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A systematicab initio study of the optical and electronic properties of BN nanotubes within density func-
tional theory in the local density approximation is performed. Specifically, the optical dielectric function« and
the band structure of the single-walled zigzagfs5,0d,s6,0d,s9,0d,s12,0d,s15,0d,s20,0d,s27,0dg, armchair
fs3,3d,s4,4d,s6,6d,s8,8d,s12,12d,s15,15dg, and chiralfs4,2d,s6,4d,s8,4d,s10,5dg as well as the double-walled zigzag
s12,0d@s20,0d BN nanotubes are calculated. The underlying atomic structure of the BN nanotubes is deter-
mined theoretically. It is found that though the band gap of all the single-walled nanotubes with a diameter
larger than 15 Å is independent of diameter and chirality, the band gap of the zigzag nanotubes with smaller
diameters decreases strongly as the tube diameters decrease and that of the armchair nanotubes has only a weak
diameter dependence, while the band gap of the chiral nanotubes falls in between. It is also found that for the
electric field parallel to the tube axissEi ẑd, the absorptive part«9 of the dielectric function for all the
nanotubes except a few with very small diameters, is very similar to that of bulk hexagonalshd BN with the
electric field parallel to the BN layerssE'cd. In other words, in the low-energy regions4–9 eVd the «9
consists of a single distinct peak at,5.5 eV, and in the high-energy regions9–25 eVd it exhibits a broad peak
centered near 14.0 eV. For the electric field perpendicular to the tube axissE' ẑd, the «9 spectrum of all the
nanotubessexcept the ultrasmall-diameter nanotubesd in the low-energy region also consists of a pronounced
peak at,6.0 eV, while in the high-energy region it is roughly made up of a broad hump starting from 10.0 eV.
The magnitude of the peaks is in general less than half of the magnitude of the corresponding ones forEi ẑ,
showing a moderate optical anisotropy in the nanotubes that is smaller than inh-BN. Interestingly, the static
dielectric constant«s0d for all the nanotubes is almost independent of diameter and chirality with«s0d for Ei ẑ
being only about 30% larger than forE' ẑ. For both electric-field polarizations, the static polarizabilityas0d
is roughly proportional to the tube diameter, suggesting that, unlike carbon nanotubes, the valence electrons on
the BN nanotubes are tightly bound. The calculated electron energy-loss spectra of all the nanotubes studied
here for both electric field polarizations are similar to those ofE'c of h-BN, being dominated by a broad
p+s-electron plasmon peak at,26 eV and a smallp-electron plasmon peak at,7 eV. Interwall interaction
is found to reduce the band gap slightly and to have only minor effects on the dielectric functions and
energy-loss spectra. The calculated dielectric functions and energy-loss spectra are in reasonable agreement
with the available experimental data.
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I. INTRODUCTION

Since their discovery in 1991,1 carbon nanotubessCNTsd
have attracted considerable interest worldwide because of
their unusual properties and great potential for technological
applications. For example, because of their one-dimensional
character, metallic CNTs are quantum wires that may exhibit
exotic Luttinger-liquid behavior rather than the usual Fermi-
liquid behavior in normal metal wires.2 CNTs can be consid-
ered as a layer of graphene sheet rolled up into a cylinder,
and the structure of a CNT is completely specified by the
chiral vector which is given in terms of a pair of integers
sn,md.3 A simple p-band tight-binding model predicts that,
depending on the way of rolling up the nanotube, it can be
metallic, semiconducting, or insulating.3 CNTs can be chiral
or nonchiral, again depending on the way they are rolled.
CNTs are classified into three types, namely, armchairsn,nd
nanotubes, zigzagsn,0d nanotubes, and chiralsn,md nano-
tubes withnÞm.3 Because of their one-dimensional charac-
ter and chirality, chiral CNTs are expected to exhibit a num-
ber of unusual optical properties such as optical activity,
circular dichroism, and second harmonic generationssee
Refs. 4 and 5 and references thereind.

Soon after the discovery of CNTs it became obvious that
similar nanostructures could be formed by other elements
and compounds which form layered structures bearing some
resemblance to graphite. For example, hexagonal BNsh-BNd
was predicted on the basis of theoretical calculations6,7 to be
capable of forming nanotubes, a prediction which was later
confirmed experimentally by the synthesis of such
nanotubes.8 Both single-walled and multiwalled BN nano-
tubes sBN-NTsd can now be readily synthesized.9 Though
CNTs continue to attract great interest, other nanotubes such
as BN-NTs are interesting in their own right and may be able
to offer different possibilities for technological applications
that CNTs cannot provide. In particular, as far as the optical
and optoelectronic applications of nanotubes are concerned,
BN-NTs could be superior to CNTs because BN-NTs are
uniformly insulating, independent of their chirality. Further-
more, BN-NTs tend to have a zigzag structure.9 Though it is
interesting that CNTs can be metallic, semiconducting, or
insulating, it is still impossible to grow CNTs with a pre-
specified chirality at present. Finally, recent experiments in-
dicate that BN-NTs exhibit a stronger resistance to oxidation
at high temperatures than CNTs.10
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Therefore, the electronic, optical, and other properties of
both single-walled and multiwalled BN-NTs are interesting
and have been intensively studied theoretically in recent
yearsssee, e.g., Refs. 6, 7, and 11–18d. In particular, Chenet
al.15 calculated the transverse dielectric function of bundles
of single-walled BN-NTs using a tight-binding model. Ng
and Zhang18 calculated the optical absorption spectra of
single-walled BN-NTs within a time-dependent, localized
density-matrix approach based on a semiempirical Hamil-
tonian. Despite these intensive theoretical studies, only few
accurateab initio calculations of the optical properties of
BN-NTs have been reported19 because of the heavy demand
on the computing resources. The semiempirical tight-binding
model is known to describe well only the electronic excita-
tions near the band gap of the large radius BN-NTs. System-
atic ab initio calculations of the optical properties are thus
needed in order to quantitatively interpret the optical experi-
ments and to predict the BN-NTs with desired optical prop-
erties. The primary objective of the present work is to ana-
lyze the band structure and optical features of all three types
of the BN-NTs and their possible dependence on diameter
and chirality through a series ofab initio calculations. The
second objective is to identify characteristic differences in
both electronic and optical properties between BN-NTs and
CNTs.

