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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 fuacdio
the band structure of the single-walled zigzaép,0),(6,0,(9,0,(12,0,(15,0,(20,0,(27,0], armchair
[(3,3),(4,9,(6,6),(8,8,(12,12,(15,15], and chiral((4,2),(6,4),(8,4),(10,9] as well as the double-walled zigzag
(12,0@(20,0 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 A 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 axi€llZ), the absorptive part” of the dielectric function for all the
nanotubes except a few with very small diameters, is very similar to that of bulk hexagoi with the
electric field parallel to the BN layeréE L ¢). In other words, in the low-energy regigd—9 e\) the &”
consists of a single distinct peak-ab.5 eV, and in the high-energy regi¢®—25 eV} it exhibits a broad peak
centered near 14.0 eV. For the electric field perpendicular to the tubéEaxig), the £” spectrum of all the
nanotubegexcept the ultrasmall-diameter nanotubiesthe 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 &i&s for
showing a moderate optical anisotropy in the nanotubes that is smaller tiaBNn Interestingly, the static
dielectric constan(0) for all the nanotubes is almost independent of diameter and chiralityag@hfor ElIZ
being only about 30% larger than f&rL 2. For both electric-field polarizations, the static polarizabitityd)
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 thosdedfc of h-BN, being dominated by a broad
m+o-electron plasmon peak at26 eV and a smalr-electron plasmon peak at7 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 Soon after the discovery of CNTs it became obvious that

Since their discovery in 199 carbon nanotube¢CNTS) similar nanostructures could be formed by other elements
have attracted considerable interest worldwide because @nd compounds which form layered structures bearing some
their unusual properties and great potential for technologicalesemblance to graphite. For example, hexagonaltBRN)
applications. For example, because of their one-dimensiona¥as predicted on the basis of theoretical calculafidis be
character, metallic CNTs are quantum wires that may exhibicapable of forming nanotubes, a prediction which was later
exotic Luttinger-liquid behavior rather than the usual Fermi-confirmed experimentally by the synthesis of such
liquid behavior in normal metal wirésCNTs can be consid- nanotube$. Both single-walled and multiwalled BN nano-
ered as a layer of graphene sheet rolled up into a cylindetubes (BN-NTs) can now be readily synthesiz&€dlhough
and the structure of a CNT is completely specified by theCNTs continue to attract great interest, other nanotubes such
chiral vector which is given in terms of a pair of integers as BN-NTSs are interesting in their own right and may be able
(n,m).2 A simple 7-band tight-binding model predicts that, to offer different possibilities for technological applications
depending on the way of rolling up the nanotube, it can behat CNTs cannot provide. In particular, as far as the optical
metallic, semiconducting, or insulatifgCNTs can be chiral and optoelectronic applications of nanotubes are concerned,
or nonchiral, again depending on the way they are rolledBN-NTs could be superior to CNTs because BN-NTs are
CNTs are classified into three types, namely, armctmin)  uniformly insulating, independent of their chirality. Further-
nanotubes, zigzagn,0) nanotubes, and chirgh,m) nano-  more, BN-NTs tend to have a zigzag structbiféhough it is
tubes withn # m.2 Because of their one-dimensional charac-interesting that CNTs can be metallic, semiconducting, or
ter and chirality, chiral CNTs are expected to exhibit a num-insulating, it is still impossible to grow CNTs with a pre-
ber of unusual optical properties such as optical activityspecified chirality at present. Finally, recent experiments in-
circular dichroism, and second harmonic generatieae dicate that BN-NTs exhibit a stronger resistance to oxidation
Refs. 4 and 5 and references thejein at high temperatures than CN¥%.
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Therefore, the electronic, optical, and other properties of TABLE I. Theoretical structural parameters and curvature en-
both single-walled and multiwalled BN-NTs are interestingergy of the BN nanotubes studied.is the diameterT is the length
and have been intensively studied theoretically in recen@f translational vector is the number of atoms per unit cell, and
years(see, e.g., Refs. 6, 7, and 1118 particular, Cheret E. is the curvature energigee text Note thatD is the diameter of
al.1s calculated the transverse dielectric function of bundleghe ideal BN nanotubes constructed assuming a B-N bond length of
of single-walled BN-NTs using a tight-binding model. Ng 1-435 A
and Zhané® calculated the optical absorption spectra of

single-walled BN-NTs within a time-dependent, localized D (A) T (A) N E. (eV/atom
der}sity—matri'x approa(_:h based on a §emiemp'irical Hamil- (5.0 396 427 20 0.333
tonian. Desplt_e_ these intensive theoretlc_al studies, (_)nly few 6.0 4.75 4.29 24 0233
accurateab initio calculations of the optical properties of
BN-NTs have been report€tbecause of the heavy demand .0 12 4.30 36 0.103
on the computing resources. The semiempirical tight-binding (12.0 9.49 4.30 48 0.058
model is known to describe well only the electronic excita- (15,0 11.87 4.31 60 0.038
tions near the band gap of the large radius BN-NTs. System- (20,0 15.82 4.30 80 0.021
atic ab initio calculations of the optical properties are thus (27,0 21.36 4.31 108 0.011
needed in order to quantitatively interpret the optical experi- (3 3 411 249 12 0.293
ments and to _pred|ct the BN—NTs with desired opt!cal Prop- 4 4 5.48 249 16 0.169
erties. The primary objective of the present work is to ana- 5.5 6.85 249 20 0.110
lyze the band structure and optical features of all three types ' ' '
of the BN-NTs and their possible dependence on diameter 6.6 8.22 249 24 0.077
and chirality through a series @b initio calculations. The 88 10.96 2.49 32 0.044
second objective is to identify characteristic differences in (12,12 16.44 2.49 48 0.019
both electronic and optical properties between BN-NTs and (15,15 20.55 2.49 60 0.013
CNTs. . . _ (4,2 4.19 11.41 56 0.290

The rest of this paper is organized as foIIows_. In Sec. I, (59 5.70 1552 104 0.160
the th_eoretlcal approac_h and compl_JtanonaI details are briefly 8.4) 8.37 11.40 112 0075
described. The theoretically determined structural parameters

