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Electronic structure of multiwall boron nitride nanotubes
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We report on electron energy-loss spectroscopy studies of the electronic properties of multiwall boron nitride
nanotubes, in terms of the B1s and N1s excitation edges and of theq-dependent energy-loss function. The
q-dependent dielectric function shows a strong dispersion in momentum of thep ands1p plasmons indicat-
ing that they are spatially delocalized along the tube axis as expected according to their characteristic two-
dimensional graphiticlike structure, and nondispersing excitations at 11 and 12 eV. The dielectric function« of
the boron nitride nanotubes reveals an intensep-p* interband transition at 5.4 eV, which is shifted to lower
energies by 0.6 eV when compared to hexagonal BN in good agreement with recent theoretical band-structure
calculations of boron nitride nanotubes.
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I. INTRODUCTION

Since Íjima1 discovered carbon nanotubes in 1991, t
understanding of the unique physical properties of wrap
graphenelike materials2–4 and their metal filled derivates5,6

have attracted large attention among researches. The
tence of the equivalent metastable allotropic form of hexa
nal boron nitride~h-BN! was recently proposed using tigh
binding calculations by Rubioet al.7 on the basis of the
similarities between lattice structure and bonding length
graphite andh-BN. The band structure for this new class
metastable structures was predicted to have a large band
leading to promising potential uses in blue and violet pho
luminescence devices.8

During the last years BN nanotubes have been fabrica
using different methods. Loiseauet al.9 synthesized bundle
of hexagonal-like multiwall BN nanotubes using arc d
charge of HfB2 electrodes in nitrogen atmosphere. H
et al.10 proposed a route based on the chemical substitu
of carbon by B and N from a template of single wall carb
nanotubes~SWCNT’s! using B2O3 powders as boron sourc
in a N2 atmosphere. Under the same conditions, Golb
et al.11,12 found a sharp enhancement of the production yi
of multiwall BN nanotubes by adding MoO3 as catalyst.
More recently, Zhiet al.13 characterized the photolumine
cence of aligned multiwall BN nanotubes synthesized
chemical vapor deposition~CVD! and pulsed-arc discharge
Theoretical band-structure and lattice energy calculation
BN nanotubes have also been reported in the literature.7,14–17

Simple tight-binding calculations7 predict a direct band gap
for zigzag~n,0! BN nanotubes and an indirect gap for arm
chair ~n,n! nanotubes in contrast to SWCNT’s where t
chirality defines the metallic or the semiconducting charac
of the tube. The same band-structure calculations7,14 showed
that BN nanotubes have a band-gap dependence on th
ameter of the tube which is stronger in the case of zig
tubes. Moreover, it was also predicted that the band ga
large diameter BN nanotubes shows only little depende
on the chirality.7,14 Minimal lattice energy calculations sug
0163-1829/2003/67~3!/035429~6!/$20.00 67 0354
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gest that the most favorable chirality for BN nanotubes
zigzag, although electron-diffraction measurements of mu
wall BN nanotubes11–13 evidence the presence of armcha
chirality in a proportion larger than 15%. Herna´ndezet al.18

also predicted a Young Modulus of around 300 GPa for b
zigzag and armchair nanotubes and some degree of buc
perpendicular to the nanotube axis that increases as the
radius of the nanotube decreases. Furthermore, Kimet al.17

theoretically predicted a band-gap reduction in BN nan
tubes by applying an external pressure perpendicular to
tube axis, as due to the decrease of the effective radius o
tube, which would also lead to interesting applications.
nally, Okadaet al.19 reported on the band structure of C60
encapsulated into BN nanotubes. Non-momentum-reso
EELS studies on multiwall BN nanotubes have been repo
by Terauchiet al.20 and Loiseauet al.9 Nevertheless, experi
mental characterisations of the electronic properties of
nanotubes are still scarce.

In this work we present an electron energy-loss spect
copy~EELS! study of high purity multiwall BN nanotubes in
terms of the B1s and N1s excitation edges and momentu
dependent energy-loss functions Im$21/«(v,q)%. The
q-dependent dielectric properties and electronic structure
the BN nanotubes are compared with those reported in
literature for bulkh-BN, as well as with recent theoretica
and experimental results of single wall and multiwall B
nanotubes.