The rest of this paper is organized as follows. In Sec. II,
the theoretical approach and computational details are briefly
described. The theoretically determined structural parameters
and the curvature energy of the nanotubes are also reported.
In Sec. III, the calculated band structure, density of states,
optical dielectric function and electron energy-loss spectrum
of h-BN, single hexagonal BN sheet, and BN nanotubes are
presented and analyzed. Finally, in Sec. IV, a summary is
given.

II. THEORY AND COMPUTATIONAL METHOD

Our ab initio calculations for the BN-NTs were performed
using the highly accurate full-potential projected augmented
wave sPAWd method,20 as implemented in theVASP

package.21 They are based on density functional theory
sDFTd with the local density approximationsLDA d. A super-
cell geometry was adopted so that the nanotubes are aligned
in a square array with the closest distance between adjacent
nanotubes being at least 6 Å. As a test, calculations with
larger intertube distances were performed and no discernable
differences were found. A large plane-wave cutoff of 450 eV
was used throughout. We consider a few representative
BN-NTs with a range of diameters from all three types, as
listed in Table I.

A. Structural optimization

First, the ideal nanotubes were constructed by rolling up a
hexagonal BN sheet. Their atomic positions and lattice con-
stants were then fully relaxed by a conjugate gradient tech-
nique. Theoretical equilibrium nanotube structures were ob-
tained when the forces acting on all the atoms and the
uniaxial stress were less than 0.03 eV/Å and 2.0 kBar, re-

spectively. In these atomic structure optimizations, a uniform
grid s1313nd along the nanotube axissz axisd with the
numbern of the k points ranging from 12 to 50, was used.
The specialk-point method plus Gaussian broadening tech-
nique was used for the Brillouin zone integration. The theo-
retical equilibrium lattice constantsT and curvature energies
Ec stotal energy relative to that of a single BN sheetd salso
known as the strain energiesd as well as the ideal nanotube
diametersD are listed in Table I. Note that for the nanotubes
with a moderate diametersù10 Åd, the equilibrium struc-
tures are already found to be almost the same as that of the
ideal nanotubes constructed by rolling up a BN sheet with a
B–N bond length of 1.435 Å. This is consistent with the fact
that the calculatedEc of the nanotubes with such a diameter
is already smaller than 0.05 eV/atomsTable Id. Interestingly,
as for CNTs, the calculatedEc of BN-NTs can be very well
fitted with an expression of Ec=a /R2 with a
=1.248 eVsÅ2/atomd ssee Fig. 1d, indicating that the con-
ventional elastic theory works well, even down to such a
small length scale. It is gratifying that this diameter depen-
dence of the curvature is in good quantitative agreement with
that from previous LDA calculations for the zigzag
BN-NTs.14 Furthermore, as for CNTs, the calculatedEc of
BN-NTs are independent of chirality, i.e., all three types of
BN-NTs with the same diameter would have the same struc-
tural stability. Experimentally, unlike CNTs, BN-NTs pro-
duced by laser heating or other methods9 have a preferred
zigzag configuration. Therefore, since Fig. 1 shows that the
zigzag BN-NTs are not energetically more favorable, the ob-

TABLE I. Theoretical structural parameters and curvature en-
ergy of the BN nanotubes studied.D is the diameter,T is the length
of translational vector,N is the number of atoms per unit cell, and
Ec is the curvature energyssee textd. Note thatD is the diameter of
the ideal BN nanotubes constructed assuming a B–N bond length of
1.435 Å.

D sÅd T sÅd N Ec seV/atomd

s5,0d 3.96 4.27 20 0.333

s6,0d 4.75 4.29 24 0.233

s9,0d 7.12 4.30 36 0.103

s12,0d 9.49 4.30 48 0.058

s15,0d 11.87 4.31 60 0.038

s20,0d 15.82 4.30 80 0.021

s27,0d 21.36 4.31 108 0.011

s3,3d 4.11 2.49 12 0.293

s4,4d 5.48 2.49 16 0.169

s5,5d 6.85 2.49 20 0.110

s6,6d 8.22 2.49 24 0.077

s8,8d 10.96 2.49 32 0.044

s12,12d 16.44 2.49 48 0.019

s15,15d 20.55 2.49 60 0.013

s4,2d 4.19 11.41 56 0.290

s6,2d 5.70 15.52 104 0.160

s8,4d 8.37 11.40 112 0.075

s10,5d 10.46 11.40 140 0.049
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served preferential growths of the zigzag BN-NTs have to be
due to some other factors such as the larger binding energy
of the zigzag BN strips, as speculated by Xianget al.17

B. Band structure calculation

The self-consistent electronic band structure calculations
were then carried out for the theoretically determined
BN-NT structures. In these self-consistent calculations, a
denserk-point grid was used andn ranges from 40 to 80. The
density of statessDOSd was evaluated from the self-
consistent band structure by Gaussian broadening method,
i.e.,

Nsed = o
n

o
k

wkdse − eknd, s1d

where the Dirac delta functiondsxd is approximated by a
Gaussian function,

dsxd <
1

ÎpG
e−x2/G2

, s2d

wk is the weight associated withk point k andekn is thenth
energy band. Here the Gaussian widthG is set to 0.05 eV. An
even denserk-point grid along thez axis was usedsn
,40–300d for DOS calculations.

C. Calculation of the optical properties

In this work, the optical properties were calculated based
on the independent-particle approximation, i.e., the excitonic
effects and the local-field corrections were neglected. As will
be shown below, the dielectric functions ofh-BN calculated
within the single-electron picture are in reasonably good
agreement with experiments. Therefore, it might be expected
that the independent-particle approximation could work
rather well for the BN-NTs too.

