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ABSTRACT

As for carbon nanotubes, optical and vibrational spectroscopy - in particular Raman

and luminescence spectroscopy - play an important role for the characterization of BN nan-

otubes. In this chapter we review, from a theoretical view point, the different spectroscopic

techniques that are currently used for BN-nanotubes and make a close link with available

experimental data. We summarize experimental and theoretical data on optical absorption

spectroscopy, luminescence spectroscopy, electron-energy loss spectroscopy, Raman spec-

troscopy and infrared absorption spectroscopy. The combination of all those methods allows

for a fairly complete characterization of the electronic structure and the vibrational proper-

ties of BN tubes. Possible applications in optoelectronic devices are briefly discussed.

INTRODUCTION

Boron nitride (BN) is isoelectronic to carbon and displays, among others, a graphite-like

hexagonal phase (h-BN). The elastic constants are very similar (although smaller), but the

polar nature of the BN bond leads to significant changes in the electronic structure of h-BN

as compared to graphite. While graphite is a semimetal (zero bandgap in the single sheet),

h-BN has a large bandgap (above 6 eV). Furthermore, its high thermal stability and relative

chemical inertness distinguishes it from its carbon counterpart. Together with graphite and

BN the lesser known BC3, BC2N and CN (C3N4) also crystallize into graphitic-sheet like

structures. Whereas the single BN sheet is a wide band-gap semiconductor the less ionic

BC3 and BC2N are small and medium gap semiconductors, respectively, with envisaged

potential new applications.

Briefly after the discovery of carbon nanotubes and based on the similarities among

graphite and other sp2-like bonded materials, the existence of Boron-Nitride [1] and boron-

carbon-nitrogen nanotubes was predicted[2–4]. Specific synthesis of these nanotubes was
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achieved afterwards: boron-nitride in Refs. [5], and BC2N and BC3 in Refs. [6, 7] as well as

other inorganic tubular forms. The growth of the composite nanotubes is still an open ques-

tion and deserves more theoretical as well as experimental studies. The predicted properties

of this tubules are quite different from those of carbon with numerous possible technological

applications in the fields of catalysis, lubrication, electronic and photonic devices.

In contrast to C-nanotubes which can be either semiconducting or metallic, depending

on the chirality of the tube, BN-nanotubes are always semiconducting with a large band

gap, that is nearly independent of the tube diameter, chirality and whether the nanotube

is single-walled, multi-walled, or packed in bundles [1, 2]. A structural difference between

BN and C tubes is that for tubes with small diameter, the BN system buckles with the B

atoms moving inward and the N atoms outward [2]. This results in a dipolar double cylinder

shell structure. The uniform electronic properties and the dipolar barrier suggest that BN

nanotubes may have significant advantages for applications in electronic and mechanical

devices. Furthermore, the bottom of the conduction band is a nearly free electron like-state

(NFE). This state remains the bottom of the conduction band even in the multiwall case

and, in the case of n-type doping, will play an important role for potential applications in

field emission devices and molecular transport.

Several spectroscopic methods are commonly used for the identification and character-

ization of BN nanotube samples. High-resolution transmission electron (HRTEM) allows

for a quick view at the scene with almost atomic resolution. Scanning tunneling mi-

croscopy/spectroscopy (STM/STS) allow to get atomic resolution and to map the electronic

structure to the underlying nanotube geometry. In optical spectroscopy, using laser light, the

spatial resolution is lost. However, alternative information about the band structure and the

vibrational properties of the constituents can be gained. Optical absorption spectroscopy

probes the electronic band structure by direct excitation of an electron from the valence to

the conduction band. Since BN tubes have a wide bandgap, either multiphoton processes or

UV light are necessary for this process to occur in BN nanotubes. The detailed knowledge of

the optical properties of BN tubes is indispensable for their characterization and may help

to guide their use as nanoelectronic devices: e.g, BN nanotubes have been used to build a

field effect transistor [8] and the observed high yield of ultraviolet luminescence[9] of bulk

hexagonal BN suggest to use of BN nanotubes as ultraviolet light sources. Therefore, it is

important to know about possible excitonic states whose importance has been shown for the
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opto-electronic properties of carbon nanotubes.

At lower energy, infrared (IR) absorption probes the direct excitation of phonons. Raman

spectroscopy probes the excitation of phonons by measuring the frequency shift in elastically

scattered laser light. In contrast to carbon nanotubes, in BN tubes the Raman scattering

is non-resonant due to the large bandgap of the tubes. The resulting spectra are, therefore,

weaker in intensity and must be carefully separated from a possible overlap by resonant

Raman scattering from contaminants. On the other hand, the efficiency of IR-absorption is

enhanced by the polarity of the material and gives rise to a much more pronounced IR spec-

trum than in the case of carbon tubes where the IR spectra have very little structure and

can hardly be distinguished from the IR spectrum of graphite It is then expected that a com-

bination of optical, Raman and IR spectroscopy will be important for the characterization

of BN tubes such as it is already in the case of C tubes.

For the interpretation of such spectra, an accurate knowledge of the phonon frequencies as

a function of tube diameter and chirality together with the corresponding photoabsorption

cross-section is indispensable. Therefore, we present in detail the calculations of phonons

in BN nanotubes and their symmetry analysis. For zigzag and chiral nanotubes, the set

of infrared-active modes is a subset of the Raman-active modes. In particular, the radial

breathing mode is not only Raman but also infrared active. However, for armchair tubes,

the sets of infrared- and Raman-active modes are disjoint.

This chapter is organized as follows. First we provide a detailed description of the ab-

sorption spectra of bulk hexagonal BN and the tubes, making a connection between the

two and highlighting the relevance of many-body correlations (quasiparticle and excitonic

corrections). Then we will address some important issues related to the high yield lumines-

cence in BN samples and how it can be externally controlled and modified by the presence

of intrinsic defects in the samples. Furthermore we will discuss the excitation of plasmons

in electron-energy loss spectroscopy. The second part of the chapter will be devoted to the

phonons and the infrared and Raman spectroscopy of BN tubes.

OPTICAL ABSORPTION SPECTRA OF BN NANOTUBES

Due to the large band gap of hBN (> 6 eV), optical absorption only starts in the ultravi-

olet regime. Thus, optical absorption spectra of BN tubes are difficult to measure and may
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not be the method of choice for the characterization of tubes. However, their understanding

on a theoretical level is of utmost importance as a first step towards the understanding

of luminescence in BN tubes. Furthermore, we will see that the absorption spectra are

conceptually interesting because they are dominated by one strongly bound exciton.

Absorption spectra in the independent-particle picture

The absorption cross section of an isolated nanotube is given by the imaginary part of

its polarizability (per unit length). To first order, absorption of a photon of energy ~ω is

commonly explained through the vertical excitation of an electron from a state |nv, k > with

energy Ev in the valence-band to a conduction-band state |nc, k > of energy Ec:

Im[α(ω)] ∝
∫

dk
∑

nvnc

|〈nv, k|D|nc, k〉|2 δ(Ec − Ev − ~ω). (0.1)

The matrix element of the dipole operator D “selects” only certain “allowed” transitions.