10.46 11.40 140 0.049

and the curvature energy of the nanotubes are also reported. (109
In Sec. lll, the calculated band structure, density of states,
optical dielectric function and electron energy-loss spectrungpectively. In these atomic structure optimizations, a uniform
of h-BN, single hexagonal BN sheet, and BN nanotubes argrid (1x 1xn) along the nanotube axi& axis with the
presented and analyzed. Finally, in Sec. IV, a summary isumbern of the k points ranging from 12 to 50, was used.
given. The speciak-point method plus Gaussian broadening tech-
nique was used for the Brillouin zone integration. The theo-
retical equilibrium lattice constanf®and curvature energies
E. (total energy relative to that of a single BN shegtlso

Our ab initio calculations for the BN-NTs were performed known as the strain energjeas well as the ideal nanotube
using the highly accurate full-potential projected augmentedliametersD are listed in Table I. Note that for the nanotubes
wave (PAW) method?® as implemented in thevasp  Wwith a moderate diametgi=10 A), the equilibrium struc-
package€! They are based on density functional theorytures are already found to be almost the same as that of the
(DFT) with the local density approximatioii.DA). A super- ideal nanotubes constructed by rolling up a BN sheet with a
cell geometry was adopted so that the nanotubes are align@-N bond length of 1.435 A. This is consistent with the fact
in a square array with the closest distance between adjacetitat the calculateé, of the nanotubes with such a diameter
nanotubes being at least 6 A. As a test, calculations withs already smaller than 0.05 eV/atdifable I). Interestingly,
larger intertube distances were performed and no discernabés for CNTs, the calculatel, of BN-NTs can be very well
differences were found. A large plane-wave cutoff of 450 eVfited with an expression of E;=a/R? with «
was used throughout. We consider a few representative 1.248 e(A?/atom) (see Fig. 1, indicating that the con-
BN-NTs with a range of diameters from all three types, asventional elastic theory works well, even down to such a
listed in Table I. 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!* Furthermore, as for CNTs, the calculatEd of

First, the ideal nanotubes were constructed by rolling up 8N-NTs are independent of chirality, i.e., all three types of
hexagonal BN sheet. Their atomic positions and lattice conBN-NTs with the same diameter would have the same struc-
stants were then fully relaxed by a conjugate gradient techtural stability. Experimentally, unlike CNTs, BN-NTs pro-
nique. Theoretical equilibrium nanotube structures were obeuced by laser heating or other methbtisve a preferred
tained when the forces acting on all the atoms and theigzag configuration. Therefore, since Fig. 1 shows that the
uniaxial stress were less than 0.03 eV/A and 2.0 kBar, rezigzag BN-NTs are not energetically more favorable, the ob-

II. THEORY AND COMPUTATIONAL METHOD

A. Structural optimization
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O.5F TN T T T T T TR (see, e.g., Ref.)4(atomic units are used in the rest of this
Fod <& armchair CNTs ] papej, i.e.,
£04 Lo A chiral CNTs 7
. v zigzag CNTs ] A
g 0.3 a Y @ armchair BNNTs ] gga(w) =— 2 2 Wk|pie}|25(€kj —ei-w), (3
>03F & A chiralBNNTs 7 Qo%cvgjecs
g - 3 v zigzag BN NTs ) ) )
So2f where(} is the unit cell volume, and is the photon energy.
S F Also, VB and CB denote the valence and conduction bands,
0.1 respectively. The dipole transition matrix eleme
- =(kj|pa/ki) were obtained from the self-consistent band
00 structures within the PAW formalisf?.Here |kn) is the nth

Bloch state wave function with crystal momentlkmanda
denotes the Cartesian component. The real part of the dielec-

FIG. 1. (Color onling Calculated curvature energig®tal en-  tric function is obtained frome”(w) by a Kramer-Kronig
ergy relative to that of a single Bigrapheng sheet of BN (car- transformation

bon) nanotubes. The results for carbon nanotubes are taken from

Ref. 4 and the lines are a fitting @f/ R? to the data sets witla , 4 (7 o'e(o)
=2.004 and 1.248 eV&atom for BN and carbon nanotubes, g'(w) = 1+7_7P do PRI (4)
respectively. 0

Here P denotes the principal value of the integral. Given the
served preferential growths of the zigzag BN-NTs have to be&eomplex dielectric functiorie’ +ic”), all other linear optical
due to some other factors such as the larger binding energyroperties such as refractive index, reflectivity, and absorp-
of the zigzag BN strips, as speculated by Xiagtgal’ tion spectrum can be calculated. Furthermore, the electron

energy-loss spectrum at the long wavelength limit is

—-Im[(¢’ +ie")™1] and the electric polarizability is given by

B. Band structure calculation e'(w)=1+4ma(w)/ Q.

The self-consistent electronic band structure calculations In the present calculations, th#function in Eq.(3) is
were then carried out for the theoretically determinedgain approximated by a Gaussian funct@y. (2)] with
BN-NT structures. In these self-consistent calculations, d =0.2 €V. The samé&-point grid as in the DOS calculation
denseﬂ(_point gr|d was used ana ranges from 40 to 80. The is used. Furthermore, to ensure th#t calculated via the
density of states(DOS) was evaluated from the self- Kramer-Kronig transformatiofiEg. (4)] is reliable, at least
consistent band structure by Gaussian broadening methotgn energy bands per atom are included in the present optical
ie. calculations. The unit cell volum& in Eq. (3) is not well

defined for nanotubes. Therefore, as in the previous

N(e) = >, > W e~ &), (1)  calculations}® we used the effective unit cell volume of the
n ok nanotubes rather than the volume of the supercells, which is
arbitrary. The effective unit cell of a nanotube is given by
Q=a[(D/2+d/2)?-(D/2-d/2)?]T whered is the thickness
of the nanotube cylinder, which is set to the interlayer dis-
1 o2 tance ofh-BN (3.28 A, see Sec. I)l D and T are the diam-
&(x) = ﬁe ’ (2 eter and length of the translational vector of the nanotube
v (Table ), respectively. Note that the effective unit cell vol-
wy is the weight associated withpointk and ¢, is thenth  ume used would not affect the shape and energy position of
energy band. Here the Gaussian wifitis set to 0.05 eV. An the features in the optical dielectric functions, though it
even denserk-point grid along thez axis was used(n  would change the magnitude of the dielectric function as can
~40-300 for DOS calculations. be seen from Eq(3). 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
C. Calculation of the optical properties unit cell volume would shift the energy position of a plasmon