The imaginary part of the dielectric function«svd due to
direct interband transitions is given by the Fermi golden rule

ssee, e.g., Ref. 4d satomic units are used in the rest of this
paperd, i.e.,

«aa9 svd =
4p2

Vv2 o
iPVB,jPCB

o
k

wkupij
a u2dsek j − ek i − vd, s3d

whereV is the unit cell volume, andv is the photon energy.
Also, VB and CB denote the valence and conduction bands,
respectively. The dipole transition matrix elementspij

a

=kk j up̂auk il were obtained from the self-consistent band
structures within the PAW formalism.22 Here uknl is thenth
Bloch state wave function with crystal momentumk, anda
denotes the Cartesian component. The real part of the dielec-
tric function is obtained from«9svd by a Kramer-Kronig
transformation,

«8svd = 1 +
4

p
PE

0

`

dv8
v8«9sv8d
v82 − v2 . s4d

Here P denotes the principal value of the integral. Given the
complex dielectric functions«8+ i«9d, all other linear optical
properties such as refractive index, reflectivity, and absorp-
tion spectrum can be calculated. Furthermore, the electron
energy-loss spectrum at the long wavelength limit is
−Imfs«8+ i«9d−1g and the electric polarizabilitya is given by
«8svd=1+4pasvd /V.

In the present calculations, thed-function in Eq. s3d is
again approximated by a Gaussian functionfEq. s2dg with
G=0.2 eV. The samek-point grid as in the DOS calculation
is used. Furthermore, to ensure that«8 calculated via the
Kramer-Kronig transformationfEq. s4dg is reliable, at least
ten energy bands per atom are included in the present optical
calculations. The unit cell volumeV in Eq. s3d is not well
defined for nanotubes. Therefore, as in the previous
calculations,4,5 we used the effective unit cell volume of the
nanotubes rather than the volume of the supercells, which is
arbitrary. The effective unit cell of a nanotube is given by
V=pfsD /2+d/2d2−sD /2−d/2d2gT whered is the thickness
of the nanotube cylinder, which is set to the interlayer dis-
tance ofh-BN s3.28 Å, see Sec. IIId. D andT are the diam-
eter and length of the translational vector of the nanotube
sTable Id, respectively. Note that the effective unit cell vol-
ume used would not affect the shape and energy position of
the features in the optical dielectric functions, though it
would change the magnitude of the dielectric function as can
be seen from Eq.s3d. However, the energy position of the
plasmon peaks in the electron energy-loss spectra would be
affected by the unit cell volume used. For example, a smaller
unit cell volume would shift the energy position of a plasmon
peak to a higher energy.

III. RESULTS AND DISCUSSION

A. Hexagonal BN and the single BN sheet

In order to access the accuracy of the present
independent-particle approach to the optical properties of the
BN structures and also for comparison with the BN-NTs, we
first calculated the self-consistent band structure and also the
dielectric function for bothh-BN and an isolated honeycomb

FIG. 1. sColor onlined Calculated curvature energiesftotal en-
ergy relative to that of a single BNsgraphened sheetg of BN scar-
bond nanotubes. The results for carbon nanotubes are taken from
Ref. 4 and the lines are a fitting ofa /R2 to the data sets witha
=2.004 and 1.248 eV Å2/atom for BN and carbon nanotubes,
respectively.
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BN sheet. The isolated BN sheet is simulated by a slab-
supercell approach with an intersheet distance of 6.5 Å. The
theoretically determined lattice constantssa=2.486 Å andc
=6.562 Å forh-BN anda=2.485 Å for the BN sheetd were
used. Note that the theoretical lattice constants ofh-BN agree
rather well swithin 1.5%d with the experimental valuessa
=2.50 Å andc=6.65 Åd23 and previous LDA calculations
ssee Refs. 24 and 25 and references thereind.

The calculated band structure and density of states of an
isolated BN and bulkh-BN are displayed in Fig. 2. The band
structure ofh-BN has been calculated and analyzed before
ssee, e.g., Refs. 26 and 27d and the band structure shown in
Fig. 2 is very similar to those reported previously.26,27 The
band structure of the isolated BN sheet also agrees very well
with previous LDA calculations.7 Nevertheless, to facilitate
the discussions below, we briefly summarize the salient fea-
tures of the present band structure of an isolated BN sheet
andh-BN. Both the upper valence band and the lower con-
duction band are predominantly of B and Np character. For
the single BN sheet, the upper valence band consists of one
p band which arises from the 2pz orbitals, extending above
and below the BN-layer plane and twos bands involving the
three s2s,2px,2pyd orbitals, which form the coplanars
bonds joining one BsNd atom to its three NsBd neighbors
within the layerfFig. 2sadg. Note that the others band of
mainly the 2s character lies about 4.6 eV below the bottom
of the upper twos bands and is not shown in Fig. 2sad. The
low-lying conduction bands ranging from 2.2 eV to 5.7 eV
are predominantly of the 2pz character, indicating that they
are thep* bands. From about 7.7 eV upwards, the partial
density of states of 2s,2px,2py orbitals also becomes signifi-
cant, suggesting that there are boths* andp* bands in this
energy range. There is a direct band gap of 4.5 eV at theK
point in the Brillouin zone separating thep and p* bands.
The band structure ofh-BN is similar to that of the single
BN sheetfsee Figs. 2sad and 2sbdg. The differences are that
the number of bands inh-BN is now doubled and due to
interlayer interactions, the double-degeneratep and p*

bands split significantly. The band gap is now reduced to 4.1
eV and becomes indirect.

The calculated dielectric function«svd and electron
energy-loss function of an isolated BN sheet and bulkh-BN
are shown in Fig. 3. In the calculations, ak-point grid of
60360316 for h-BN and 100310032 for the honeycomb
BN sheet is used. The measued«svd and also the energy-loss
function ofh-BN sRef. 28d are also plotted in Fig. 3. Here we
summarize the main features in the optical spectra which are
relevant to the discussions below.

The optical properties of the single BN sheet andh-BN
can be conveniently divided into two spectral regions. In the
low-energy range from 4.5 eVsthe absorption edged to 9.0
eV, the interband optical transitions involve mainly thep
bands. At higher energies, optical absorption features be-
tween 11 and 15 eVfsee Figs. 3sad and 3scdg are associated
with interband transitions involving thes bands. Strong an-

FIG. 2. Energy bands and density of states ofh-BN and the
single BN sheet. The mid-gap energy level is at 0 eV.