Since the photon carries vanishing momentum, both valence and conduction band states

must have the same wave vector k. Eq. (0.1) corresponds to the so-called random-phase

approximation (RPA). It is also called the “one-electron” or “independent-particle” picture

of absorption. The latter name stems from the assumption that the Coulomb potential in

which the active electron is moving and which is caused by the charge density of all other

electrons is static and independent of the state of the active electron. While this assumption

is reasonable for many materials, we will see below that it has serious deficiencies for hBN

and BN nanotubes. Nevertheless, it is instructive to start the exploration of the absorption

spectra of BN nanotubes in the independent-particle picture.

The electronic structure of BN nanotubes can be constructed from the electronic structure

of the single sheet via the zone-folding procedure (see below). Therefore, we present in

Fig. 1 the band-structure of an hBN sheet and of a (6,6) armchair BN-nanotube. The band-

structure of the sheet is characterized by the large direct gap at the K-point. [102] According

to the zone-folding procedure, the band-structure of the tube can be obtained by cutting

the band-dispersion of the sheet along certain parallel lines in the reciprocal space (vertical

black lines in the grey-shaded area of Fig. 1 c). The distance of the lines is determined

by the quantization of the wave-vector component K⊥ along the tube circumference. The

different lines correspond to different angular momenta (quantum number m) along the axis
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of the tube. Comparing the band-structure of the sheet to that of the tube, we see that the

highest valence band and the lowest conduction band of the tube can be directly obtained

from the π and π∗ bands of the sheet along the line M → K and beyond (see red line in

panel c). The wave-functions of the π and π∗ bands are predominantly composed of atomic

pz orbitals (i.e., p orbitals with an orientation perpendicular to the plane). We show in Fig. 2

the corresponding wave-functions for the sheet at the point K. The π-band wavefunction

is predominantly located at the nitrogen atoms and the π∗-band wavefunction is mostly

located at the boron atoms. This is due to the higher electronegativity of nitrogen. It is the

strong difference in electronegativity between B and N that leads to the large band-gap. (In

a graphene sheet, where both atoms in the unit-cell are equivalent, The π and π∗ bands are

degenerate at K, leading to the linear crossing of the two bands.)

In order to understand how an absorption spectrum is constructed via Eq. (0.1), we look

in the following at the RPA-spectrum of a single sheet of hBN and of the (6,6) nanotube.

Fig. 3 shows the RPA-absorption spectrum of the sheet. In the low energy regime (< 10

eV) and for for light-polarization parallel to the sheet (panel a), the dipole-matrix element

in Eq. (0.1) only selects transition from the π to the π∗ band (green arrows in Fig. 1). The

onset of the spectrum is at 4.5 eV which corresponds to the direct gap of the sheet at K.

The peak at 5.7 eV stems from the M -point where the π and π∗ bands display saddle-points

and the joint density of states has a maximum. If the light is polarized perpendicularly to

the sheet (Fig. 3 b), the π-π∗ transitions are dipole-forbidden. Optical absorption is due

to σ-π∗ and π-σ∗ transitions and the onset of the RPA-spectrum is only at about 10 eV.

Fig. 3 also demonstrates the effect of depolarization. The dashed line shows the spectrum

calculated with Eq. (0.1). The external field polarizes the charge distribution of the sheet,

creating a layer of dipoles. This dipole layer, in turn, leads to an induced electric field

that is directed opposite to the external field. The absorption spectrum must therefore be

calculated self-consistently. (Mathematically, this corresponds to taking into account off-

diagonal elements of the dielectric tensor in reciprocal space). The resulting spectrum (solid

line in Fig. 3) is strongly reduced in oscillator strength in the energy range below 15 eV. For

the parallel polarization (Fig. 3 a), the depolarization effects have only a minor influence.

The direction-averaged spectra (Fig. 3 c) is dominated by the contribution from the parallel

polarization.

In Fig. 4 a) we present the RPA spectra of bulk hBN, of the single-sheet of hBN and
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of different BN nanotubes with diameters ranging from 2.8 Å (for the purely hypothetical

BN(2,2) tube) to 9.7 Å (for the BN(7,7) tube) which is at the lower border of the range

of experimentally produced tubes. The light polarization is set parallel to the planes or

tube-axis, respectively, because, as discussed above, depolarization effects strongly suppress

the absorption in the perpendicular direction. For the bulk and for the single-sheet the

spectra are almost indistinguishable. This is due to the relatively weak interaction between

neighboring sheets in the bulk phase.

Since the bands of the tubes can be constructed from the sheet via the zone-folding pro-

cedure, the RPA spectra of the tubes display transitions at the same energies as in the sheet.

With increasing diameter, the shape of the tube spectra converges rapidly towards the sheet

spectrum, in particular if plotted with a Lorentzian broadening of 0.1 eV (corresponding

roughly to usual experimental broadening). A calculation with a fine broadening of 0.025

eV (and a correspondingly fine sampling with 200 k-points in the first Brillouin zone), reveals

additional fine-structure below 5.5 eV. This structure is due to the van-Hove singularities

in the one-dimensional density of states. For tubes with larger radii, the density of the fine-

structure peaks increases and the RPA spectrum approaches that of the 2D sheet. The onset

of absorption is constantly at 4.7±0.1 eV for all tubes except for the (2,2) and the (6,0) tube

(and other small diameter zigzag tubes) where the gap is lowered due to curvature effects

[1, 10]. A very detailed discussion of the RPA absorption spectra can be found in Ref. 10.

We would like to emphasize however, that for BN materials, the RPA-absorption spectra are

of purely academic interest. We will discuss below that correlation effects strongly modify

the shape of the spectra (i.e. position and strength of the main peak-structure and onset of

the continuum).

Influence of correlation effects on the absorption spectra

What is the practical meaning of “correlation effects” in the context of optical absorption?

A photon is absorbed by exciting an electron from the valence band to the conduction band.

For a quantitative prediction of the spectrum, we thus need to know the exact size of the

band-gap. Furthermore, we have to take into account that the excited electron may interact

with the hole that is left behind in the valence band. These studies are done using many-

body perturbation theory with a self-energy formalism in which electron-correlations are
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treated on the level of the GW approximation while the electron-hole attraction is dealt

with by means of a static Bethe-Salpeter equation.

The band gap problem

The band-gap is defined as the energy difference between the lowest unoccupied molecu-

lar orbital (LUMO) and the highest occupied molecular orbital (HOMO). The energy of the

HOMO is the energy that it would take to extract an electron from that orbital. Experi-

mentally, the HOMO energy can be directly measured by photoemission spectroscopy. The

energy of the LUMO is the energy that one gains (or looses) by adding an electron to the neu-

tral cluster. Experimentally, the LUMO energy can be measured by inverse photo-emission

(an electron-beam is directed at a surface and the energy of the emitted photons is mea-

sured). For strongly insulating materials both photo-emission and inverse photo-emission

are very difficult to perform (the accuracy in direct photoemission, reaching meV resolution,

is at present much larger than for inverse photoemission). Hence, for bulk hBN (and equally

for the single-sheet and for the tubes), no direct experimental data for the band-gap exists

and we have to rely on theoretical predictions.

