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Based on a force constant model, we investigated the phonon spectrum and then specific heat of single-walled

boron nitride nanotubes. The results show that the frequencies of Raman and infrared active modes decrease with

increasing diameter in the low frequency, which is consistent with the results calculated by density functional theory.

The fitting formulae for diameter and chirality dependence of specific heat at 300K are given.
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1. Introduction

Following the discoveryl!! and extensive
research? =8l of carbon nanotube (CNT), its deriva-
tive boron nitride nanotubes (BNNTSs) have attracted
considerable attention in recent years due to antici-
It is found that BNNTs
have exceptional mechanical properties. For example,
the axial Young modulus of multi-walled BNNTs has
been measured to be 1.22x10'2Pa.l”] Contrary to the
bandstructures dependent on the geometrical struc-
tures of CNTs,8 however, in BNNTSs there exists an

energy gap of 5e¢V,[®~11] which is independent of the

pated exciting properties.

number of walls, diameter, or chirality. Such a wide
energy gap implies potential applications of BNNTSs
in nanosized electronic devices. In these nanoelec-
tronic applications, excellent thermal properties, such
as thermal conductivity, are indispensable.

It is an effective avenue to investigate phonon
structure for the study of thermal properties of BN-
NTs.
have been performed using density functional theory

(DFT),!'213] and the valence shell model.['4] Of these,

A series of calculations of phonons in BNNTSs

the valence shell model provides a good understand-
ing of phonons based on force constants fitting the
phonon dispersion of a monolayer of hexagonal boron
nitride (h-BN).[*5] However, the quadratic wavevector
dependence of the frequency of out-of-plane phonons
cannot be produced using two-body interaction force
constants.['¥ Reasonable phonon dispersion relations
(PDRs) of 2D h-BN and BNNTSs could be obtained
Nevertheless, the

large computational demand restricts the application

by virtue of DFT calculations.

to large-diameter nanotubes, especially to chiral nan-
otubes. Here we present calculations of phonons in
BNNTSs with a force constant model, which has been
used to study phonons in CNTs.['®17 In order to
study phonon spectra of chiral BNNTs with a large
number of atoms in the unit cell, we can reduce the
unit cell to a two-atom cell based on the symmetry of

nanotubes.[1820]

The symmetry reduces the dimen-
sion of dynamical matrix to six, independent of the
number of atoms in the unit cell. Consequently, this
method can be applied conveniently to the calcula-

tions of phonon spectrums in chiral BNNTs.
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2.Model and parameters

The PDRs of 2D h-BN and BNNTs are calcu-
lated with the force constant model. In this model, it
is crucial to determine the force constants between
two atoms. Due to the nature of layer-structure
in h-BN, a nearly quadratic wave-vector dependence
of frequency of out-of-plane phonons is expected.l?!]
However, force constant parameters up to the second
nearest neighbours cannot reproduce the quadratic

(141 Accordingly, we introduce 15 force

dependence.
constant parameters to describe the dependence of
out-of-plane phonons. The best-fit parameters are
given in Table 1, in which ¢,, ¢i; and ¢y, represent
the force constant in the radial, in-plane and out-of-

plane tangential directions, respectively.[2!

Table 1. Force constant parameters for 2D h-BN in units of
N/m. The subscripts r, ti, and to refer to radial, transverse
in-plane and transverse out-of-plane, respectively.
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Fig.1. Phonon dispersion relation of 2D h-BN. The

circles represent the experimental data from Ref.[15].

Using the force constant parameters in Table 1,
the PDRs of 2D h-BN, frequency—wave vector curve
are calculated as shown in Fig.1, in which the available
The

out-of-plane acoustic and optical phonon branches are

measured points are included for comparison.

denoted by TA; and TO;, while in-plane acoustic
and optical phonon branches are denoted by TAs,

LA, TOs, and LO, respectively. It is noted that the
optical branches with a flat dispersion curve around
160cm ™! in the experimental points are not well de-
scribed by the present calculations. This condition
is believed to hold in our case, judging from the fact
that in this optical mode the whole h-BN overlayer vi-
brates against the substrate at I.®] Compared with
experimental data and the DFT results,[*3! the current
calculations are more precise than those presented in
Ref.[14]. These results indicate that the method pre-
sented is reasonable and that the parameters listed in
Table 1 are reliable.