FIG. 3. sColor onlined Theoretical dielectric functionsad–sdd and
energy-loss functionsed–sfd of the single BN sheet andh-BN. For
comparison, the experimentalsexp.d sfrom Ref. 28 and references
thereind dielectric function and energy loss function ofh-BN are
also shown. The solid and dashed lines represent the theoretical
results for the electric field parallel to the BN layerssEiad and
perpendicular to the BN layerssEicd, respectively. The dot-dashed
and double-dot-dashed lines denote the experimental spectra for
Eia andEic, respectively. The dotted lines denote the zero value of
the real parts«8d of the dielectric function.
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isotropy in the optical spectra can be expected, as demon-
strated in Fig. 3, because of distinct optical selection rules. In
particular, for a single BN sheet, onlyp→p* and s→s*

transitions are allowed if the electric field vectorE is polar-
ized parallel to the BN layersEi âd while, in contrast, only
p→s* ands→p* transitions are allowed if the electric field
vector E is polarized perpendicular to the BN layersEi ĉd.
This is why there is a strong absorption peak at,5.6 eV for
Ei â fFigs. 3sad and 3scdg. For the single BN sheet, there is no
optical absorption forEi ĉ in the low-energy regionfFig.
3scdg. The very weak absorption in the low-energy region for
Ei ĉ in Fig. 3sad is caused by weak interaction between the
BN layers inh-BN.

For Ei â, two prominent peaks are found in the energy-
loss function, −Ime−1 fFigs. 3sed and 3sfdg. A small one at
,8.0 eV has been attributed to the collective excitation ofp
electrons partially screened by thes electrons. A large broad
resonance near 26.0 eV is associated with plasma oscillations
involving both thep ands electrons. On the other hand, for
Ei ĉ, there is no distinct peak at,8.0 or ,26.0 eV. There
are instead many weak resonances in the energy range from
10.0 eVs5.0 eV forh-BNd upwardsfFigs. 3sed and 3sfdg.

Figure 3 shows that forEi â, there is an overall good
agreement between the calculated and measured dielectric
function and energy-loss function forh-BN, suggesting that
the many-body effects, such as local-field corrections, are
small and hence the present LDA plus independent-particle
approach is perhaps rather adequate for describing the optical
properties ofh-BN and other graphitic BN materials. This is
further corroborated by the fact that the dielectric function
for Ei â for the single BN sheet from more advanced time-
dependentsTDd DFT-LDA calculations,19 which include
local-field effects and other many-body exchange correla-
tions, is in excellent agreement with the present resultfFig.
3scdg. Nevertheless, differences between the calculated and
measured«svd do exist. For example, the prominent low-
energy peak in the measured«9 spectrum appears at a higher
energy of 6.1 eV, compared with the theoretical energy of 5.6
eV. However, the energy difference of,0.5 eV is not large.
This is presumably due to the well known fact that
DFT-LDA calculations often underestimate the band gaps
and transition energies. On the other hand, the so-called
quasi-particleGW calculations usually give the band-gap
values which are in much better agreement with experiments
ssee, e.g., Ref. 29 and references thereind. The band gap of
h-BN from previous GW calculations29 is 5.4 eV, being
larger than the DFT-LDA value of 4.1 eV from the present
and previous calculations. This implies that the quasiparticle
correction to the LDA energy gap and transition energy is
,1.3 eV, being significantly larger than 0.5 eV. This discrep-
ancy in principle could be resolved once the precise experi-
mental gap ofh-BN were known. Unfortunately, despite
many experiments onh-BN ssee Ref. 30 and references
thereind, no consensus concerning the size and nature of the
band gap ofh-BN has been reached. The measured values of
theh-BN band gap are widely dispersed in the range between
3.6 and 7.1 eV.30 Further accurate experiments on good
single crystals may be necessary to resolve this problem.

For Ei ĉ, the agreement between the calculated and mea-
sured dielectric function and energy-loss function forh-BN

is not very good. In particular, there is a prominent peak at
,6.1 eV in the measured«9 spectrum which is absent in the
corresponding theoretical spectrumfFig. 3sadg. This pro-
nounced discrepancy is perhaps due to the fact that the di-
electric function plotted in Fig. 3 was derived from the elec-
tron energy-loss spectrasEELSd measurements28 in which
the electric field may have a significantEi â component. This
suggestion is further supported by the fact that, as mentioned
before, the optical selection rules would forbid strong ab-
sorptions forEi ĉ in this low-energy region. Direct optical
measurements on good crystals with precise electric field po-
larizations relative to the crystal axes are therefore needed.
Nevertheless, the measured features in the dielectric function
in the high-energy regions9.0–15.0 eVd are quite well re-
produced by the present theoretical calculations.

B. Band structure of nanotubes

The energy bands of the three types of BN-NTs studied
here are shown in Fig. 4. Only two representative BN-NTs
from each type, namely,s6,0d and s15,0d zigzag, s4,4d and
s15,15d armchair, ands4,2d and s6,2d chiral nanotubes are
selected for display. As expected, all the calculated band
structures of the BN-NTs are semiconductors. Interestingly,
all the zigzag BN-NTs have a direct band gap, while, in
contrast, all the armchair and chiral BN-NTs have an indirect
band gapsFig. 4d. The calculated band gaps of all the
BN-NTs studied are listed in Table II and also displayed in
Fig. 5 as function of their diameters. Figure 5 indicates that,
in general, the band gaps of all the BN-NTs increase with

FIG. 4. Energy bands of the representative zigzag, armchair, and
chiral BN nanotubes. The midgap energy level is at 0 eV. Note that
the length of the Brillouin zonesline GZd, which isp /T whereT is
the lattice constantsTable Id, is different for the different nanotubes.
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their diameters and approach the band gap of the isolated BN
sheet when their diameters are larger than 15 Å. The reduc-
tion of the band gap relative to that of the BN sheet is caused
by the so-called curvature effects.7,14When a honeycomb BN
sheet is rolled up to form a nanotube,p- ands-orbitals are
no longer orthogonal to each other, and they now can hybrid-
ize. This hybridization of thep- and s-orbitals would
modify the band structure obtained by rolling up a BN sheet
to form a nanotube. However, the reduction of the band gap
for the armchair BN-NTs is rather smallswithin 8%d sFig. 5
and Table IId. On the other hand, the reduction of the band
gap for the chiral BN-NTs is largesup to 29%d and mono-

tonic sFig. 5 and Table IId. The largest reduction of the band
gap occurs in the zigzag BN-NTs. This reduction can be as
large as 54% and is also monotonic. Since the grown
BN-NTs are usually in the zigzag structure, this strong diam-
eter dependence of the band gap can perhaps be used to
control the band gap of the BN-NTs by growing the BN-NTs
with a prespecified diameter.