The situation for theorists is similarly difficult. We discuss here briefly the performance

of the two most frequently used methods for band-structure calculations: the Hartree-Fock

approximation (HFA) and density functional theory (DFT). Let’s assume that in both ap-

proximations, the HOMO energy is described properly. The problem lies then in the LUMO

energy. If an additional electron is attached to the material, it interacts with the other

electrons through the dielectrically screened electron-electron repulsion which leads to a po-

larization of the environment. This is a correlation effect and lowers the energy of the LUMO

with respect to an imaginary system where correlation effects are absent. In the HFA, corre-

lation effects are not included (the electron density is the static charge density of the neutral

ground-state). Therefore, in general, the HFA severely overestimates the band-gap. DFT in

the local-density approximation (LDA) or in the generalized-gradient approximation (GGA)

[11] tends to overestimate the screening of additional electrons. This results, in general, in an

underestimation of the band-gap. In this way, we obtain for the single sheet of hBN a gap of

4.5 eV in LDA, 4.6 eV in GGA and 14 eV within the HFA! The real band-gap must lie within

these limiting values. Using more sophisticated exchange-correlation functionals in DFT,
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one can get closer to the exact band-gap. With the B3LYP hybrid functional [12], we obtain

6.4 eV. Baumeier et al.[13] report a value of 6.3 eV, using a self-interaction corrected DFT

approach. A reliable calculation of the gap can only be achieved taking electron-electron

correlation explicitly into account. This is achieved in the so-called GW-approximation

which will be briefly discussed below. In the GW approximation, the band-gap of the single

hBN sheet is 8.1 eV [14].

The only exact way to calculate the band-gap of a material consists in the use of the meth-

ods of many-body perturbation theory. Starting from either HFA or DFT wave-functions

and energies, the first step is the calculation of the inverse dielectric function ǫ−1 on the

level of the random-phase approximation. The dielectric function describes how the bare

Coulomb-potential Vc between two electrons is screened by the other charges in the material.

Within the GW-approximation [15–18], the quasi-particle energies (single-particle excitation

energies), Enk, are calculated by solving the quasi-particle equation (atomic units are used

all through this chapter unless otherwise stated)

[

−∇2

2
+ Vext + VHartree + Σ(Enk)

]

ψnk = Enkψnk. (0.2)

The self-energy Σ = iGW is non-local and energy-dependent. It is approximated as the prod-

uct of the one-particle Green’s function G and the dynamically screened Coulomb interaction

W = ǫ−1Vc. The resulting energy levels are “true” electron-removal and electron-addition

energies, i.e., they include the effect of dynamic screening upon removing an electron from

the valence band or adding one to the conduction band, respectively.

In Fig. 5, we show the effect of the GW-approximation on the band-structure of bulk

hBN [19, 20]. Note that with respect to the band-structure of the single-sheet (see Fig. 1),

in bulk hBN, the π and π∗ bands are split into two bands each. (This is a consequence of the

AA’-stacking of the layers in the bulk.) The minimum direct gap of 4.47 eV in LDA is shifted

to 6.26 eV in the GW approximation. The large shift points to a strong electron-electron

interaction which can be associated with the layered structure of hBN: electrons are mostly

confined to 2-dimensional sheets, hopping between the layers is weak. For the single-sheet,

the gap opening is even stronger: from 4.5 eV in LDA to 8.1 in the GW-approximation! This

huge GW-shift is due to (i) the fact that electrons are strictly confined to a two-dimensional

sheet and (ii) due to the much weaker screening in the isolated sheet as compared to the

bulk crystal.
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Excitonic effects

In addition to electron-electron (e-e) interaction, the electron-hole (e-h) interaction can

play an important role for the quantitative description of absorption spectra. The excited

electron in the conduction band and the hole left behind in the valence band interact through

an attractive Coulomb potential. As in the case of e-e interaction, the attractive e-h potential

is screened through the inverse dielectric function. In many large band-gap materials, the

e-h attraction leads to the formation of bound excitons, i.e. discrete states in the band-gap.

On a qualitative level, bound excitons can be compared with bound states of the hydrogen

atom. In analogy to the hydrogen atom, the Hamiltonian of the exciton can be written as

Hexc(r) =
p2

2µ∗
− e2

ǫr
, (0.3)

where r is the electron-hole distance and µ∗ is the reduced effective mass which is the

average of the electron and hole effective masses: µ∗ = (m∗
em

∗
h)/(m

∗
e + m∗

h). As in the case

of hydrogen, the eigenvalues form a Rydberg series of bound states with energies

Eexc
n = Ec −

1

2n2

µ∗e4

2ǫ2~2
, (0.4)

where Ec is the minimum of the conduction band. The “Bohr radius” of the lowest bound

exciton is

aexc
0

=
~

2ǫ

µ∗e2
. (0.5)

For typical semiconductors, the dielectric constant is of the order of 10 and the reduced

effective mass is smaller than half the free electron mass. This leads to typical excitonic

binding energies of several tens of meV and to Bohr radii that are large compared to the

inter-atomic distance in the lattice. In the excitonic state, the electron is on the average

quite far from the hole from where it was excited. This justifies the use of the average

dielectric constant in Eq. (0.3). If the dielectric constant is small (ǫ → 1), i.e., if dielectric

screening is weak, the excitonic radius shrinks to the order of the lattice constant and the

binding energy can attain several hundred meV. In this case, however, the use of the simple

excitonic Hamiltonian (Eq. (0.3)) is no longer justified.

A precise calculation of the exciton energies has to take into account the band structure of

the material (going beyond the simple effective mass approach of Eq. (0.3)). Furthermore,

the non-locality of the screening has to be taken into account. This is achieved by the
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Bethe-Salpeter equation [17, 21, 22]:

(Eck − Evk)A
S
vck + Σk′v′c′ 〈vck|Keh|v′c′k′〉AS

v′c′k′ = ΩSAS
vck. (0.6)

Here, the excitons are expressed in the basis of electron-hole pairs (i.e., vertical excitations

at a given k-point from a state in the valence band with quasi-particle energy Evk to a

conduction-band state with energy Eck. The AS
vck are the expansion coefficients of the

excitons in the electron-hole basis and the ΩS are the eigenenergies (corresponding to the

possible excitation energies of the system). If the interaction kernel Keh is absent, Eq. (0.6)

simply yields ΩS = (Eck−Evk), i.e., the excitations of the system correspond to independent

electron-hole pairs. The interaction kernel Keh “mixes” different electron transitions from

valence band states v, v′ to conduction band states c, c′ leading to modified transition energies

Ωs. It is defined by

〈

vck|Keh|v′c′k′
〉

=

∫

dr

∫

dr′φ∗
ck(r)φvk(r)

2

|r − r′|φc′k′(r′)φ∗
v′k′(r′)

−
∫

dr

∫

dr′φ∗
ck(r)φc′k′(r)

∫

dr1ǫ
−1(r, r1)

1

|r
1
− r′|φvk(r

′)φ∗
v′k′(r′).(0.7)

The second term on the RHS of Eq. (0.7) represents the screened Coulomb interaction

between electrons and holes. The first term is the (unscreened) exchange interaction. The

overall effect of the interaction kernel on the optical absorption spectrum is a redistribution

of oscillator strength as well as the appearance of bound excitons within the band-gap.