In this work, the optical properties were calculated based)eak to a higher energy.
on the independent-particle approximation, i.e., the excitonic

where the Dirac delta functiod(x) is approximated by a
Gaussian function,

effects and the local-field corrections were neglected. As will . RESULTS AND DISCUSSION
be shown below, the dielectric functions BN calculated )
within the single-electron picture are in reasonably good A. Hexagonal BN and the single BN sheet

agreement with experiments. Therefore, it might be expected In order to access the accuracy of the present
that the independent-particle approximation could workindependent-particle approach to the optical properties of the
rather well for the BN-NTSs too. BN structures and also for comparison with the BN-NTs, we
The imaginary part of the dielectric functiarfw) due to  first calculated the self-consistent band structure and also the
direct interband transitions is given by the Fermi golden ruledielectric function for botth-BN and an isolated honeycomb
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FIG. 2. Energy bands and density of statesheéBN and the
single BN sheet. The mid-gap energy level is at 0 eV.

BN sheet. The isolated BN sheet is simulated by a slab-
supercell approach with an intersheet distance of 6.5 A. The
theoretically determined lattice constariés=2.486 A andc
=6.562 A forh-BN anda=2.485 A for the BN shegtwere
used. Note that the theoretical lattice constants-BN agree
rather well (within 1.5% with the experimental value&@
=2.50 A andc=6.65 A)23 and previous LDA calculations
(see Refs. 24 and 25 and references thérein

The calculated band structure and density of states of an
isolated BN and bulk-BN are displayed in Fig. 2. The band
structure ofh-BN has been calculated and analyzed before
(see, e.g., Refs. 26 and)2@nd the band structure shown in
Fig. 2 is very similar to those reported previou&hy’ The Energy (eV)
band structure of the isolated BN sheet also agrees very well
with previous LDA calculation$.Nevertheless, to facilitate FIG. 3. (Color onling Theoretical dielectric functiofe)—(d) and
the discussions below, we briefly summarize the salient feae-merw_|OSS functiorie)—(f) of the single BN sheet ank-BN. For
tures of the present band structure of an isolated BN She%mparison, the experiment@xp) (from Ref. 28 and references
andh-BN. Both the upper valence band and the lower conherein dielectric function and energy loss function bBN are
duction band are predominantly of B andg\tharacter. For  5is9 shown. The solid and dashed lines represent the theoretical
the single BN sheet, the upper valence band consists of ongsyts for the electric field parallel to the BN layei&la) and
w band which arises from thep2 orbitals, extending above perpendicular to the BN laye(&lic), respectively. The dot-dashed
and below the BN-layer plane and twabands involving the 44 double-dot-dashed lines denote the experimental spectra for
three (25,2px:2py) orbitals, which form the coplanar EllaandEllc, respectively. The dotted lines denote the zero value of
bonds joining one BNN) atom to its three NB) neighbors  the real parfz’) of the dielectric function.
within the layer[Fig. 2(@)]. Note that the otherr band of
mainly the 2 character lies about 4.6 eV below the bottom The calculated dielectric functior:(w) and electron
of the upper twas bands and is not shown in Fig(@. The  energy-loss function of an isolated BN sheet and BulBN
low-lying conduction bands ranging from 2.2 eV to 5.7 eV are shown in Fig. 3. In the calculations,kepoint grid of
are predominantly of the® character, indicating that they 60X 60X 16 for h-BN and 100< 100X 2 for the honeycomb
are thes bands. From about 7.7 eV upwards, the partialBN sheet is used. The measusa) and also the energy-loss
density of states of< 2p,, 2p, orbitals also becomes signifi- function ofh-BN (Ref. 28 are also plotted in Fig. 3. Here we
cant, suggesting that there are bethand 7" bands in this summarize the main features in the optical spectra which are
energy range. There is a direct band gap of 4.5 eV aKthe relevant to the discussions below.
point in the Brillouin zone separating the and 7 bands. The optical properties of the single BN sheet dn&8N
The band structure di-BN is similar to that of the single can be conveniently divided into two spectral regions. In the
BN sheet[see Figs. @) and 2b)]. The differences are that low-energy range from 4.5 e\the absorption edgdo 9.0
the number of bands ih-BN is now doubled and due to eV, the interband optical transitions involve mainly the
interlayer interactions, the double-degenerateand bands. At higher energies, optical absorption features be-
bands split significantly. The band gap is now reduced to 4.iween 11 and 15 eYsee Figs. &) and 3c)] are associated
eV and becomes indirect. with interband transitions involving the bands. Strong an-

Energy Loss 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, only— 7 and c— o~
transitions are allowed if the electric field vectéris polar-
ized parallel to the BN layefElla) while, in contrast, only
m— 0o ando— 7 transitions are allowed if the electric field
vector E is polarized perpendicular to the BN layégl|c).
This is why there is a strong absorption peak-&.6 eV for
Ella[Figs. 3a) and 3c)]. For the single BN sheet, there is no
optical absorption foiEllC in the low-energy regiorFig.
3(c)]. The very weak absorption in the low-energy region for
ElC in Fig. 3@ is caused by weak interaction between the
BN layers inh-BN.

For Ella, two prominent peaks are found in the energy-
loss function, —Ime™* [Figs. 3e) and 3f)]. A small one at
~8.0 eV has been attributed to the collective excitationrof
electrons partially screened by theelectrons. A large broad
resonance near 26.0 eV is associated with plasma oscillations
involving both thew and o electrons. On the other hand, for
ElC, there is no distinct peak at8.0 or ~26.0 eV. There
are instead many weak resonances in the energy range from
10.0 eV(5.0 eV forh-BN) upwards[Figs. 3e) and 3f)].