3. Results and analysis

With the force constant model and parameters
mentioned above, the phonon modes of BNNTs are
obtained. As a typical example, we calculate the
PDRs of (10, 10) and (17, 0) BNNTs as shown in
Fig.2. One can see that there are only 66 and 108
distinct branches, in which 12 modes are nondegen-
These
results are consistent with the analysis of rod group
of BNNTs.23] As presented by Alon, the rod groups

for zigzag (n, 0), armchair (n, n) and (n, m) chiral

erate and the other are doubly degenerate.

BNNTSs are respectively Ca,,, Conp and Cp, where
N = 2(n? + m? 4+ nm)/dg with dr being the great
common divisor of 2n + m and 2m + n. Around I’
point, there are four acoustic modes: two degenerate
transverses (TA), one twisting (WA), and one longi-
tudinal (LA), all of which have linear dispersions at
low energy. The sound velocities of the TA, WA and
LA modes for a (10, 10) BNNT are estimated as 8.73,
12.85 and 17.17km/s, respectively. The high sound
velocity and the small diameter cause the relatively
large subband splitting. Such a splitting would have

an important effect on specific heat.
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Fig.2. Phonon dispersion relation of BNNTs in the direction
of the tube axis. (a) For (10, 10) PDR and (b) for (17, 0)

BNNT.
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In Fig.3, we plot the frequencies of the Raman
and infrared (IR) active modes for zigzag, chiral and
armchair BNNTs as functions of diameter. Based on
the rod group,/?®! the Raman and IR active phonon

modes are assigned as follows:

IRoman = 345 © 2E1; © 4E3,

™ = A, @ 3B, (1)
78 =34, ®5E ©6E,,

I78 =34, ®5E, (2)
g =4A®5E, ©6F,,

It = 4A®5E;. (3)

From the relations (1), (2), (3), one can see that the set
of IR modes is a subset of the Raman modes for zigzag
and chiral BNNTs, while the set of IR modes and
Raman modes is separated for armchair tubes. The
modes in Fig.3 can be divided into three frequency
regimes: low frequency (w < 600cm™!), medium fre-

—1. and high frequency near

quency around 700cm
1400cm 1.
frequencies of modes are insensitive to diameter for
large diameter BNNTs. in the low fre-

quency, the frequency of modes decreases rapidly with

In the high and medium frequencies, the
However,

increasing diameter and approaches zero for d — oo.
In addition, the low frequency modes display a sim-
ple power law as w o 1/d", with n=2 for the lowest
mode, while n=1 for the other modes. This scaling
relation is in agreement with that calculated by the

DFT method.[!3]
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Fig.3. Raman and IR active modes in BNNTs as a
function of diameter. (a) For zigzag BNNT, (b) for
chiral BNNT and (c) for armchair BNNT.

The radial breathing modes (RBM) are known to have
strong Raman intensities in the low frequency, and can
be used to characterize the CNTs samples.[24:25] Tt is
easily found that the frequency of RBM (marked by

an asterisk in Fig.3) decreases with increasing diame-
ter and is inversely proportional to the diameter. The
numerical fitting can lead to the inverse dependence
formula

WRBM — A/r, (4)
where r is of BNNTs and A=9.51 x
1078cm~'-m. The value of A is consistent with
the value of 1.005 x 10~7cm'-m['?l and 1.03 x
10~7cm~'-m('3:26] by DFT calculations, while larger

than that of 8.51 x 10~ 8cm~!-m proposed by
(14]

radius

Popov.
As the PDR is determined, the vibrational den-

sity of states (VDOS) can be written as

N ds

“ent ) V@)

g(w)

27r)3Z (w—wy)?+ 8%
(5)

where ¢ is an adjustable width factor of Lorentzian
function. In terms of VDOS, the specific heat Cvy at

temperature T is given by the formula

Cv(T) = /meax kg (:2)

o exp(hw/kpT)
[exp(hw/kpT) — 1]?

g(w)dw,  (6)

where h and kg are the Planck constant and the
Boltzmann constant, respectively. The calculated spe-
cific heat and VDOS of (10, 10) BNNT are shown in
Fig.4, together with a comparison with those of (10,
10) CNT. Below 6K, the specific heat of BNNTSs in-
creases linearly with increasing temperature (see the
inset of Fig.4 (a)), and displays a temperature depen-
dence similar to that of CNTs.
tributed to the constant VDOS at low energy in Fig.4
(b). Above 6K, the slope of the specific heat increases