Absorption spectrum of bulk hBN

Before we discuss the influence of e-e and e-h interaction onto the spectra of the tubes, we

turn our attention to the absorption spectrum of bulk hBN for two reasons: (i) bulk hBN

is the precursor material for the fabrication of BN nanotubes and spectroscopic methods

should thus be able to distinguish tubes and bulk; (ii) for bulk hBN, sufficient experimental

data exists to judge the validity of the combined approach of GW for the e-e interaction

and the Bethe-Salpeter Equation for the e-h correlation (in the following abbreviated by

GW+BS).

Results for the energy-dependent dielectric function of hBN (light polarization paral-

lel to the layers) are shown in Fig. 6 a) and compared with the experimental data from

electron-energy loss spectroscopy (EELS) [23] in panel b). The dash-dotted line shows the
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RPA absorption spectrum which is in agreement with earlier RPA calculations [10, 24–26].

The broad peak with a maximum at 5.6 eV is entirely due to the continuum of inter-band

transitions between the π and π∗ bands (see Fig. 5). The calculated GW+BS absorption

spectrum displays a double peak structure with the main peak at 5.7 eV and a second peak

at 6.4 eV. The shape of the spectrum is entirely different from the RPA spectrum: the first

peak is due to a strongly bound exciton [20], and the second peak contains contributions

from higher excitons and from the onset of the continuum of inter-band transitions (see

below). The similarity between the RPA and GW+BS spectra stems exclusively from the

strong broadening employed in the calculation. The main peaks in the two spectra are at

about the same position because of an almost-cancellation between the bandgap widening

due to the GW-approximation and the red-shift of oscillator strength due to excitonic effects.

Comparison with Fig. 6 b) shows that the shape of the GW+BS spectrum is in much better

agreement with experiment than the RPA spectrum. This underlines the importance of exci-

tonic effects in hBN. The influence of excitonic effects becomes even more pronounced when

we compare the real part of ǫ. Only the GW+BS calculation can reproduce qualitatively

the shape of the experimental ǫ1.

The excitonic nature of the absorption spectrum becomes clear if plotted with a very small

broadening as in Fig. 7. The dominant first peak at 5.7 eV in the theoretical absorption

spectrum is clearly a discrete bound exciton. Its huge binding energy of 0.7 eV was explained

by Arnaud et al. [20] as due to the fact that the excitonic wave-function is mostly confined

within one layer. In the pure 2D limit, the binding energy of a hydrogenic system is increased

by a factor of four compared to the 3D case [27]. Even if the exciton confinement to one layer

in bulk hBN is not perfect, it leads to a considerable enhancement of the exciton binding

energy with respect to non-layered materials. In the inset c) of Fig. 7, we show an image

of the excitonic wave-function [28]. Since only the relative position between electron and

hole can be shown, we choose the position of the hole at a small distance above one of the

nitrogen atoms. (The hole is localized there with a high likelihood, because the HOMO

stems from a superposition of nitrogen pz orbitals, as shown in Fig. 2). The wave-function

plot thus represents the probability density to find the excited electron if the hole is at a

given position. Clearly, the probability is enhanced around the boron atoms (the LUMO

being a superposition of boron pz orbitals). Furthermore, the probability density is confined

to within a few atomic distances. According to the hydrogenic exciton model (Eqs. (0.4)
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and (0.5)), the strong confinement of the exciton is linked to a strong binding energy.

Not all excited states that are obtained with the Bethe-Salpeter equation are optically

active. We indicate in Fig. 7 that about 90 meV below the dominant excitonic peak, there

is a “dark” bound exciton. This exciton cannot be directly excited through absorption of a

photon, but it may play a role in luminescence. Both the dark and the bright exciton are

doubly degenerate states. The electron densities of each of the two states that contribute to

the bright exciton are not rotationally symmetric Fig. 7 a) and b), but adding the densities

of the two states, we recover the expected three-fold rotation symmetry Fig. 7 c). If the

symmetry of the perfect crystal is broken, the degeneracy of the excitons is lifted and the

dark exciton acquires some oscillator strength [28, 29].

Fig. 7 shows calculations with two different GW+BS codes. Small differences in the

absolute position of the spectra (of the order of 0.1 eV) stem probably from the different

pseudopotentials used which plays a role for the GW-correction to the band gap.[103] Both

spectra have in common that they are about 0.3 eV too low in comparison with the various

experimental data [23, 34, 35]. One reason for this (small) mismatch may be that the GW-

approximation is only the first-order correction to the band gap. Higher-order corrections

may enlarge the theoretical band-gap even further and thus blue-shift the spectrum. Another

explanation is the effect of phonon-renormalization on the absorption spectrum. Theoretical

calculations are usually performed at zero temperature. Only recently, the first ab-initio

calculations of excitonic effects including the exciton-phonon coupling were achieved [36].

This allowed to calculate absorption spectra at finite temperature. For bulk hBN at room

temperature the dominant excitonic peak has been shown to be at 5.98 eV, in excellent

agreement with the experimental data [23, 34, 35].

Absorption spectrum of BN-tubes

After the discovery of carbon nanotubes in 1991, for several years, the optical spectra

were only discussed in the independent-particle picture. In 1997, the presence of excitons in

carbon tubes was predicted by Ando [37]. Since GW+BS calculations are quite expensive

and since the unit-cell of nanotubes comprises more than 20 atoms, it was only in 2004 that

the first ab-initio excitonic spectra of carbon tubes were published [38–40]. The excitonic

nature of the spectra was confirmed in numerous experiments, e.g., Refs. 41, 42.
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Since BNNTs have a much larger band-gap than semiconducting CNTs, it can be ex-

pected that excitonic effects are even more pronounced than in CNTs. This has been indeed

confirmed by GW+BS calculations [14, 43]. Due to the lower dimensionality (and due to

lower screening of the e-e interaction), both in the single-sheet and in isolated BN nanotubes,

the GW-band gap correction (with respect to the DFT-LDA band structure) is strongly en-

hanced compared to bulk hBN: 3.6 eV for the single sheet [14] and 3.25 eV for the (8,0)

tube [43] as compared to 1.8 eV for bulk hBN.

Fig. 8 shows the absorption spectrum of the BN (8,0) tube with and without e-h interac-

tion (in both cases, GW-corrections to the band-gap are included). Without e-h interaction,

the continuum of band-to-band transitions would start above 8 eV. A strong excitonic bind-

ing energy of 2.3 eV leads, however, to a first absorption peak at 5.72 eV. As in the case of

bulk hBN, the first absorption peak comprises most of the oscillator strength of the entire

absorption spectrum.