Figure 3 shows that foElla, there is an overall good
agreement between the calculated and measured dielectric
function and energy-loss function forBN, suggesting that
the many-body effects, such as local-field corrections, are FIG. 4. Energy bands of the representative zigzag, armchair, and
small and hence the present LDA plus independent-particlehiral BN nanotubes. The midgap energy level is at 0 eV. Note that
approach is perhaps rather adequate for describing the opticiéle length of the Brillouin zonéine I'Z), which is 7/T whereT is
properties oh-BN and other graphitic BN materials. This is the lattice constan(Table ), is different for the different nanotubes.
further corroborated by the fact that the dielectric function

for Ella for the single BN sheet from more advanced time-js not very good. In particular, there is a prominent peak at
dependent(TD) DFT-LDA calculations}® which include 6.1 eV in the measured’ spectrum which is absent in the
local-field effects and other many'bOdy eXChange Correlacorresponding theoretical Spectru[ﬁig_ 3(3)] This pro-
tions, is in excellent agreement with the present re$till.  nounced discrepancy is perhaps due to the fact that the di-
3(0)]. Nevertheless, differences between the calculated anglectric function plotted in Fig. 3 was derived from the elec-
measurede(w) do exist. For example, the prominent low- tron energy-loss spectréEELS) measurementd in which
energy peak in the measuretispectrum appears at a higher the electric field may have a significalta component. This
energy of 6.1 eV, compared with the theoretical energy of 5.6&uggestion is further supported by the fact that, as mentioned
eV. However, the energy difference 6f0.5 eV is not large.  pefore, the optical selection rules would forbid strong ab-
This is presumably due to the well known fact thatsorptions forEll¢ in this low-energy region. Direct optical
DFT-LDA calculations often underestimate the band gapsmeasurements on good crystals with precise electric field po-
and transition energies. On the other hand, the so-callefrizations relative to the crystal axes are therefore needed.
quasi-particleGW calculations usually give the band-gap Nevertheless, the measured features in the dielectric function
values which are in much better agreement with experimentg the high-energy regioi9.0—15.0 eV are quite well re-

(see, e.g., Ref. 29 and references thereline band gap of produced by the present theoretical calculations.
h-BN from previous GW calculationg® 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 The energy bands of the three types of BN-NTs studied
~1.3 eV, being significantly larger than 0.5 eV. This discrep-here are shown in Fig. 4. Only two representative BN-NTs
ancy in principle could be resolved once the precise experifrom each type, namely6,0) and (15,0 zigzag, (4,4) and
mental gap ofh-BN were known. Unfortunately, despite (15,15 armchair, and(4,2) and (6,2) chiral nanotubes are
many experiments om-BN (see Ref. 30 and references selected for display. As expected, all the calculated band
therein, no consensus concerning the size and nature of thetructures of the BN-NTs are semiconductors. Interestingly,
band gap oh-BN has been reached. The measured values ddll the zigzag BN-NTs have a direct band gap, while, in
theh-BN band gap are widely dispersed in the range betweenontrast, all the armchair and chiral BN-NTs have an indirect
3.6 and 7.1 eV° Further accurate experiments on goodband gap(Fig. 4). The calculated band gaps of all the
single crystals may be necessary to resolve this problem. BN-NTs studied are listed in Table Il and also displayed in
For EII¢, the agreement between the calculated and med=ig. 5 as function of their diameters. Figure 5 indicates that,
sured dielectric function and energy-loss function fieBN in general, the band gaps of all the BN-NTs increase with

Energy (eV)

» A M o N o~

B. Band structure of nanotubes
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TABLE Il. Calculated band gaf,, static dielectric constant(0), and polarizabilitya(0) per unit length
for the BN nanotubes studied in this worR(I) denotes directindirecth band gap. For comparison, the
calculated band gal,, and static dielectric constaa(0) for the hexagonal BN sheet and hexagonal BN are

also listed.
Eg (ev) ex(0)[8,40)] a(0)[a,A0)] (A)Z

(5,0 2.10D) 3.554.94 8.513.2
(6,0 2.68D) 3.564.86 10.916.2
9,0 3.68D) 3.584.72 15.322.9)
(12,0 4.10D) 3.584.72 20.429.9
(15,0 4.30D) 3.594.69 25.636.5
(20,0 4.48D) 3.504.66 32.948.2
(27,0 4.56D) 3.594.69 46.1(65.9
(4,9 4.221) 3.664.53 12.1(16.9)
(6,6) 4.371) 3.64(4.60 18.1(24.6
(8,9 4.541) 3.574.59 23.532.8
(12,12 4.571) 3.604.63 35.649.7
(15,19 4.571) 3.574.6)) 44.061.8
(4,2 3.231) 3.674.60 9.312.6
(6,2 3.64(1) 3.574.64) 12.217.3
(8,4 4.251) 3.564.6)) 17.825.2
(10,5 4.4Q01) 3.574.6)) 22.431.4
h-BN 4.071) 4.723.05

BN-sheet 4.5Q) 4.782.66

their diameters and approach the band gap of the isolated Btdnic (Fig. 5 and Table ). The largest reduction of the band
sheet when their diameters are larger than 15 A. The redug@ap occurs in the zigzag BN-NTs. This reduction can be as
tion of the band gap relative to that of the BN sheet is causethrge as 54% and is also monotonic. Since the grown
by the so-called curvature effectd* When a honeycomb BN BN-NTs are usually in the zigzag structure, this strong diam-
sheet is rolled up to form a nanotube; and o-orbitals are ~ eter dependence of the band gap can perhaps be used to
no longer orthogonal to each other, and they now can hybrideontrol the band gap of the BN-NTs by growing the BN-NTs
ize. This hybridization of them- and o-orbitals would with a prespecified diameter.
modify the band structure obtained by rolling up a BN sheet The present band structures for tf#4) and (15,0 BN-
to form a nanotube. However, the reduction of the band gapNTs agree very well with previous LDA calculations from
for the armchair BN-NTSs is rather smailithin 8%) (Fig. 5 Refs. 7 and 14, respectively. The calculated band gaps are
and Table 1. On the other hand, the reduction of the bandalso in good agreement with previous LDA calculatiéh’
gap for the chiral BN-NTs is largéup to 29%) and mono- For example, the band gaps for the zig2&g), (9,0, and
(15,0 BN-NTs in Ref. 14 are, respectively, 2.4, 3.8, and 4.4
e L L L B eV, being close to the corresponding values from the present
e N G S ] calculationgTable 1l). The band gaps for th&,0) and(15,0
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
calculation$*1” while the weak diameter dependence of the
band gap of the armchair BN-NTs has been reported in Ref.