The present band structures for thes4,4d and s15,0d BN-
NTs agree very well with previous LDA calculations from
Refs. 7 and 14, respectively. The calculated band gaps are
also in good agreement with previous LDA calculations.14,17

For example, the band gaps for the zigzags5,0d, s9,0d, and
s15,0d BN-NTs in Ref. 14 are, respectively, 2.4, 3.8, and 4.4
eV, being close to the corresponding values from the present
calculationssTable IId. The band gaps for thes5,0d ands15,0d
from Ref. 17 are, respectively, 2.0 and 4.3 eV, being again in
good agreement with the corresponding values in Table II.
The strong diameter dependence of the band gap of the zig-
zag BN-NTs in Fig. 5 has also been found in previous LDA
calculations14,17 while the weak diameter dependence of the
band gap of the armchair BN-NTs has been reported in Ref.
17. However, previous semiempirical tight-binding calcula-
tions predicted that both the armchair and zigzag BN-NTs
have a strong diameter dependence of the band gap,6 sug-
gesting the importance of theab initio calculations.

The density of statessDOSd of the representative zigzag
BN-NTs are shown in Fig. 6. The large diameterssay, D
.10 Åd BN-NTs have a very similar DOS spectrum. There
are very sharp van Hove singularity peaks in the DOS spec-
tra of small diameter BN-NTs, e.g., thes6,0d sFig. 6d. An-
other discernable difference is that the band gap becomes

TABLE II. Calculated band gapEg, static dielectric constant«s0d, and polarizabilityas0d per unit length
for the BN nanotubes studied in this work.DsId denotes directsindirectd band gap. For comparison, the
calculated band gapEg, and static dielectric constant«s0d for the hexagonal BN sheet and hexagonal BN are
also listed.

Eg seVd «xxs0df«zzs0dg axxs0dfazzs0dg sÅd2

s5,0d 2.10sDd 3.55s4.94d 8.5s13.2d
s6,0d 2.68sDd 3.56s4.86d 10.8s16.2d
s9,0d 3.68sDd 3.58s4.72d 15.3s22.1d
s12,0d 4.10sDd 3.58s4.72d 20.4s29.4d
s15,0d 4.30sDd 3.59s4.69d 25.6s36.5d
s20,0d 4.48sDd 3.50s4.66d 32.9s48.2d
s27,0d 4.56sDd 3.59s4.69d 46.1s65.6d
s4,4d 4.22sId 3.66s4.53d 12.1s16.1d
s6,6d 4.37sId 3.64s4.60d 18.1s24.6d
s8,8d 4.54sId 3.57s4.59d 23.5s32.8d

s12,12d 4.57sId 3.60s4.63d 35.6s49.7d
s15,15d 4.57sId 3.57s4.61d 44.0s61.8d

s4,2d 3.23sId 3.67s4.60d 9.3s12.6d
s6,2d 3.64sId 3.57s4.64d 12.2s17.3d
s8,4d 4.25sId 3.56s4.61d 17.8s25.2d
s10,5d 4.40sId 3.57s4.61d 22.4s31.4d
h-BN 4.07sId 4.72s3.05d

BN-sheet 4.52sId 4.78s2.66d

FIG. 5. sColor onlined Calculated band gaps of the BN nano-
tubes vs their tube diameters. For comparison, the band gaps of
h-BN and also the single BN sheet are also shown as dash-dotted
and dash-double-dotted horizontal lines, respectively.
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smaller as the diameter of the BN-NTs decreases, as men-
tioned before. The DOS of the representative armchair and
chiral BN-NTs are displayed in Fig. 7. It is clear that the
DOS for the chiral BN-NTs vary quite noticeably with the
tube diameter. On the other hand, the DOS of the three arm-
chair BN-NTs look rather similar.

C. Dielectric constant and static polarizability

Figures 8–10 display, respectively, the calculated dielec-
tric function for the representative zigzagfs6,0d, s9,0d, s15,0d,
and s27,0dg, armchairfs4,4d, s6,6d, s8,8d, and s15,15dg, and

chiral fs4,2d, s6,2d, s8,4d, and s10,5dg BN-NTs. The spectra
can be roughly divided into two regions, namely, the low-
energy one from 4 to 9 eV and the high-energy one from 9 to
20 eV. Below about 4 eVsthe band-gap regiond, the «9 is
zero and«8 tends to a constant as the photon energy ap-

FIG. 6. Density of states of the representative zigzag BN nano-
tubes. The midgap energy level is at 0 eV.

FIG. 7. Density of states of the representative armchair and
chiral BN nanotubes. The midgap energy level is at 0 eV.

FIG. 8. sColor onlined Calculated dielectric function of the zig-
zag BN nanotubes. “Parallel” and “perpendicular” denote electric
fields polarized parallel and perpendicular to the nanotube axis,
respectively. The solid, dashed, dot-dashed, and dotted lines repre-
sent the dielectric functions for thes6,0d, s9,0d, s15,0d, and s27,0d
BN nanotubes, respectively.

FIG. 9. sColor onlined Calculated dielectric function of the arm-
chair BN nanotubes. “Parallel” and “perpendicular” denote electric
fields polarized parallel and perpendicular to the nanotube axis,
respectively. The solid, dashed, dot-dashed, and dotted lines repre-
sent the dielectric functions for thes4,4d, s6,6d, s8,8d, and s15,15d
BN nanotubes, respectively.
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proaches zero. For the electric field parallel to the tube axis
sEi ẑd, the«9 for all three types of the BN-NTs with a mod-
erate diameterssay, D.10 Å for the zigzag BN-NTs, and
D.8 Å for the chiral BN-NTsd in the low-energy region
consists of a single distinct peaksFigs. 8–10d at ,5.5 eV.
This is in strong contrast to the case of the CNTs in which
the distinct features have been found especially for the semi-
conducting chiral nanotubes4 and these features can be used
to characterize the chirality of the grown carbon nanotubes
by optical means.31,32However, for small diameter BN nano-
tubes, the«9 spectrum does deviate markedly from the gen-
eral behavior described abovessee Figs. 8–10d. For example,
for the zigzags6,0d nanotube, the«9 spectrum exhibits two
prominent peaks in the low-energy region at 4.8 and 5.9 eV,
respectivelyfFig. 8sadg. For the zigzags9,0d nanotube, one
can also see the two peaks at 5.0 and 5.7 eV, respectively,
with a smaller peak separation of about 0.7 eV. The chiral
s4,2d and s6,2d nanotubes also have a two-peak structure in
the «9 in the low-energy regionfFig. 10sadg. In the case of
the armchair BN nanotubes, however, only the«9 spectrum
of the ultrasmall-diameters4,4d BN nanotubes shows a pro-
nounced deviation from that of the rest of the armchair nano-
tubes. In the high-energy region, the«9 for all the types of
the BN-NTs exhibit a broad peak at,14.0 eV.