The wave-function of the 5.72 eV exciton is displayed in Fig. 9 (a)-(c) and compared to

the wave-function of the lowest bright exciton in an (8,0) carbon nanotube (panels (d)-(f)).

The hole is located above a chosen N (C) atom on one side of the tube. While the exciton in

the carbon tube is nevertheless delocalized around the whole tube circumference, the exciton

in the BN tube is localized on the side where the hole is located. Also along the tube axis,

the exciton in the BN tube is much more localized then the one in the carbon tube. This is

in line with the much higher excitonic binding energy in BN tubes than in C tubes.

Fig. 10 presents the excitonic absorption spectra for the same series of BN nanotubes as

in Fig. 4. We compare with the spectra of the single sheet and of bulk hBN. With increasing

diameter, the shape of the tube spectra converges rapidly towards the sheet spectrum which

in turn is not very different from the spectrum of the bulk. The rapid convergence as a

function of tube diameter towards the sheet spectrum can be understood from Fig. 9. Since

the exciton is not delocalized around the circumference but localized within a few nearest

neighbors’ distance, it “sees” a locally flat environment and behaves thus as an exciton in

the flat sheet. We note that there is a chirality dependence of the optical spectra but it is

only visible for the smallest diameter tubes. The spectra of the armchair tubes converge

much faster to the 2D case than the ones of the zig-zag tubes.

Many-body effects in carbon nanotubes have been found to be quite different [38, 40]:

binding energies and quasiparticle shifts are much smaller, and the extension of the excitonic
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wave-function (several nm) is larger than the typical tube circumference. Thus, excitonic

binding energies strongly vary with the diameter. Excitons in carbon nanotubes are one-

dimensional objects, i.e. squeezed in the circumferential direction.

The strongly localized nature of the exciton in BN structures makes the appearance of one-

dimensional confinement effects very restricted to small diameter tubes, i.e, tubes for which

the extension of the excitonic wavefunction is comparable to the nanotube circumference.

As the experimental tubes have diameters around 1.4 nm, the 1D-nature of the tubes cannot

be observed and only the 2D nature of the local exciton environment (tube surface) controls

the optical activity.

We remark that dimensionality effects in the electronic properties of BN nanostructures

would be more visible in other spectroscopic measurements such as photoemission spec-

troscopy, where we mainly map the quasiparticle spectra, and this (as the exciton binding

itself) is sensitive to the change in screening going from the tube to the sheet to bulk hexag-

onal BN. In particular the quasi-particle band-gap will vary strongly with dimensionality

(opening as dimensionality reduces) as well as the onset of continuum excitations that also

increases with dimensionality, and for the case of BN tubes it approaches the value for a

sheet as the tube diameter increases from above (see Fig. 10).

LUMINESCENCE SPECTROSCOPY

Recently, the observed high luminescence yield in bulk hBN crystals [9, 45] has raised

the interest in BN compounds as potential candidates for UV light-emitting materials. The

main luminescence peak (for very pure hBN crystals) was measured at 215 nm (5.77 eV) [9].

It is ascribed to the radiative decay of the lowest lying exciton. In the electronic structure

community, this exciton is called a “bound exciton” because it corresponds to an electron

that is “bound” to a hole in the valence band. Thus the energy of this state lies below the

range of “free” conduction band electrons (see the discussion on optical absorption above).

In contrast, the luminescence spectroscopy community tends to call this exciton a “free

exciton” because it is independent of structural defects of the material. For the remainder

of this section, we we will use the notation of the luminescence spectroscopy.

In comparison to the main absorption peak which is located between 6 and 6.1 eV [23,

34, 35], the luminescence peak experiences a strong Stokes shift towards lower energy. We
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note, however, that recent photo luminescence excitation (PLE) spectra (i.e., measuring the

luminescence intensity as a function of the exciting laser energy) locate the absorption peak

corresponding to the “free” exciton rather at 5.81 eV [44]. This yields only a very small

Stokes shift of the luminescence peak (5.77 eV).

At low temperature (< 100K), additional luminescence peaks at 220 nm (5.64 eV) and

227 nm (5.46 eV) have been observed [9, 46] (see Fig. 11). Jaffrennou et al. found that

luminescence at the latter two wave-lengths occurs at the grain boundaries and around

dislocations. They ascribed the two peaks to excitons that are bound to structural defects

and thus have a higher binding energy than the free exciton (and thus a lower position in

the luminescence spectrum). At very low temperature (8 K), Museur and Kanaev [44] found

an additional “bound” exciton line at 5.56 eV and a line at 5.3 eV that they ascribed to a

transition between filled acceptor and donor states.

Luminescence peaks in hBN have also been observed in the energy region of 4 eV [44, 46–

49] (see Fig. 11). They have a much lower intensity than the high energy peaks and are

explained by the presence of deep level impurities, probably due to Carbon or Oxygen atoms.

Indeed, when hBN crystals were grown under ultra-clean conditions, the 4 eV energy band

disappeared from the luminescence spectra [50]. The main peak displays several phonon

replica on the low energy side. The proof that those peaks are really due to electron-phonon

coupling was given by Han et al.[49] who showed that the splitting between the peaks, i.e.,

the vibrational frequency, changes as a function of the Boron isotope. The nature of the

deep level impurity is not clear. However, calculations indicate the stability of Oxygen in

substitution for Nitrogen atoms [49]. Vacancies and other impurities as C, could give rise to

deep levels as well. The assignment of all the defect related peaks observed in luminescence

requires more detailed theoretical work. However, it seems that all luminescence features

observed below the main absorption peak are defect-mediated excitations, i.e., excitons

bound to structural defects or transitions from/to acceptor/donor levels.

Luminescence on multi-walled BNNT samples was observed by several groups. Wu et al.

[51] performed photoluminescence (PL) on multi-wall BN tubes. They only detected the

deep-level impurity peaks around 4 eV. The zero-phonon line at 4.02 eV was falsely ascribed

to the direct band gap. Other groups also detected the excitonic bands in the luminescence

of multi-walled BNNTs [49, 52–54]. Bound excitonic peak were observed at 5.49 and 5.34

eV [54], i.e., at somewhat lower energy than in bulk hBN (5.77 eV). This difference was
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tentatively explained in Refs. 53, 54: trapping of excitons on crystalline defects appears to

be a major phenomenon. In the tubes, dislocations and stacking faults along the walls may

lead to a stronger trapping of excitons than in hBN and to an absence of the “free-exciton

line” at 5.77 eV. The stronger trapping leads to slight red-shift of the bound excitonic lines

with respect to the corresponding lines in the PL spectra of bulk hBN.