This behaviour is at-

due to the populations of optical subbands, which is
expected to be the signature of 1D quantized phonon
spectrum in single-walled BNNTs. An analogous situ-
ation is found for (10, 10) CNTs. The periodic bound-
ary condition on the circumferential wavevector splits
phonon modes into 1D van Hove singularities in the
VDOS in Fig.4(b). Because the phonon contribution
to specific heat is determined by the VDOS, the van
Hove singularities in VDOS would have an important
influence on specific heat. At low energy, BNNT has
a larger value of VDOS than CNT, which leads to a
difference in specific heat between BNNT and CNT.
In Fig.4(a), the curve of (10, 10) BNNT lies well above
that of (10, 10) CNT. This fact indicates that CNTs
maybe have a higher thermal conductivity than BN-

NTs. At low temperature, the Umklapp scattering
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freezes out and phonon mean free path [ is constant
with temperature.27=291 Therefore, the phonon ther-
mal conductivity follows the temperature dependence
of specific heat. Assuming BNNT has the same [ as
CNT, BNNT would have a larger low-temperature

thermal conductivity than CNT. An accurate mea-
surement of thermal conductivity of BNNTSs, as well
as modelling theoretically, would help clarify this is-

sue.

0.015
2000 f(a) e [O)
& ©  __(10,10)BNNT | ——(10,10)BNNT ) _
..... (10,10)CNT | ----- (10,10) CNT : 7
1500 ) : g
fop s tkoowo £
! h t £)
,'?' N ' S
' =
& 10004 | ! 3
= ¢ 10 o 2
=~ T 80 v R T
> ] s

§] 60 ;.;z 0.005 -
500 £ 40 13 g

< 20 '

S » :

0 20 40 60 80
T/K
0 T v T L] T M T T M T 0'000
0 500 1000 1500 2000 0 500 1000 1500
T/K w/cm™1

Fig.4. (a) Specific heat (b) vibrational density of state of (10, 10) BNNT and CNT.

The diameter and chirality dependence of specific
heat at 300K for 330 BNNTs (n=6-25, m = 0 — n)
are shown in Fig.5. It is found that specific heat in-
creases with increasing diameter and approaches the
Cvep = 841J-kg™! - K=! (Cyqp is specific heat of
2D h-BN at 300K) (see Fig.5(a)). From the inset, one
can see that specific heat is linear with d—2 with the

diameter d. The best-fit formula is given by

Cv(T) = Cyap — 7.6/d>. (7)

This fitting is in agreement with calculated results for
large diameter BNNTSs, while has a deviation for small
diameter BNNTs. The deviation may be attributed
to the curvature effect of small diameter nanotubes.
The chirality dependence of specific heat is shown in
Fig.5(b). The specific heat increases with tube indices
for small diameter BNNTs, while it is insensitive to
tube indices for large diameter BNNTs. It is easy to
fit specific heat at 300K in (n, m) BNNT by

)] ®

V3m
with B = 0.03J -kg~! - K~!-nm?/(°). Due to the chi-

2n+m
V3m
L m (degree), Eq.(8)

B
is simplified to Cy = Cyap — ﬁ[240.0 + 0]. The pre-

sented formula takes into account the essential relation

B
Cyv = Cyap — = [240.0—{— 57.3arctan<

ral angle 8 = 57.3arctan<

between the specific heat and tube indices (n, m) and

can be used for the qualitative evaluation in relatively

wide tube indices/diameter range.

840 - (a) muusinE
T
M 830 1 840
D T
&0
i '.' T& 830
=) 50
E 8201 . 2 820
S '
. © 810
810 . 0 1 2 3 4
d_7/nm_2
0 1 2 3

IR IRAZILZ
Q2P <J
o4} -,
SAZA

2
oo,

Ov /(I kg™ K1)

Fig.5. (a) Specific heat of BNNTs at 300K as a func-
tion of the tube diameter (b) the tube indices.
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4. Conclusion

We have investigated the PDRs, VDOS, and spe-
cific heat of BNNTs based on a force constant model
within lattice dynamics theory. The dynamical ma-
trix of BNNTs is obtained directly using the force
constant parameters, which are determined by fitting
the measured data. It is found that PDRs of BNNTs
have a series of subbands and high sound velocities at
I'. Assignment of Raman and IR active modes has

shown that low frequency modes are more sensitive to

diameter than high frequency modes. Moreover, the
specific heat of BNNTSs displays a linear temperature
dependence at low temperature, while BNNTs have a
larger specific heat due to larger VDOS. Using phonon
spectra, the diameter and chiral angle dependence of
specific heat at 300K are calculated. The best-fitting
formulae of all types of BNNTs for diameter and chi-
rality dependence are Cy(T) = Cygp — 7.6/d* and

B 3
Cy = Cyap — prl 240.0 + 57.3arctan<2:l/_Tn:n>}: re-

spectively.
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