akdim
et al® for the zigzag and armchair tubes, respectively. In
comparison with carbon nanotubes for which a similar a/D
trend has been obtained,>>#7? the values of the a parameter
are greater than those found in SBNNTs.

Finally, a great advantage of our method is to allow the
calculations of the IR spectrum for SBNNTS of finite lengths.
The calculated infrared spectra of finite SBNNTS, with open
ends, have been calculated. These spectra show the same
behavior as a function of the nanotube length, independent
of chirality. To illustrate the length dependence of the IR
spectrum, results for the (17,0) SBNNT are shown in Fig. 5
in the IWN (left) and HWN (right) regions. As expected,
additional modes are observed for small tube lengths. Our
calculations also state that the IR spectra of a 90-nm-length
nanotube is very close to those calculated for an infinite
SBNNT. Because the length of the majority of BNNTS tubes is

larger than 100 nm, calculations performed for infinite BNNTS
can be used to understand the experimental results.

Most of the infrared experiments are performed on
unoriented MBNNT samples. To make the comparison
with the experimental results as realistic as possible, we
performed an average of the infrared spectra over the nanotube
orientations with regard to the laboratory frame. In Fig. 6,

1392
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FIG. 6. Average infrared spectra (unoriented sample) calcu-
lated for (top) (10,10), (middle) (14,5), and (bottom) (17,0)
SBNNTSs. All the spectra are displayed with the same intensity
scale.
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we present the IR spectra calculated for unoriented samples
of (10,10), (14,5), and (17,0) SBNNTSs. As expected from
symmetry considerations,””?® we have obtained one A,
and three E;, modes for the armchair SBNNT, three A,
and five E; modes for the zigzag SBNNT, and four A and
five E| modes for the chiral SBNNT. Figure 6 shows that
for the tangential modes (>1200 cm™!), the IR spectrum
profile of SBNNT is sensitive to the chirality, with broader
bands expected for chiral and zigzag SBNNTSs in comparison
with the armchair SBNNT. In this range, the three spectra
are dominated by modes located at 1390-1395 cm~'. The
intermediate region (from 600 to 1200 cm™') is dominated
by a strong peak located around 800 cm™' for all chiralities.
Concerning the low-wave-number range (<600 cm™!), one
can observe that the IR spectra profile depends on the chirality
of the nanotubes with a narrow single peak for the armchair
nanotube and three peaks for other chiralities.

As noted in the Introduction, only a few experimental
IR spectra have been measured on MBNNTSs. Assuming no
coupling between the layers, we can compare these data with
our calculations performed on SBNNTSs. In agreement with
our calculations, the spectra exhibit two main bands located
around 810 and 1390 cm ™! (Refs. 25 and 26). The experimental
broadening of the band centered around 1390 cm~' can be
related to the distribution of peaks calculated in this range
(Fig. 6); by contrast, the narrow band measured around
810 cm™! is in agreement with the presence of a narrow single
peak around 801 cm™! in the calculated spectra of Fig. 6.

PHYSICAL REVIEW B 85, 115437 (2012)

IV. CONCLUSION

In this paper, using the spectral moments method, calcula-
tions of the infrared spectra of single-wall boron nitride nan-
otubes are reported and discussed. Particularly, the polarized
infrared spectra for achiral and chiral SBNNTS are calculated
in a large range of diameters and lengths. In agreement with
group theory, our calculations predict four, eight, and nine
IR-active modes for armchair, zigzag, and chiral SBNNTs,
respectively. The behavior of the infrared-active modes as a
function of the tube diameter has been analyzed in detail.
The diameter dependence of the positions of the modes
in the low- and intermediate-wave-number ranges are well
fitted with a phenomenological expression. Our calculations
suggest a slight dependency of far-infrared modes on the
chirality. Like in single-walled carbon nanotubes, @ o< D!
dependence has been obtained for IR modes in the far-infrared
range; however, their dependence is lower. The finite-size
effects are shown to be significant only for short tubes
(L less than 80 nm), and the main effect of the length
shortening is the appearance of additional peaks in the far
and intermediate infrared domain. All these predictions are
useful for understanding the experimental infrared spectra of
boron nitride nanotubes.
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