From this discussion it is a logical next step trying to build lasing or opto-electronic

devices with BN nanotubes. In this respect, it is interesting to know if the optical prop-

erties can be tuned in a controlled way. It has been shown theoretically [55, 56] that the

band gap of BNNTs can be reduced by applying an electric field perpendicular to the tube

axis. This decrease of the gap is due to the Stark- Effect, i.e., the charge densities of the

top of the valence band and bottom of the conduction band become spatially separated on

opposite sides of the tube. Even though the gap is reduced considerably, the effect of an

electric field on the optical absorption spectrum was found to be less pronounced [56] (for

light polarization parallel to the tube axis which gives the dominant contribution to the

averaged light-scattering cross Section). This situation may, however, change for lumines-

cence spectra. Peaks around 4 eV in the luminescence spectra are related to defect levels

(possible candidates discussed above are vacancies, oxygen or carbon substitutions). As an

example, we have calculated the influence of the electric field on the acceptor level that is

due to the replacement of a nitrogen atom by a carbon atom. (The calculations have been

performed in a large supercell[56].) In Fig. 12 we show the density of states of the pure (9,9)

BNNT, calculated within DFT-LDA. Adding the carbon impurity in panel b) introduces an

impurity level at about 0.5 eV above the valence band edge. Depending on the orientation of

the carbon impurity with respect to the direction of the electric field, this impurity level can

move up or down with respect to the valence and conduction band edges (Fig.. 12 c and d).

Photoluminescence may involve transitions from the conduction band to the impurity level

and from the impurity level to the valence band. Defect mediated luminescence spectra may

thus be more sensitive to the influence of an electric field than the spectra of pure BNNTs

[56].
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PLASMONS AND ELECTRON-ENERGY LOSS SPECTROSCOPY

The loss function is calculated as the imaginary part of the inverse dielectric function,

Im{−1/ǫ(ω, q)}. The loss function of bulk hBN with wave-vector q parallel to the layers has

been measured with electron-energy loss spectroscopy (EELS) by Tarrio and Schnatterly

[23]. The spectrum for q → 0 displays two peaks, the so-called “π plasmon” at 8.7 eV and

the “π + σ plasmon” at 26.5 eV. The names indicate that the latter plasmon represents

the collective excitation mode of all the valence electrons in hBN while the first one is a

collective oscillation of the π electrons alone. The loss function of bulk hBN is quite well

reproduced if ǫ(ω, q) is calculated on the level of the random-phase approximation (RPA)

[10, 26].

The measured loss-function of bundled multi-wall BNNTs in the limit q → 0 displays the

same two plasmonic peaks as bulk hBN, however red-shifted by 0.6 eV [57]. The similarity

of the two spectra is expected, since the inner-radius of the multi-wall tubes was quite large

(3.1 nm). The origin of the 0.6 eV shift, was tentatively assigned [57] to the curvature

of the inner tubes. Indeed, calculations for small diameter BN tubes have demonstrated

a downshift of the “π” plasmon [10, 26]. Fuentes et al. [57] also presented data on the q

dispersion of the π plasmon which is similar to the dispersion in bulk hBN. For a detailed

discussion of the π-plasmon dispersion in single-walled BN tubes (using a simple two-band

tight-binding model), we refer the reader to Ref. [58].

The experiments of Fuentes et al. were performed on “bulk-like” samples of tubes. This

allowed for a momentum (q) resolution of the loss spectra. The opposite limit was reached

in the spatially resolved EELS measurements on isolated BN tubes [59]. For isolated tubes,

the “dielectric constant” ǫ (which is a bulk quantity) looses its meaning. Indeed, when a

fast electron beam passes (near or through) a nanotube, the EELS spectrum is proportional

to a weighted sum of multipolar polarizabilities αm(q) with weights decreasing rapidly as a

function of the azimuthal momentum m [60]. To a good approximation, the EELS spectra of

isolated BN nanotubes are proportional to Im(α0(q → 0)), i.e., to the optical polarizability.

In the “continuum dielectric theory” [61],

α0(ω) ∝ Im

{

− 1

ǫ⊥(ω, q → 0)
+ ǫ‖(ω, q → 0)

}

, (0.8)

where ǫ⊥ and ǫ(‖)) are, respectively, the components of the dielectric tensor perpendicular

and parallel to the layers. Since ǫ⊥ is strongly reduced through depolarization effects, the
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main contribution to the spatially resolved EELS of isolated BN tubes is thus given by

Im{ǫ‖(ω, q → 0)}. Therefore one can access the direct optical gap in EELS experiments,

in contrast to bulk materials where one needs to perform a Kramers-Kronig analysis of the

experimental data to extract the dielectric constant.

Indeed, the EELS data (see Fig. XXX in chapter 4) displays a lot of similarity with the

measured ǫ‖(ω) from optical absorption. Most importantly, the “optical gap” was shown to

remain almost constant as a function of tube diameter and as a function of the number of

tube walls [59]. Furthermore, it was measured to be almost the same as in bulk hBN. This

behavior can be understood from the calculations of ǫ‖(ω) presented above in Fig. 10. While

the quasi-particle band-gap of the tubes is strongly increased with respect to bulk hBN, the

optical-gap displays only minor changes. This is because the increased binding energy of

the dominant excitonic peaks almost cancels the increase in the quasi-particle gap as one

passes from bulk BN via the 2D single sheet to the 1D tubes.

PHONONS AND VIBRATIONAL SPECTROSCOPY

Raman and infrared (IR) spectroscopy in which phonons are excited by inelastic scattering

of light or light absorption, respectively, are convenient tools to investigate the composition

of macroscopic samples of nanotubes. Carbon nanotubes have been investigated extensively

through vibrational spectroscopy. Early Raman [62] and infrared [63] investigations were

performed on samples of multi-wall carbon nanotubes (MWNT’s) and showed signatures

close to those of graphite. However, after the production of single-wall nanotubes (SWNT’s)

in large quantities, resonant Raman spectroscopy turned into a very precise, highly diameter

selective identification tool [64]. Especially the low frequency Raman modes such as the

radial breathing mode (RBM) strongly depend on the tube diameter and facilitate thus the

characterization of tubes. The high frequency modes are only weakly diameter dependent,

but their intensity in the resonant Raman spectra strongly depends on the diameter through

the electronic excitation energy [65]. IR spectroscopy on single-wall carbon nanotubes [66]

shows only small differences when compared to IR data of graphite.

For BN nanotubes, the situation is quite different: The Raman intensities in the visible

light frequencies are weaker than for C nanotubes, since the Raman scattering (for lasers in

the visible light regime) is non-resonant due to the wide band gap. On the other hand, BN
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nanotubes are a polar material and show a much higher IR absorbance than C-nanotubes

[67]. It is expected, that the combination of Raman and IR spectroscopy will develop into a

standard characterization tool for BN-tubes such as it is already in the case of C-tubes. At

this stage it is very important to have a detailed knowledge of phonon frequencies in BN-

nanotubes and to understand the dependence on diameter and chirality, in order to guide

future experiments. We will give in the following a short description on how phonons are

calculated. The phonons of bulk hBN and BN nanotubes are presented and Raman and IR

active modes are analyzed. We present the calculation of non-resonant Raman intensities

and give an overview on the experimental results as compared to the theoretical predictions.