@--¢ armchair BN NTs
A--A chiral BN NTs
w—v zigzag BN NTs

Band gap (eV)
w

2 e h.BN 17. However, previous semiempirical tight-binding calcula-
_— B-N tions predicted that both the armchair and zigzag BN-NTs
sheet .
have a strong diameter dependence of the band® gag;
10' - ';' -t '1'0' -t '1'5' - '2'0' Ll gesting the importance of thab initio calculations.
25 . . .
Diameter (A) The density of state€DOS) of the representative zigzag

BN-NTs are shown in Fig. 6. The large diame{say, D
FIG. 5. (Color onling Calculated band gaps of the BN nano- >10 A) BN-NTs have a very similar DOS spectrum. There
tubes vs their tube diameters. For comparison, the band gaps éfre very sharp van Hove singularity peaks in the DOS spec-
h-BN and also the single BN sheet are also shown as dash-dottdda of small diameter BN-NTs, e.g., tH6,0) (Fig. 6). An-
and dash-double-dotted horizontal lines, respectively. other discernable difference is that the band gap becomes
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FIG. 6. Density of states of the representative zigzag BN nano- 0 5 10 15 20
tubes. The midgap energy level is at 0 eV. Energy (eV)

smaller as the diameter of the BN-NTs decreases. as men- FIG. 8. (Color onling Calculated dielectric function of the zig-

. . L ag BN nanotubes. “Parallel” and “perpendicular” denote electric

t'ﬁ.r;eld ;ﬁfﬁlr_?' TI:e cIiDOSI of (;h.en r'(;:-preier;:gtlvel athChhatlrt:n lelds polarized parallel and perpendicular to the nanotube axis,

([:)(I)g f -h sha.l el é;pﬁ_yre ! Ig'. ’ .'S CSIa .i h N respectively. The solid, dashed, dot-dashed, and dotted lines repre-
_or the chira -NTs vary quite noticeably with the sent the dielectric functions for th@,0), (9,0, (15,0, and (27,0

tube diameter. On the other hand, the DOS of the three arngy nanotubes respectively.

chair BN-NTs look rather similar.

chiral [(4,2), (6,2), (8,4), and (10,5] BN-NTs. The spectra
C. Dielectric constant and static polarizability 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 e\(the band-gap regionthe &” is
zero andeg’ tends to a constant as the photon energy ap-

Figures 8-10 display, respectively, the calculated dielec
tric function for the representative zigzg@,0), (9,0, (15,0,
and (27,0], armchair[(4,4), (6,6), (8,8), and (15,15], and

15 -_l T 44 LI I B |__
€ - (a) 44 parallel 3
3 r -
& 10 F , 3
5 0 E R e (8,8) ]
§ 50 [k (15,15) AN .
J w 0 SN 1 Aot e
2 — bt
$ r (b) perpendicular 3
g 4 F AN 1
5 - >
2
‘B
C
D
[m]

erpendicular

-

15 20
Energy (eV)

FIG. 9. (Color online 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-

FIG. 7. Density of states of the representative armchair andent the dielectric functions for thd,4), (6,6), (8,8, and (15,15
chiral BN nanotubes. The midgap energy level is at 0 eV. BN nanotubes, respectively.

Density of states (states/eV/atom)

0.
0.
0.
0.
0.
0.
0.
0.
0.
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FIG. 11. () ay(0) and(b) a,40) vs D for the BN nanotubes
studied. The solid line is a linear least-squares fit.