II. EXPERIMENT

Multiwall BN nanotubes have been grown by followin
the route proposed by Golberget al.11,12based on the substi
tution of carbon atoms from pristine SWCNT’s by boron a
nitrogen. The details of the preparation of the SWCNT
used as template can be found elsewhere.21 The reaction was
carried out in N2 atmosphere at 1500 °C for 30 min using
mixture of 5:2:1 in weight of B2O3, MoO3, and SWCNT,
respectively. For the EELS measurements, a KBr crystal
covered drop by drop by a suspension of raw materia
©2003 The American Physical Society29-1
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CCl4 until an effective thickness of about 100 nm w
reached. Subsequently, the film was floated off in distil
water and mounted on standard 1000 mesh copper mic
copy grids. The samples were heated in UHV up to 450 °C
remove organic contaminations without changing the str
ture of the nanotubes. The EELS measurements were ca
out using a dedicated 170-keV spectrometer described in
tail elsewhere.22 The energy and momentum resolution w
set to 180 meV and 0.03 Å21, respectively, for the electron
diffraction and for the low energy-loss function. In the ca
of the core-level excitations we used an energy and mom
tum resolution of 330 meV and 0.1 Å21, respectively. The
loss function@ Im$21/«(v,q)%#, which is proportional to the
dynamic structure factorS(v,q), has been monitored at dif
ferent momentum transferq. The probing area of the primar
electron beam is about 1 mm2, i.e., the information obtained
represents an average over a large numbers of nanotub

III. RESULTS

A. Electron-diffraction and core-level excitations

Figure 1 shows the electron-diffraction pattern of a
grown BN nanotubes after annealing in vacuum, toget
with typical high-resolution TEM micrographs~cf. inset of
Fig. 1!. The TEM image shows the multiwall BN nanotub
with a number of BN layers between 4 and 10. The avera
inner diameter of the nanotubes as measured over se
TEM pictures is around 3.1 nm~with a standard deviation o
0.8 nm!, which is larger than the diameter of the SWCN
used as templates, and slightly larger than that reported
Loiseauet al.9 ~2.5 nm! and Golberget al.12 ~2.1 nm as es-
timated from Fig. 1 in Ref. 12!.

The chemical analysis of the TEM images usingin situ
EELS indicates that B and N constitute the nanotubu
structures in a 1 to 1atomic ratio. In addition, some TEM
pictures also showed traces ofh-BN aggregated in lamella

FIG. 1. Electron-diffraction profile of multiwall BN nanotube
after annealing in UHV. The inset shows typical high-resoluti
TEM pictures of BN nanotubes.
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type structures, and the presence of denser material, li
catalytic particles, filling the end of some of the nanotub
The electron-diffraction pattern reveals two intense featu
at 1.7 and 2.8 Å21 corresponding to a distance between B
sheets of 0.35 nm and an in-plane lattice parameter ‘‘a’’ of
0.22 nm, respectively, and a smaller peak at 3.5 Å21. As
compared to the values referenced in the literature forh-BN,
the distance between two BN sheets in our nanotubes ex
its a slight expansion of 6%. Loiseauet al.9 have also re-
ported a similar expansion in multiwall BN nanotubes sy
thesised by arc discharge. Moreover, the interplanar dista
in multiwall carbon nanotubes23,24 between their graphitic
sheets is enlarged with respect to that found in bulk graph
In addition, the lattice constanta is slightly smaller than the
corresponding value ofh-BN, though the corresponding dis
placement inq is smaller than the resolution of the spectrom
eter.

The core-level electronic structure can be examined
measuring the B1s and N1s excitation edges. Figure 2~a!
represents the B1s excitation spectrum of multiwall BN
nanotubes measured after annealing in vacuum~solid!, and a
near-edge x-ray-absorption fine structure~NEXAFS! B1s
reference spectrum~dashed! from polycrystalline h-BN.25

The B1s spectrum of the multiwall BN nanotubes exhibits
sharp peak at 192 eV due to the excitonic B1s→p* transi-
tion, which is only allowed for momentum transfers perpe
dicular to the BN sheets.26–28 The B1s→s* shows two
peaks at 198.2 and 199.5 eV, and a barely resolved w

FIG. 2. ~a! B1s and~b! N1s excitation spectra of BN nanotube
as measured by EELS~solid!. ~a! B1s and~b! N1s excitation spec-
tra of polycrystallineh-BN ~dashed! as measured using synchrotro
radiation~taken from Ref. 25!.
9-2
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ELECTRONIC STRUCTURE OF MULTIWALL BORON . . . PHYSICAL REVIEW B67, 035429 ~2003!
feature at 204 eV. The peak at 200.5 eV in theh-BN refer-
ence spectrum is clearly absent in the spectrum of
sample. Figure 2~b! represents the N1s excitation spectrum
of the multiwall BN nanotubes and the reference Ns
NEXAFS spectrum fromh-BN.25 The low-energyp* reso-
nance is observed at 401 eV in good agreement with
detected forh-BN.27,28 In addition, the broads* resonance
around 408 eV also resembles that observed forh-BN. As in
the case of the B1s spectra, the intensity of thep* resonance
relative to thes* resonance is larger as compared to
p* /s* ratio for the reference material.