Phonon calculations

The phonons are obtained from the change in total energy as the atoms are displaced

from their equilibrium position. Mathematically, the phonon frequencies ω as a function of

the phonon wave-vector q are obtained as the solution of the secular equation

det

∣

∣

∣

∣

1√
MsMt

Cαβ
st (q) − ω2(q)

∣

∣

∣

∣

= 0. (0.9)

Ms and Mt denote the atomic masses of atoms s and t and the dynamical matrix is defined

as

Cαβ
st (q) =

∂2E

∂u∗α
s (q)∂uβ

t (q)
, (0.10)

where uα
s denotes the displacement of atom s in direction α. The second derivative of the

energy in Eq. (0.10) corresponds to the change of the force acting on atom t in direction β

with respect to a displacement of atom s in direction α:

Cαβ
st (q) =

∂

∂u∗α
s (q)

F β
t (q). (0.11)

Note the q dependence of the dynamical matrix and the displacements. In an explicit

calculation of the dynamical matrix by displacing each of the atoms of the unit cell into

all three directions, a periodic supercell has to be used which is commensurate with the

phonon wave length 2π/q. Fourier transform of the q-dependent dynamical matrix leads to

the real space force constant matrix Cαβ
st (R) where R denotes a vector connecting different

unit cells.
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A phonon calculation starts thus with a determination of the dynamical matrix in real

space or reciprocal space. For hBN and BN tubes, three different approaches have been

used: i.) In the force constant approach [68, 69], a reduced set of Cαβ
st (R) was fitted in order

to reproduce the experimental phonon dispersion relation [70]. ii.) The force constants were

obtained from total-energy calculations using a semi-empirical tight-binding approach [71].

iii.) Force constants were obtained from ab-initio total energy calculations [72, 73]. We will

first discuss the equilibrium geometry of nanotubes following from ab-initio calculations and

afterwards the resulting phonon dispersion and the Raman and IR active modes.

Equilibrium geometry

In the isolated sheet of hBN, ab-initio calculations on the level of DFT-LDA yield a

BN-bond length of 1.44 Å which is close to the literature value of 1.45 Å for bulk h-BN

[74]. In the tubes, the boron-nitrogen bonds display a buckling [2, 13, 72] with the Nitrogen

atoms moving slightly outwards and the Boron atoms moving slightly inwards (see inset

of Figure 13). This leads to the formation of a negative outer N-cylinder and a positive

inner B-cylinder. Figure 13 shows that the buckling distance between these two cylinders

is to a very good approximation inversely proportional to the tube diameter (except for the

tubes with very small diameters where the decrease is faster). The threefold coordinated

(and slightly positively charged) Boron atoms have the tendency to keep the planar sp2

bonding geometry with bond angles of 120◦ while the (slightly negatively charged) Nitrogen

atoms are more susceptible to an admixture of sp3 hybridization leading to smaller bond

angles [2]. With this hypothesis, a very simple explanation of the 1/r dependence can be

given. The inset of Fig. 13 shows a two-dimensional projection of the buckled geometry for

a (n, 0) zigzag tube. The nitrogen atoms are located at the corners of the polygon with

distance rN from the center. The boron atoms are accordingly placed at the midpoints of

the sides of the polygon. The angle θ is inversely proportional to n and thereby to the

tube radius r. Therefore, also the buckling distance is inversely proportional to the radius:

rN − rB = r − r cos θ ≈ r − r(1 − 1

2
θ2) ∝ 1/r. For smaller tube diameters (D < 7Å) the

strain energy due to the curvature of the tube (see Ref.[2]) becomes so large that the boron

atoms no longer keep their planar bonding geometry but also acquire an admixture of sp3

hybridization.
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Phonon dispersion relations

Bulk hBN

Detailed information on the phonons in BN tubes is up to date only available from

theoretical calculations. In order to check the predictive power of these, we compare first

the results of ab-initio calculations of the phonon dispersion relation of bulk hBN [76–78]

with available experimental data [78–81].

Hexagonal BN has a crystal structure with 4 atoms in the unit cell and space group

P63/mmc. Hence, the phonon dispersion relations show 12 different branches that can be

divided into the 2E1u+2A2u+2E2g+2B1g irreducible representations at the center of the Bril-

louin zone (Γ-point). The branches are usually classified in the following terms: longitudinal

optical (LO) and transverse optical (TO) denote the high frequency in plane optical modes

with vibration amplitude parallel/perpendicular to the phonon wave-vector, respectively.

Analogous terms are used for the in-plane acoustic (LA and TA) modes. ZA/ZO denote

the out-of-plane acoustic/optical modes. At the (Γ-point), the E1u (LO/TO) and A2u(ZO)

modes are infrared active, the E2g(TO/LO) are Raman active. The B1g (ZA and ZO) modes

cannot be observed, neither with Raman nor with infrared spectroscopy.

Fig. 14 shows the phonon dispersion, measured by inelastic x-ray scattering [78] along with

the Raman and IR data at Γ and compared with ab-initio calculations. The agreement is

very good and confirms the validity of ab-initio calculations for the phonons in hBN systems.

BN is a polar material. In the optical modes, the positive ions vibrate in opposition to the

negative ions which leads to a local time-dependent dipole moment. The resulting crystal

field gives rise to a splitting between the LO E1u and the TO E1u modes (Lyddanne-Sachs-

Teller relation [75]). In contrast, the E2g modes are doubly degenerate at Γ and the LO E2g

mode displays a strong overbending close to Γ.

The gap between the ZA and ZO modes at the K point, predicted by the theoretical

models, is well reproduced by the IXS data. Contrary to this, in the EELS (electron-energy

loss spectroscopy) measurements of Rokuta et al. [70] on a monolayer of h-BN deposited on

a Ni(111) substrate, an almost-degeneracy of ZA and ZO was found at K. This is caused by

the influence of the interlayer-interaction with the substrate. The influence of the binding to

the Ni substrate has been demonstrated by ab-initio calculations of the phonon dispersion
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of a BN-sheet on a Nickel surface. The calculated dispersion [78] and the EELS data are in

excellent agreement, as displayed in Fig. 14(b). The differences between the EELS and IXS

dispersions can therefore be attributed to the binding between the hBN monolayer and the

Ni substrate.

We remark that although modes related to interlayer vibrations should be very much

sensitive to errors in the correlation functional (as the typical variations in the correlation

energy that has to be resolved are up to 2 orders of magnitude smaller for interlayer phonons

than for structural characterization), a description of exchange-correlation effects beyond the

LDA do not modify the phonon dispersion relations shown in Fig. 14 [82], indicating the

robustness and accuracy of the present DFT-based approach to describe the ion-dynamics

in polar-nanostructures.

Single sheet of hBN

The calculated phonon dispersion of the single hexagonal BN-sheet is presented in Fig. 15

together with the one of a single graphene sheet. In general, the phonons of the BN-sheet

are softer than the phonons of the graphene sheet: the purely covalent bonds of graphene

are stronger than the (mostly covalent, but partially ionic) bonds of BN. Furthermore,

the degeneracy at K of the out-of-plane acoustic and optical (ZA and ZO) modes and the

degeneracy of the longitudinal acoustic and optical (LA and LO) modes in graphene is lifted

in BN due to the different masses of B and N. Fig. 16 presents sketches of the optical phonons

of the BN-sheet at Γ.