0 S 10 15 20 for Ellz, showing a moderate optical anisotropy in the
Energy (eV) BN-NTs. In nanotubes, the electric field perpendicular to the
_ ) ) _ nanotube axis is in general strongly screefieéf,and this is
FIG. 10. (Color onling Calculated dielectric function of the known as the depolarization effect which is not taken into
chiral BN nanotubes. “Parallel” and “perpendicular” denote electricyccount in the present calculations. The depolarization effect
fields polarized parallel and perpendicular to the nanotube axisyould substantially reduce the magnitude of #iespectrum
respectively. The solid, dashed, dot-dashed, and dotted lines reprgsy £ | 719 and hence enhance the optical anisotropy.
sent the dielectric functions for thé,2), (6,2), (8,4), and(10,9 BN Ab initio calculations on the optical properties of BN-NTs
nanotubes, respectively. have been reported by Marinopoulesal1° In Ref. 19, both
DFT-LDA and TD-DFT-LDA approaches were adopted.
proaches zero. For the electric field parallel to the tube axiglowever, the calculations were carried out only for (Be3),
(Ell2), the g” for all three types of the BN-NTs with a mod- (5,5), and(6,0) BN-NTs of a small diameter because of the
erate diametefsay, D>10 A for the zigzag BN-NTs, and numerical demands of the TD-DFT-LDA method. Anyway,
D>8 A for the chiral BN-NT$ in the low-energy region thee” spectrum of the€6,0) BN-NT for E[IZ from Ref. 19 is
consists of a single distinct pedkigs. 8—-10 at ~5.5 eV. nearly identical to that from the present calculatidfy.
This is in strong contrast to the case of the CNTs in which8(a)], indicating that the local field and other many-body
the distinct features have been found especially for the semeffects are negligible in this case. However, as mentioned
conducting chiral nanotubtand these features can be usedbefore, due to depolarizatiofiocal-field) effect, the magni-
to characterize the chirality of the grown carbon nanotubesude of thee” spectrum forE L Z from the TD-DFT-LDA
by optical meang!-*?However, for small diameter BN nano- calculations is considerably smaller than that from the
tubes, thes” spectrum does deviate markedly from the gen-DFT-LDA calculationst®
eral behavior described abotsee Figs. 8—10 For example, Let us now compare the dielectric function of the BN-NTs
for the zigzag(6,0) nanotube, the” spectrum exhibits two with those ofh-BN and also a single BN sheet. It is clear
prominent peaks in the low-energy region at 4.8 and 5.9 eMrom Fig. 3 and Figs. 8-10 that th& spectrum forE||z of
respectively[Fig. 8a)]. For the zigzag9,0) nanotube, one the BN-NTs is very similar to that d-BN and the single BN
can also see the two peaks at 5.0 and 5.7 eV, respectivelsheet forE L c. This should be particularly true for the large
with a smaller peak separation of about 0.7 eV. The chirabr even moderate diameter BN-NTs in which the curvature
(4,2 and(6,2) nanotubes also have a two-peak structure ineffect is small. This can be expected because the electric field
the &” in the low-energy regiofiFig. 10@)]. In the case of polarization is parallel to the BN layers in both cases. In
the armchair BN nanotubes, however, only #fespectrum  contrast, thes” spectrum forE L Z is rather different from
of the ultrasmall-diametef,4) BN nanotubes shows a pro- that of E_L ¢ of h-BN and the single BN sheet. In particular,
nounced deviation from that of the rest of the armchair nanothe ¢” spectrum foiE L ¢ for the photon energy below 9.0 eV
tubes. In the high-energy region, tlé for all the types of is zero in the single BN sheet and very smallhiBN (Fig.
the BN-NTs exhibit a broad peak at14.0 eV. 3), while in contrast, thes” spectrum forE Lz of the
For the electric field perpendicular to the tube axisBN-NTs has a pronounced peak a6.0 eV (Figs. 8—10.
(EL2), the &” spectrum of all the BN-NTs, except the This perhaps can be explained as follows. Wkehz, it is
ultrasmall-diameter BN-NTs such as tlé,2), (6,0, and clear that for some parts of the tube wall, the electric field is
(4,4) nanotubes, in the low-energy region also consists of anearly perpendicular to the BN layer, while for the other
pronounced peak at around 6.0 eV, while in the high-energyparts of the tube wall, it is roughly parallel to the BN layer.
region it is, roughly, made up of a broad hump starting fromTherefore, the dielectric function fdE L z may be regarded
10.0 eV(Figs. 8—10. The magnitude of the peaks is in gen- as a mixture of the dielectric functions for boEL ¢ and
eral about half of the magnitude of the corresponding oneg&llc of the single BN sheet di-BN. This can be seen from
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3 -'('é)' IRRRAARRN AL .' ;'io'a{r'eiliéll- a(Q) per unjt length of the CNTs for both glectric fi.eld po-
o[ ] larizations is roughly proportional t®2. This behavior of
1L 3 a(0) can be understood in an empty lattice model of elec-
TN e R St trons moving freely on a cylinder of infinitesimal
0 [ :e:rl (e " S thickness* Therefore, the results of the present and previous
1 [ (b) perpendicula et ' ab initio a(0) calculations on the BN-NTs and CNTs to-
0 [ A e | IIIII | || gether suggest that the valence electrons _in the BN-NTs be-
4 O. ” ? ” .1,0. ” .1,5. ” 2.0 ” 2.5 ” 3.0 ” -3.5 have fundamentally differently from those in the CNTs.
'% 3 — Egg: parallel ff“"\ 3
% o[ o (8:8' &, h D. Electron energy-loss spectrum
@ 1 — e {ioita) sy Shown in Fig. 12 are the calculated electron energy-loss
8o J,/\“-f-“ = spectra(EELS) of some representatives of the zigzag, arm-
=2 [-(d) perpendicular =S ] chair, and chiral BN-NTs. FoElz, the EELS for all the
24EF e ol o BN-NTs are similar to that oE L ¢ of h-BN and the single
D 0 Lows o o O R ETY FERTE R I 2 BN sheet[Figs. 3e) and 3f)], being dominated by a broad
w 4 0 5 10 15 20 25 30 35 7+ o-electron plasmon peak at 26 eV and a smadtlectron
3 '—I(Ie')l U w2 parallel 4 plasmon peak at about7.5 eV. Nevertheless, the energy
o[ ---- (6,2 7 \% 3 positions of the low-energy peaks for very small diameter
1k s (10,5) / 1 BN-NTs such as thé4,2), (6,0), and(4,4) are clearly smaller
(o) THREEY o ST S P M than that of 7.5 eV. Apart from this, the EELS hardly show
o [(f) perpendicular et ] any chirality dependence.
1k W Unlike the case oElic of h-BN and the single BN sheet
o Lo BT, e vl PTTRTITIE PGD (Fig. 3), the EELS forE L Z are rather similar to the corre-
0 5 10 15 20 25 30 35 sponding ones foEllZ in shape, but somewhat smaller in
Energy (eV) amplitude. The weak anisotropy in the EELS of the nano-

_ _ tubes may be attributed to the fact that .z all the =

FIG. 12. (Color onling Calculated energy-loss function of the 7, 0—0,m—0,ando— 7" optical transitions are ex-
representative BN rjanotubes.studied. “Parallel” and “perpendicuéited, while inh-BN and the single BN sheet onky— o
lar” denote e!ectrlc f|eld_s polarized parallel and perpendicular to th%fnd o— o transitions are possible fdlic.
nanqtube axis, respectively. The _measured ene_rgy-loss function o The measured EELS for some multiwalled BN-NTs have
g)ur:'vfr‘iuseodnBN nanotubegRef. 3§ is also plotted ir@) and(b) for been recently reported.Since the BN-NTs tend to grow in