B. Low energy-loss function

The dependence of the energy-loss function upon the
mentum transferq can provide a detailed view on the spat
extension of the electronic excitations, their multipolar ch
acter, and their dispersion.22,29The loss spectra of the multi
wall BN nanotubes are depicted in Fig. 3 as a function of
momentum transferq. They are dominated by a strong co
lective excitation around 23.2 eV involving allp ands va-
lence electrons and a shoulder at;17 eV associated to th
onset of the N2s excitation threshold according to differen
band-structure calculations.26,30 A double-peak feature ap
pears at 6.7 and 7.7 eV in the loss spectra related top-p*
electronic interband transitions. Both features exhibit a s
nificant dispersion asq increases, as indicated by the dash
lines in Fig. 3. A nondispersive double peak centred at 11
12 eV can also be observed for 0.1,q,0.3 Å21, decreasing

FIG. 3. Loss spectra of the multiwall BN nanotubes betwee
and 15 eV as a function of the momentum transferq, as measured
by EELS. Inset: full energy range between 0 and 30 eV.
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in intensity for higher values ofq suggesting that they origi
nate from dipole-allowed interband transitions.

The low energy-loss spectra can be better understoo
terms of the real and imaginary parts of the dielectric fun
tions,«1 and«2 , which can be obtained by a Kramers Kro
nig analysis~KKA ! of the measured loss spectra. For t
KKA we have determined the effective number of electro
per unit cell contributing to the loss function (Neff) at low q
using«1(0)54.7 from polycrystallineh-BN ~Ref. 31!, while
for higher q values we have maintainedNeff , i.e., the sum
rule, constant. Following this procedure,«1(0,q) decreases
progressively from«1(0)54.7 in the optical limit down to
«1(0)52.2 for q50.6 Å21, which is the expected behavio
upon q.32 Figure 4 shows the loss function~upper part!, «1
~dashed!, and«2 ~solid, bottom part! obtained from the KKA
of the loss function atq50.1 Å21. «2 exhibits an intense
excitation at 5.4 eV (v1) and a weaker feature at 6.8 e
(v2), both corresponding to electronic interband transitio
of p character leading to collective excitations at 6.6 and
eV, as evidenced by the two maxima in the loss function.
addition,«2 reveals a double feature centred at 11 eV (v3,4)
which is also reproduced in the loss function and a bro
oscillator at 14.7 eV (v5), which in bulkh-BN is associated
to electronics-s* ~Ref. 30! transitions.

The q dependence of the interband excitations can be
amined by comparing the imaginary part of the dielect
function «2 for different q. Figure 5 shows«2(v,q) for q
between 0.1,q,0.6 Å21. Furthermore, Fig. 6 displays th
energy positions of the electronic excitations~open symbols:
v12v5), and the position of thep ands1p plasmon~filled

2

FIG. 4. Loss function and«(v,q) of multiwall BN nanotubes
between 0,v,20 eV as derived from the Kramers Kronig anal
sis for q50.1 Å21. Arrows indicate the energy positions of th
excitationsv1 to v5 .
9-3
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FIG. 5. «2 of multiwall BN
nanotubes between 2,v,25 eV
as derived from the Kramers Kro
nig analysis of the loss function o
Fig. 3 for differentq.
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symbols! in the loss function as a function ofq. Figure 6
includes the energy positions of thep ands1p plasmons as
measured by Tarrioet al.33 in pyrolytic h-BN as a function of
momentum parallel to the basal planes~dashed lines!. It is
observed how the lowest energy excitationsv1 andv2 dis-
perse upwards in energy asq increases. In addition, th
strength of both excitations decreases sharply asq increases,