For the electric field perpendicular to the tube axis
sE' ẑd, the «9 spectrum of all the BN-NTs, except the
ultrasmall-diameter BN-NTs such as thes4,2d, s6,0d, and
s4,4d nanotubes, in the low-energy region also consists of a
pronounced peak at around 6.0 eV, while in the high-energy
region it is, roughly, made up of a broad hump starting from
10.0 eVsFigs. 8–10d. The magnitude of the peaks is in gen-
eral about half of the magnitude of the corresponding ones

for Ei ẑ, showing a moderate optical anisotropy in the
BN-NTs. In nanotubes, the electric field perpendicular to the
nanotube axis is in general strongly screened,33–35and this is
known as the depolarization effect which is not taken into
account in the present calculations. The depolarization effect
would substantially reduce the magnitude of the«9 spectrum
for E' ẑ,19 and hence enhance the optical anisotropy.

Ab initio calculations on the optical properties of BN-NTs
have been reported by Marinopouloset al.19 In Ref. 19, both
DFT-LDA and TD-DFT-LDA approaches were adopted.
However, the calculations were carried out only for thes3,3d,
s5,5d, and s6,0d BN-NTs of a small diameter because of the
numerical demands of the TD-DFT-LDA method. Anyway,
the «9 spectrum of thes6,0d BN-NT for Ei ẑ from Ref. 19 is
nearly identical to that from the present calculationsfFig.
8sadg, indicating that the local field and other many-body
effects are negligible in this case. However, as mentioned
before, due to depolarizationslocal-fieldd effect, the magni-
tude of the«9 spectrum forE' ẑ from the TD-DFT-LDA
calculations is considerably smaller than that from the
DFT-LDA calculations.19

Let us now compare the dielectric function of the BN-NTs
with those ofh-BN and also a single BN sheet. It is clear
from Fig. 3 and Figs. 8–10 that the«9 spectrum forEi ẑ of
the BN-NTs is very similar to that ofh-BN and the single BN
sheet forE'c. This should be particularly true for the large
or even moderate diameter BN-NTs in which the curvature
effect is small. This can be expected because the electric field
polarization is parallel to the BN layers in both cases. In
contrast, the«9 spectrum forE' ẑ is rather different from
that of E'c of h-BN and the single BN sheet. In particular,
the«9 spectrum forE'c for the photon energy below 9.0 eV
is zero in the single BN sheet and very small inh-BN sFig.
3d, while in contrast, the«9 spectrum for E' ẑ of the
BN-NTs has a pronounced peak at,6.0 eV sFigs. 8–10d.
This perhaps can be explained as follows. WhenE' ẑ, it is
clear that for some parts of the tube wall, the electric field is
nearly perpendicular to the BN layer, while for the other
parts of the tube wall, it is roughly parallel to the BN layer.
Therefore, the dielectric function forE' ẑ may be regarded
as a mixture of the dielectric functions for bothE'c and
Eic of the single BN sheet orh-BN. This can be seen from

FIG. 10. sColor onlined Calculated dielectric function of the
chiral BN nanotubes. “Parallel” and “perpendicular” denote electric
fields polarized parallel and perpendicular to the nanotube axis,
respectively. The solid, dashed, dot-dashed, and dotted lines repre-
sent the dielectric functions for thes4,2d, s6,2d, s8,4d, ands10,5d BN
nanotubes, respectively.

FIG. 11. sad axxs0d and sbd azzs0d vs D for the BN nanotubes
studied. The solid line is a linear least-squares fit.
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inspection of Figs. 3 and 8–10, and is particularly clear for
large diameter BN-NTs. As a result, it is clear that the calcu-
lated optical anisotropy of the large BN-NTs will be smaller
than that of the single BN sheet andh-BN. Nevertheless, as
mentioned before, the depolarization effectE' ẑ in the BN-
NTs may strongly enhance the optical anisotropy of espe-
cially small-diameter BN-NTs. Therefore, in optical experi-
ments, one still expects to see a strong optical anisotropy
because the«9 spectrum forE' ẑ would be substantially
reduced due to the depolarization effect.

The static values of the dielectric constant«s0d and elec-
tric polarizability as0d of the BN-NTs are listed in Table II.
Interestingly,as0d per unit length for both electric field po-
larizations is roughly proportional toD sFig. 11d, i.e., as0d
=a0D, being independent of chirality and electronic struc-
ture. ForE' ẑ, a0=2.146 Å and forEi ẑ, a0=3.041 Å. This
results from the fact that theas0d per unit length is given by
f«8svd−1gV / s4pTd=Ddf«8svd−1g /4, and that the«s0d is
nearly independent of chirality and diametersTable IId. Be-
cause the number of atoms on a BN-NT per unit length is
proportional toD, this result indicates that every atom on the
BN-NT has nearly the same static polarizability. This sug-
gests that the valence electrons in the BN-NTs are tightly
bound to the ions, as would be the case for insulators. Strik-
ingly, in recentab initio calculations,5 it was found that the

as0d per unit length of the CNTs for both electric field po-
larizations is roughly proportional toD2. This behavior of
as0d can be understood in an empty lattice model of elec-
trons moving freely on a cylinder of infinitesimal
thickness.34 Therefore, the results of the present and previous
ab initio as0d calculations on the BN-NTs and CNTs to-
gether suggest that the valence electrons in the BN-NTs be-
have fundamentally differently from those in the CNTs.