P ' the zigzag structurg,the EELS for the small momentum

_ . . ) ) transferq=0.1 A™! are compared with those of the zigzag
inspection of Figs. 3 and 8-10, and is particularly clear forgN-NTs in Figs. 12a) and 12b). Furthermore, the measured
large diameter BN-NTs. As a result, it is clear that the calcuEg| 5 gre compared with the theoretical EELS for bBtfz
lated optical anisotropy of the large BN-NTs will be smaller gngE | 7 because the orientation of the momentum transfer
than that of the single BN sheet aheBN. Nevertheless, as  (j.e., the electric field polarizatiomelative to the tube axis
mentioned before, the depolarization efféct zin the BN- a5 not known in the experiments. The measured EELS
NTs may strongly enhance the optical anisotropy of espeagree rather well with the theoretical ones Ediz, especially
cially small-dameter BN-NTs. Therefore, in optlcal experi- in the energy range up to 20.0 d¥ig. 12a)]. However,
ments, one still expects to see a strong optical anisotropyronounced discrepancies between the experiments and the
because thes” spectrum forE Lz would be substantially theory appear beyond 20.0 eV. In particular, when compared
reduced due to the depolarization effect. with the theoretical EELS, the measured high-energy peak is

The static values of the dielectric consta(0) and elec-  gypstantially reduced and also shifted to a lower energy
tric polarizability «(0) of the BN-NTs are listed in Table Il.  (~23.2 eV instead 0f-26.0 e\). These large discrepancies
Interestingly,«(0) per unit length for both electric field po- are perhaps not due to the fact that here the measured EELS
larizations is roughly proportional tB (Fig. 11), i.e., «(0)  for the multiwalled BN-NTs are compared with the theoret-
=ayD, being independent of chirality and electronic struc-ical EELS for the single-walled BN-NTs, because, as will be
ture. FOrE 1 2, a;=2.146 A and forEllz, ay=3.041 A. This  reported in Sec. Ill E, interwall interactions hardly have any
results from the fact that the(0) per unit length is given by discernable effects on the calculated EELS. The discrepan-
[e¢'(w)-1]Q/(47T)=Dd[e'(w)-1]/4, and that thes(0) is  cies may be in part caused by the fact that close-packed BN
nearly independent of chirality and diamet@able Il). Be-  nanotube films were used in the experiméhishile only
cause the number of atoms on a BN-NT per unit length igsolated BN nanotubes are considered in the present calcula-
proportional toD, this result indicates that every atom on thetions. In particular, because of the packing effects, the effec-
BN-NT has nearly the same static polarizability. This sug-tive unit cell volume might be larger than the volume we
gests that the valence electrons in the BN-NTs are tightjhave used, and this would give rise to a shift of the o
bound to the ions, as would be the case for insulators. Strikplasmon peak to a lower energy. Interestingly, the measured
ingly, in recentab initio calculations’ it was found that the EELS in the high-energy region appears to be in much better

165402-9



G.Y. GUO AND J. C. LIN PHYSICAL REVIEW B71, 165402(2005

1.6 prerrrr e DO LT T
- O @ & — (20@@0) :
g | 15 F s . (12,0) =
E - : llel
S12 S . parallel
g% 10F (20,0) E
%08- 20,0 '
5
RZ3
8B o4
Q Al
(12,00@(20,0)
M NN NI A | U 11

-||I| Ml I .\ S 1
(-)12-10 8 6 4 -2 0 2 4 6 8
Energy (eV)

FIG. 13. Calculated density of stat¢é®OS) of the double-
walled (12,0@(20,0 as well as single-walle2,0 and (20,0 BN

nanotubes. The DOS of th@0,0 and (12,0 have been shifted w5 f—l L , N I R I—f

upwards by 0.8 and 0.4 states/eV/atom, respectively. The midgap Ed) AN 'p'e'rp'eﬁdic'ul'ar' ]

energy level is at 0 eV. o \ E
]

agreement with the corresponding theoretical onesforz 15 20

[Fig. 12b)]. This indicates that the electric field produced by Energy (eV)

the probing electron beam perhaps has a l&dez compo- _ _ _ )

nent in the measuremerisThe EELS for the(6,0) BN-NT FIG. 14. (Color onling Calculated dielectric function of the

for g— 0 from the TD-DFT-LDA calculations have been re- double-walled(l?,O)@(Z0,0) (solid lineg as Well as single-walled
cently reported? and they roughly agree with the theoretical 512'@ (d?shed“hne)sand_ (20‘9), (dot-dashed I_me)_sBN nano@ubes.
EELS from the present calculations. However, the high- Parallel” and pe_rpendlcular denote electr_lc fields pc_>|ar|zed par-
energym+o plasmon peak from Ref. 19 appears at a mucha”e.l and per_pendlgular to _the nanotu_be axis, respectively. The ex-
lower energy(20.0 eV, and this is perhaps due to the use of perimental Q|ele(;tr|c function of multiwalled BN nanoFubéF@ef.
. ) ! . . .~ 36) (dotted lineg is also plotted in@) and(c) for comparison.
the arbitrary supercell volume and/or the inclusion of an in-
sufficient number of conduction bands in the previousthe density of states of all three nanotubes are in general very
calculations'® similar, suggesting that the effects of interwall interaction on
the electronic structure would be small. Nevertheless, minor
differences do exist between thd2,0@(20,0 and the
(12,0 and(20,0. The most obvious difference is that the gap
We have so far focused only on the optical properties 0f3.8 eV) of the (12,0@(20,0 is smaller than that of both the
single-walled BN-NTs. However, BN-NTs are usually multi- (12,0 (4.1 e\) and (20,0 (4.5 eV) (see Table . This per-
walled. Therefore, to study the possible effects of interwallhaps can be expected because interlayer interaction causes
interactions on the optical properties of BN-NTs, we havethe gap ofh-BN to be smaller than that of the single BN
also calculated the electronic structure and dielectric functiosheet by as much as 0.4 eV.
of a double-walled BN-NT, namely, the zigzag The calculated dielectric function of thd2,0@(20,0
(12,0@(20,0. This double-walled nanotube is choosen be-double-walled BN-NT is shown in Fig. 14 together with
cause BN-NTs typically have a zigzag structure, as menthose of thg12,0 and(20,0 BN-NTs. The calculated EELS
tioned before, and also because the interwall distance ai#f the (12,0@(20,0, (12,0, and (20,0 BN-NTs are nearly
about 3.2 A between th@2,0 and(20,0 nanotubes is close identical to that of thg9,0) and (15,0 BN-NTs plotted in
to the interlayer distance ih-BN. Again, the theoretically Figs. 12a) and 12b), and therefore are not shown here. Fig-
determined atomic structure is used in the electronic strucdre 14 indicates that the dielectric functions of all three
ture and optical properties calculations. The calculated fornanotubes are in general very similar, showing that the ef-
mation energyAE is 11 meV/atom. The\E is given by the fects of interwall interaction on the optical properties would
sum of the total energies of tH&2,0 and (20,0 BN-NTs  be small. In particular, the dielectric function of the
minus the total energy of the double-wallét2,0@(20,0  (12,0@(20,0 is nearly the same as that of tf20,0. Nev-
BN-NT. This value is slightly smaller than half of the forma- ertheless, the” for Ellz of the (12,0@(20,0 has two addi-
tion energy of-BN (27 meV/aton. This is reasonable since tional shoulders at-4.6 and 6.9 eV, respectively. As men-
in h-BN each BN layer has two neighboring BN layers, tioned before, due to the curvature effects, the dielectric
while the (12,0@(20,0 BN-NT, has only one neighboring function of the(12,0 differs slightly from the larger diam-
BN layer. TheAE is about 7 meV/atom from the previous eter(20,0. This difference is especially apparent 1z in
LDA calculationst* being in rather good agreement with the the feature between 4.0—7.0 eV.
present calculations. The dielectric function of some multiwalled BN-NTs has
The calculated density of states of tli@2,0@(20,0 been derived from the measured EELS spectra by the
double-walled BN-NT are shown in Fig. 13 together with Kramer-Kronig analysig® Both the imaginary and real parts
that of the(12,0 and (20,0 BN-NTs. Figure 13 shows that of the electric function for the small momentum transfer