FIG. 6. Energy of the different excitations~open symbols! and
plasmons~filled symbols! as a function ofq, as derived from Fig. 5.
The plasmon energies as derived from Ref. 33 are also include
comparison~dashed lines!.
03542
as expected for transitions having electric dipolar charac
The momentum dispersion of these two excitations lead
the positive dispersion of thep plasmon in the loss function
which is also plotted in Fig. 6. The same behavior uponq is
also observed for thep plasmon inh-BN,33 which confirms
the similar electronic nature arising from the hexagonal sy
metry of the sheets along the tube axis. The upwards shi
the p plasmon asq increases has been also observed in c
bon based materials such as graphite,34 carbon
nanotubes,35–37 and concentric-shell fullerenes.38

The peaksv3,4, leading to features in the loss functio
centred at 11 eV, do not disperse in energy and decreas
strength indicating their dipole allowed character. T
equivalent excitation inh-BN appears as one broad peak ce
tred at 11.5 eV. Analogously, the oscillatorv5 arising from
s-s* ~Ref. 30! transitions disperses significantly to high
energies asq increases as expected for electronic transitio
between broad bands along the tube axis.

IV. DISCUSSION

Let us consider first the fine structure of the core-le
excitations B1s and N1s. The larger intensity of thep*
excitation at 192 eV in the B1s edge@see Fig. 2~a!# and at
401 in the N1s edge@see Fig. 2~b!# relative to that of thes*
states as compared to the samep* /s* ratio in h-BN is
somewhat surprising. In fact, a reduction of thep* /s* ratio
is observed in carbon nanotubes with respect to bulk gra
ite, which is interpreted as due to the appearance of so
sp3 hybridization of the C atoms owing to the curvature
the sheets. A similar enhancement of thep* /s* ratio in the
B1s and N1s edges of BN nanotubes was reported
Loiseauet al.9 We attribute this effect to the fact that th
nanotubes are oriented preferentially along the surface p
of the KBr crystal and therefore parallel to the surface of
copper grid, so that, for core-level measurements, where
momentum transfer is chosen perpendicular to the surfac

or
9-4
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ELECTRONIC STRUCTURE OF MULTIWALL BORON . . . PHYSICAL REVIEW B67, 035429 ~2003!
the copper grid, the contribution of the electronic transitio
to final states ofp* character which originate from the 2pz

orbitals perpendicular to the BN sheets is enhanced.
The position of the peakv1 in the boron nitride nanotube

is downward shifted by 0.6 eV with respect to the val
reported forh-BN ~Refs. 26, 30!, which can be explained in
terms of the curvature of the BN sheets. As mention
above, the analysis of the TEM pictures revealed an avera
inner diameter of the tubes of 3.160.8 nm. Thus we can
estimate the chirality indexn for zigzag (n,0) or for armchair
~n,n! nanotubes by using the equation d
5(a/p)A3(n1

21n2
21n1n2), whered is the inner tube diam-

eter and a is the in-plane lattice parameter. Usingd
53.1 nm we obtainn'20 for zigzag andn15n2'13 for
armchair nanotubes. Tight-binding calculations by Ru
et al.7 show that the band gap in BN nanotubes decrease
5% when the diameter of the BN sheets was lowered, bot
zigzag and armchair nanotubes, fromd;` down to d
'2 nm for zigzag andd'3.6 nm for armchair nanotubes
which corresponds to a chirality index ofn,15 respectively.
Rubio et al.7 suggested that the formation of somesp3 hy-
bridization as due to the curvature of the sheets caus
reduction of the ionicity of the bonding and a reduction
the band gap. More recently, Okadaet al.15 theoretically re-
ported a reduction of the band gap by 10% in double w
BN nanotubes of zigzag chirality~9, 0! with respect toh-BN
using the local-density approximation~LDA !. They also in-
terpreted that the appearance of somesp3 hybridization due
to the curvature of the BN sheets induces a different do
ward shift of thep andp* orbitals leading to a decrease
the band gap as the tube diameter decreases. Owing to
fact that we are measuring multiwall tubes of likely mixe
chirality and that the theoretical calculations consider sin
or double walled structures, the correlation between ba
gap reduction and the averaged diameter observed in
samples seems to be in reasonable agreement with the
reduction predicted by Rubioet al.7 and Okadaet al.15 A
decrease of the energy of thep-p* transitions has also bee
reported for concentric shell fullerenes,38 or more recently
for single wall carbon nanotubes SWCNT’s,39 as compared
to the value observed for graphite. In the case of
SWCNT’s, the energy of thep-p* transitions is found to
decrease from 3.14 eV for graphite down to 2.95 eV
SWCNT’s, ~i.e., 6%!. An alternative explanation of the
downward shift of the transitionv1 may arise from the en
largement of the BN unit cell, as observed by electron d
fraction, and hence from a reduction of the number of eff
tive electrons per volume unitneff contributing to the
screening of thee-h interaction. Although the position of th
s1p plasmon in h-BN is strongly dependent upon th
sample texture and the direction of the momentum trans
the interpretation above could be consistent with the
served reduction of the energy of this plasmon, i.e., fr
25.5 eV for h-BN ~Ref. 20! or 26.4 eV~pyrolityc h-BN,33