D. Electron energy-loss spectrum

Shown in Fig. 12 are the calculated electron energy-loss
spectrasEELSd of some representatives of the zigzag, arm-
chair, and chiral BN-NTs. ForEi ẑ, the EELS for all the
BN-NTs are similar to that ofE'c of h-BN and the single
BN sheetfFigs. 3sed and 3sfdg, being dominated by a broad
p+s-electron plasmon peak at 26 eV and a smallp-electron
plasmon peak at about,7.5 eV. Nevertheless, the energy
positions of the low-energy peaks for very small diameter
BN-NTs such as thes4,2d, s6,0d, ands4,4d are clearly smaller
than that of 7.5 eV. Apart from this, the EELS hardly show
any chirality dependence.

Unlike the case ofEic of h-BN and the single BN sheet
sFig. 3d, the EELS forE' ẑ are rather similar to the corre-
sponding ones forEi ẑ in shape, but somewhat smaller in
amplitude. The weak anisotropy in the EELS of the nano-
tubes may be attributed to the fact that forE' ẑ all the p
→p* , s→s* , p→s* , ands→p* optical transitions are ex-
cited, while in h-BN and the single BN sheet onlyp→p*

ands→s* transitions are possible forEic.
The measured EELS for some multiwalled BN-NTs have

been recently reported.36 Since the BN-NTs tend to grow in
the zigzag structure,9 the EELS for the small momentum
transferq=0.1 Å−1 are compared with those of the zigzag
BN-NTs in Figs. 12sad and 12sbd. Furthermore, the measured
EELS are compared with the theoretical EELS for bothEi ẑ
andE' ẑ, because the orientation of the momentum transfer
q si.e., the electric field polarizationd relative to the tube axis
was not known in the experiments. The measured EELS
agree rather well with the theoretical ones forEi ẑ, especially
in the energy range up to 20.0 eVfFig. 12sadg. However,
pronounced discrepancies between the experiments and the
theory appear beyond 20.0 eV. In particular, when compared
with the theoretical EELS, the measured high-energy peak is
substantially reduced and also shifted to a lower energy
s,23.2 eV instead of,26.0 eVd. These large discrepancies
are perhaps not due to the fact that here the measured EELS
for the multiwalled BN-NTs are compared with the theoret-
ical EELS for the single-walled BN-NTs, because, as will be
reported in Sec. III E, interwall interactions hardly have any
discernable effects on the calculated EELS. The discrepan-
cies may be in part caused by the fact that close-packed BN
nanotube films were used in the experiments36 while only
isolated BN nanotubes are considered in the present calcula-
tions. In particular, because of the packing effects, the effec-
tive unit cell volume might be larger than the volume we
have used, and this would give rise to a shift of thep+s
plasmon peak to a lower energy. Interestingly, the measured
EELS in the high-energy region appears to be in much better

FIG. 12. sColor onlined Calculated energy-loss function of the
representative BN nanotubes studied. “Parallel” and “perpendicu-
lar” denote electric fields polarized parallel and perpendicular to the
nanotube axis, respectively. The measured energy-loss function of
multiwalled BN nanotubessRef. 36d is also plotted insad andsbd for
comparison.
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agreement with the corresponding theoretical ones forE' ẑ
fFig. 12sbdg. This indicates that the electric field produced by
the probing electron beam perhaps has a largeE' ẑ compo-
nent in the measurements.36 The EELS for thes6,0d BN-NT
for q→0 from the TD-DFT-LDA calculations have been re-
cently reported,19 and they roughly agree with the theoretical
EELS from the present calculations. However, the high-
energyp+s plasmon peak from Ref. 19 appears at a much
lower energys20.0 eVd, and this is perhaps due to the use of
the arbitrary supercell volume and/or the inclusion of an in-
sufficient number of conduction bands in the previous
calculations.19

E. Effects of interwall interactions

We have so far focused only on the optical properties of
single-walled BN-NTs. However, BN-NTs are usually multi-
walled. Therefore, to study the possible effects of interwall
interactions on the optical properties of BN-NTs, we have
also calculated the electronic structure and dielectric function
of a double-walled BN-NT, namely, the zigzag
s12,0d@s20,0d. This double-walled nanotube is choosen be-
cause BN-NTs typically have a zigzag structure, as men-
tioned before, and also because the interwall distance of
about 3.2 Å between thes12,0d ands20,0d nanotubes is close
to the interlayer distance inh-BN. Again, the theoretically
determined atomic structure is used in the electronic struc-
ture and optical properties calculations. The calculated for-
mation energyDE is 11 meV/atom. TheDE is given by the
sum of the total energies of thes12,0d and s20,0d BN-NTs
minus the total energy of the double-walleds12,0d@s20,0d
BN-NT. This value is slightly smaller than half of the forma-
tion energy ofh-BN s27 meV/atomd. This is reasonable since
in h-BN each BN layer has two neighboring BN layers,
while the s12,0d@s20,0d BN-NT, has only one neighboring
BN layer. TheDE is about 7 meV/atom from the previous
LDA calculations,14 being in rather good agreement with the
present calculations.

The calculated density of states of thes12,0d@s20,0d
double-walled BN-NT are shown in Fig. 13 together with
that of thes12,0d and s20,0d BN-NTs. Figure 13 shows that

the density of states of all three nanotubes are in general very
similar, suggesting that the effects of interwall interaction on
the electronic structure would be small. Nevertheless, minor
differences do exist between thes12,0d@s20,0d and the
s12,0d ands20,0d. The most obvious difference is that the gap
s3.8 eVd of the s12,0d@s20,0d is smaller than that of both the
s12,0d s4.1 eVd and s20,0d s4.5 eVd ssee Table IId. This per-
haps can be expected because interlayer interaction causes
the gap ofh-BN to be smaller than that of the single BN
sheet by as much as 0.4 eV.

The calculated dielectric function of thes12,0d@s20,0d
double-walled BN-NT is shown in Fig. 14 together with
those of thes12,0d ands20,0d BN-NTs. The calculated EELS
of the s12,0d@s20,0d, s12,0d, and s20,0d BN-NTs are nearly
identical to that of thes9,0d and s15,0d BN-NTs plotted in
Figs. 12sad and 12sbd, and therefore are not shown here. Fig-
ure 14 indicates that the dielectric functions of all three
nanotubes are in general very similar, showing that the ef-
fects of interwall interaction on the optical properties would
be small. In particular, the dielectric function of the
s12,0d@s20,0d is nearly the same as that of thes20,0d. Nev-
ertheless, the«9 for Ei ẑ of the s12,0d@s20,0d has two addi-
tional shoulders at,4.6 and 6.9 eV, respectively. As men-
tioned before, due to the curvature effects, the dielectric
function of thes12,0d differs slightly from the larger diam-
eters20,0d. This difference is especially apparent forE' ẑ in
the feature between 4.0–7.0 eV.