E. Effects of interwall interactions
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=0.1 A1 are plotted in Fig. 14 for comparison with the the- diameter (say, D>10 A for the zigzag BN-NTs, and
oretical ones of thé12,0@(20,0 BN-NT for Ellz. Remark- >8 A for the chiral BN-NT$ in the low-energy region con-
ably, there is a very good agreement between experiment argists of a single distinct peak at5.5 eV. However, for
theory[Figs. 14a) and 14c)]. In particular, the sharp peak at small-diameter BN nanotubes such as tlé0),(4,4),(4,2)
~5.4 eV and the small shoulder at 6.8 eV in the experimenBN-NTSs, thee” spectrum does deviate markedly from this
tal ¢” in the low-energy region are very well reproduced bygeneral behavior. In the high-energy region, giidor all the

the present calculations. The pronounced differences includgpes of the BN-NTs exhibit a broad peak centered near 14.0
that the experimental spectra in the high-energy region haveV. For E 1 Z, the ” spectra of all the BN-NTs, except the
significantly smaller amplitudes compared with the corre-ultrasmall diameter BN-NTs such as tlt4,2), (6,0), and
sponding theoretical ond$§igs. 14a) and 14c)]. Further- (4,4) nanotubes, in the low-energy region also consists of a
more, the shoulder at4.6 eV in thee” spectrum forEllz  pronounced peak at around 6.0 eV, while in the high-energy
predicted by the calculation does not appear on the correegion it is roughly made up of a broad hump starting from
sponding experimental spectrum. Interestingly, the shouldet0.0 eV. The magnitude of the peaks is in general less than
does not appear in the theoretiedl spectra forEllZ of the  half of the magnitude of the corresponding ones Ediz,

(12,0 and (20,0 BN-NTs either[Fig. 14a)]. showing a moderate optical anisotropy in the BN-NTSs.
Interestingly, unlike the CNTSs, the calculated static dielec-
IV. SUMMARY tric constants(0) for all the nanotubes are almost indepen-

dent of diameter and chirality with the(0) for EllZ being
only about 30% larger than fdE | . Remarkably, for both
®lectric-field polarizationsa(0) 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 CNTSs in whicha(0) 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
lectrons on the BN-NTs are tightly bound to the ions, while

We have carried out a systematb initio study of the
optical as well as structural and electronic properties of th
BN-NTs within density functional theory in the local density
approximation. Specifically, the properties of the single-
walled zigzag [(5,0),(6,0),(9,0,(12,0,(15,0,(20,0,(27,0],
armchair [(3,3),(4,4),(5,5,(6,6),(8,8,(12,12,(15,15], and
chiral [(4,2),(6,2,(8,4),(10,5] nanotubes as well as the
double-walled(12,0@(20,0 nanotube were calculated. For
comparison, the structural, electronic, and optical propertie

of h-BN and the single BN sheet have also been calculated, : o
We find that the calculated lattice constantsheBN are in Itﬂtt)zz CNTs they behave like free electrons on the cylindrical

good agreement with experiments, and that for the electric The calculated electron energy-loss spectra of all the BN
I!eld Fﬁ:%”,il to thel BN Iayer(sj, the calcul?te(.jthoptmal .pmp(tar'nanotubes studied here for both electric-field polarizations
1es ofh- are aiso in good agreement with EXpENmMents., .o gimijar to that of th& L ¢ of h-BN, being dominated by
This suggests that the present theoretical approach is perha] road+o-electron plasmon peak at near 26 eV and a
adequate for investigating the optical properties of the B small m-electron plasmon peak at7 eV. Thus, the aniso-

nanotubes, at least, for the electric field along the tube aXiﬁropy is much smaller than that 6EBN. Interwall interac-

We find that though the band gap of the single-walled,. "™~ :
; X o tjon is found to reduce the band gap slightly and to have only
nanotubes with a diameter larger than 15 A is independent q inor effects on the optical dielectric functions and electron

diameter and chirality, the band gap of the small diameter

zigzag nanotubes decreases, strongly as the tube diameger}ergy—loss spectra.

decreases, and that of the armchair nanotubes has only a

weak diameter dependence, while the band gap of the chiral ACKNOWLEDGEMENTS
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