q'c) down to 23.2 eV in the case of our BN nanotube
Nevertheless, we have to note that, given the geometry o
nanotubes, the loss spectra measured here represent an
age along the two principal crystal directions~a,b! andc so
03542
s

d
ed

o
by
in

a
f

ll

-

the

e
d-
ur
ap

e

r

-
-

r,
-

.
he
ver-

that the exact position of thes1p plasmon along the nano
tube axis~a,b! is unknown due to the appearance of thes
1p plasmon along thec axis@23 eV in pyrolytich-BN ~Ref.
33!#.

Band structure calculations26,30of h-BN predict a momen-
tum dispersion for the electronic excitations betwe
p-derived bands along theL-M axis of the Brillouin zone,
which is in agreement with what we observe in our measu
ments. This result signals that the degree of delocalizatio
the electronic excitations along the BN nanotubes is due
the fact that they are dominated by the band structure of
BN sheets, which is also supported by the similar moment
dispersion of thep plasmon ofh-BN as reported by Tarrio
et al.33 However, a matter of discrepancy is observed wh
comparing the degree ofq dispersion of thes1p plasmon
of our BN nanotubes and theh-BN, which is larger in the
case of the BN nanotubes. Considering the similarities
tween lattice structure and chemical nature of both mater
one would expect the same overall behavior of bothp and
s1p plasmons uponq, as it was observed in other com
pounds like SWCNT’s ~Ref. 38! or concentric shell
fullerenes38 with respect to graphite. Furtherq-dependent
EELS studies of pyrolytic and polycrystallineh-BN may be
carried out in order to clarify these discrepancies.

The double peak feature located at 11 and 12 eV in
loss function~cf. Fig. 3! and in «2 stems from interband
transitions ofs-p character, in agreement to band-structu
calculations of h-BN reported by Xu et al.30 and with
q-orientation-dependent measurements33 of the loss function
in h-BN single crystals.«2 calculated by Xuet al.30 for dif-
ferent q orientations inh-BN (q' and qi to the c axis!
shows a good agreement in energy and shape with our re
in the region around 11.5 eV indicating the similarities b
tween the optical response of the multiwall BN nanotub
andh-BN. The energy, width, and strength of the excitati
v5 (s-s* transitions! are also well reproduced in the calcu
lations by Xuet al.30 and these are in good agreement w
that reported by Terauchiet al.20 in multiwall BN nanotubes.

V. CONCLUSIONS

In summary, we have presented electronic structure s
ies of multiwall BN nanotubes as obtained by a substitut
reaction from SWCNT templates. TEM images and B1s and
N1s excitation edges of the grown material reveal the pr
ence of multiwall BN nanotubes with an inner diameter
3.1 nm and with a larger interplanar distance than inh-BN.
The electronic properties of the multiwall BN nanotubes
derived from theq-dependent dielectric function«(v,q) are
dominated by the band structure of the hexagonal-like
sheets, as revealed by the large degree of momentum di
sion observed for thep and s1p plasmons, in agreemen
with that previously reported for different graphitic allotrop
forms. The electronics-s (v5) and s-p (v3,4) transitions
resemble very good the theoretical and experimental d
reported in the literature forh-BN, also confirming the simi-
larities between the band structures of BN nanotubes
h-BN.

We have observed an energy reduction of the lowest
ergy feature in the loss function of the BN nanotubes w
respect to that reported for bulkh-BN most likely due to the
decrease of the band gap caused by the curvature of
9-5
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G. G. FUENTESet al. PHYSICAL REVIEW B 67, 035429 ~2003!
sheets and the appearance of somesp3 hybridization. The
decrease ofneff as due to the reduction of the volume of th
unit cell can also contribute to the downward shift of th
feature. The observed reduction of the band gap agrees
sonably well with band-structure calculations of BN nan
tubes.
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351 4659 440; email address: g.fuentes@ifw-dresden.de
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