The dielectric function of some multiwalled BN-NTs has
been derived from the measured EELS spectra by the
Kramer-Kronig analysis.36 Both the imaginary and real parts
of the electric function for the small momentum transferq

FIG. 13. Calculated density of statessDOSd of the double-
walled s12,0d@s20,0d as well as single-walleds12,0d ands20,0d BN
nanotubes. The DOS of thes20,0d and s12,0d have been shifted
upwards by 0.8 and 0.4 states/eV/atom, respectively. The midgap
energy level is at 0 eV.

FIG. 14. sColor onlined Calculated dielectric function of the
double-walleds12,0d@s20,0d ssolid linesd as well as single-walled
s12,0d sdashed linesd and s20,0d sdot-dashed linesd BN nanotubes.
“Parallel” and “perpendicular” denote electric fields polarized par-
allel and perpendicular to the nanotube axis, respectively. The ex-
perimental dielectric function of multiwalled BN nanotubessRef.
36d sdotted linesd is also plotted insad and scd for comparison.
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=0.1 Å−1 are plotted in Fig. 14 for comparison with the the-
oretical ones of thes12,0d@s20,0d BN-NT for Ei ẑ. Remark-
ably, there is a very good agreement between experiment and
theoryfFigs. 14sad and 14scdg. In particular, the sharp peak at
,5.4 eV and the small shoulder at 6.8 eV in the experimen-
tal «9 in the low-energy region are very well reproduced by
the present calculations. The pronounced differences include
that the experimental spectra in the high-energy region have
significantly smaller amplitudes compared with the corre-
sponding theoretical onesfFigs. 14sad and 14scdg. Further-
more, the shoulder at,4.6 eV in the«9 spectrum forEi ẑ
predicted by the calculation does not appear on the corre-
sponding experimental spectrum. Interestingly, the shoulder
does not appear in the theoretical«9 spectra forEi ẑ of the
s12,0d and s20,0d BN-NTs eitherfFig. 14sadg.

IV. SUMMARY

We have carried out a systematicab initio study of the
optical as well as structural and electronic properties of the
BN-NTs within density functional theory in the local density
approximation. Specifically, the properties of the single-
walled zigzag fs5,0d,s6,0d,s9,0d,s12,0d,s15,0d,s20,0d,s27,0dg,
armchair fs3,3d,s4,4d,s5,5d,s6,6d,s8,8d,s12,12d,s15,15dg, and
chiral fs4,2d,s6,2d,s8,4d,s10,5dg nanotubes as well as the
double-walleds12,0d@s20,0d nanotube were calculated. For
comparison, the structural, electronic, and optical properties
of h-BN and the single BN sheet have also been calculated.
We find that the calculated lattice constants ofh-BN are in
good agreement with experiments, and that for the electric
field parallel to the BN layers, the calculated optical proper-
ties of h-BN are also in good agreement with experiments.
This suggests that the present theoretical approach is perhaps
adequate for investigating the optical properties of the BN
nanotubes, at least, for the electric field along the tube axis.

We find that though the band gap of the single-walled
nanotubes with a diameter larger than 15 Å is independent of
diameter and chirality, the band gap of the small diameter
zigzag nanotubes decreases, strongly as the tube diameter
decreases, and that of the armchair nanotubes has only a
weak diameter dependence, while the band gap of the chiral
nanotubes falls in between. We also find that as forh-BN and
also the CNTs, the optical properties of the BN nanotubes
can be divided into two spectral regions, namely, the low-
energy regions0–9 eVd in which optical transitions involve
mainly thep bands and the high-energy regions9–25 eVd in
which interband transitions involve mainly thes bands. For
Ei ẑ, the«9 for all three types of the BN-NTs with a moderate

diameter ssay, D.10 Å for the zigzag BN-NTs, andD
.8 Å for the chiral BN-NTsd in the low-energy region con-
sists of a single distinct peak at,5.5 eV. However, for
small-diameter BN nanotubes such as thes6,0d,s4,4d,s4,2d
BN-NTs, the«9 spectrum does deviate markedly from this
general behavior. In the high-energy region, the«9 for all the
types of the BN-NTs exhibit a broad peak centered near 14.0
eV. For E' ẑ, the «9 spectra of all the BN-NTs, except the
ultrasmall diameter BN-NTs such as thes4,2d, s6,0d, and
s4,4d nanotubes, in the low-energy region also consists of a
pronounced peak at around 6.0 eV, while in the high-energy
region it is roughly made up of a broad hump starting from
10.0 eV. The magnitude of the peaks is in general less than
half of the magnitude of the corresponding ones forEi ẑ,
showing a moderate optical anisotropy in the BN-NTs.

Interestingly, unlike the CNTs, the calculated static dielec-
tric constants«s0d for all the nanotubes are almost indepen-
dent of diameter and chirality with the«s0d for Ei ẑ being
only about 30% larger than forE' ẑ. Remarkably, for both
electric-field polarizations,as0d per unit length is roughly
proportional to the tube diameter, being independent of
chirality and diameter. This is in strong contrast to the case
of the CNTs in whichas0d per unit length is roughly propor-
tional to the square of the tube diameter. This indicates that
the nature of the valence electrons in the BN-NTs differs
fundamentally from that in the CNTs, namely, the valence
electrons on the BN-NTs are tightly bound to the ions, while
in the CNTs they behave like free electrons on the cylindrical
tubes.

The calculated electron energy-loss spectra of all the BN
nanotubes studied here for both electric-field polarizations
are similar to that of theE'c of h-BN, being dominated by
a broadp+s-electron plasmon peak at near 26 eV and a
small p-electron plasmon peak at,7 eV. Thus, the aniso-
tropy is much smaller than that ofh-BN. Interwall interac-
tion is found to reduce the band gap slightly and to have only
minor effects on the optical dielectric functions and electron
energy-loss spectra.
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