The phonon dispersion relation of the sheet follows very closely the ab initio calculated

dispersion relation of bulk hexagonal BN when one subtracts the phonon branches that are

influenced by the inter-plane interaction. This is analogous to the comparison of phonon

dispersion relations in the graphene sheet [83] and in bulk graphite [84–86] and due to the fact

that the inter-layer interaction is much weaker than the interaction between atoms within

one layer. The effect of LO-TO splitting is absent in a 2-dimensional single sheet [71, 87].

However, the LO mode displays an overbending close to Γ that is more pronounced than

the overbending in the corresponding bulk LO mode. The phonon-dispersion of the sheet

will be used below in order to derive the phonon-dispersion and the diameter-dependence of

phonons of the tubes via the zone-folding procedure.
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Tubes

In Fig. 17 we compare the ab initio phonon dispersion relation of a (6,6) BN nanotube

with the corresponding zone-folding dispersion relation. The zone-folding method works

equally good as in the case of carbon nanotubes [83]. Here and there, the major difference

lies in the low frequency part of the spectrum and is due to the coupling of in-plane and

out-of-plane modes of the sheet upon rolling into a tube. This leads to a stiffening of the

low-frequency tube modes with respect to the zone-folding model. In general, the zone-

folding method does not only reproduce quite well the dispersion relation, but also yields a

good estimate of the total phonon density of states (right panel of Fig. 17).

Symmetry Analysis

In Raman and IR spectroscopy, only phonons at (or close to) the Γ-point of the 1-dim

Brillouin zone can be excited (as long as we restrict our discussion to first order processes).

Furthermore, in Raman spectroscopy, only modes that transform under symmetry operations

as a quadratic form are active, in IR spectroscopy only modes that transform as a vector

[88]. For (infinitely extended) systems with translational symmetry, the “point group in

the space group” determines through the selection rules which modes are active and which

are not. In quasi-one-dimensional systems with translational symmetry, it is accordingly

the “point group in the rod group” that has to be evaluated [89–91]. Fig. 18 summarizes

the findings for BN-tubes: It can be easily seen that the unit-cell of a (n, 0) zigzag-tube

possesses an n-fold rotation axis (with rotation angle φ = 2π/n). In addition, n (indeed,

even 2n) vertical reflection-symmetry planes (containing the tube axis) can be found. Thus

the unit cell of a zigzag tube transforms under the Cnv symmetry group. In the infinitely

extended tube, the operations of the Cnv point group are valid as well, but - in addition - a

rotation by φ/2 with subsequent translation by T/2 also maps the system onto itself. This

leads to the conclusion that for the infinitely extended system, the C2nv symmetry group

is the relevant one for symmetry analysis of Raman and IR active modes. Analogously, for

(n,n) armchair tubes, the symmetry group of the unit-cell is Cnh and the symmetry group of

the infinitely extended tube is C2nh. Finally, for chiral (n,m) tubes, the unit-cell has the low

point-group symmetry Cd, where d is the greatest common divisor of n and m. However, the
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infinitely extended tube is described by the CN symmetry group, where N is the number of

hexagons (= two times the number of atoms) per unit cell which is, in general, much larger

than d.

The number of active modes is found by determining how often each irreducible repre-

sentation appears in the (reducible) representation of the symmetry group (C2nv, C2nh, or

CN , respectively) which is given by the 12n vibrational degrees of freedom of the unit cell.

For zigzag tubes this leads to 14 Raman active modes [90] (3 with A1 symmetry, 5 with E1

symmetry, and 6 with E2 symmetry, where the E1 and the A1 modes with vanishing fre-

quency have already been subtracted). Out of these modes, 8 modes (3A1 and 5E1) are also

IR active. In the case of chiral tubes, there are 15 Raman active modes (4A, 5E1, and 6E2)

out of which 9 modes (4A and 5E1) are also IR active. The small difference in the number

of active modes between zigzag and chiral tubes stems from the fact that the additional

vertical reflection symmetry of the zigzag tube causes a distinction between Raman+IR ac-

tive A1 modes and non-active A2 modes. The sets of Raman and IR active modes for BN

armchair tubes are disjoint: 9 modes are Raman active (3 with Ag symmetry, 2 with E1g

symmetry and 4 with E2g symmetry) and 4 modes are IR active (1 with Au symmetry and

3 with E1u symmetry)[104]. In the next section, it will be explained how these modes can

be constructed from the modes at or close to the Γ-point in the BN-sheet.

Zone-folding method

Here, we review the zone-folding method which has been frequently used for the calcu-

lation of electronic band structure and phonons in C-nanotubes [93] and demonstrate how

the different Raman and Infrared active modes can be deduced from it in the case of BN-

nanotubes. Thus, the symmetry analysis of the previous section can be understood in a

pictorial way. Fig. 19 a) demonstrates the scenario for (n, 0) zigzag nanotubes. The sheet

is rolled up such that the tube-axis is parallel to the translation vector ~T whose lengths

corresponds to the lengths of the 1-dimensional unit-cell of the tube. The component K⊥

of the phonon wave vector ~K which points into the circumferential direction of the tube is

quantized. For zigzag nanotubes, this means that in reciprocal space, K⊥ can assume 2n

discrete values (µ = 0, . . . , 2n − 1) along the line Γ → K → M → K → Γ. The parallel

component K‖ is unrestricted. However, the Raman and IR active modes are modes at the
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Γ-point of the 1-dim Brillouin zone of the tube and correspond thus to K‖ = 0. Since the

points at µ and 2n − µ are equivalent in reciprocal space, all modes of the tube are doubly

degenerate, except for the mode that corresponds to µ = 0 (the Γ-point of the sheet) and

the mode that corresponds to µ = n (the M -point of the sheet). If one applies the strict

selection rules according to the C2nv symmetry group, the modes of the sheet at Γ map onto

tube modes with A symmetry, the modes at M map onto modes of B symmetry and the

modes at µ = 1, . . . , n − 1 map onto modes of symmetry E1, . . . , En−1. Since there are six

different phonon branches in the sheet, there are six different phonon modes in the tube

for each of the above symmetries. Each of the six phonon branches leads to n + 1 different

phonon modes in the tube, (n − 1) E modes, one A mode, and one B mode. Since the E

modes are doubly degenerate, this sums up to 12n phonon modes corresponding to the 4n

atoms in the unit cell of a zigzag tube.

Figs. 16 and 20 demonstrate the mapping of the three optical modes of the sheet at

Γ onto the corresponding A modes of the tube. The out-of-plane optical (ZO) modes of

the sheet lead to radial (R) “buckling” modes of the tube where all Boron atoms move

inwards/outwards at the same time and all Nitrogen atoms move outwards/inwards, giving

rise to an oscillation of the buckling amplitude in the tube. The transverse optical (TO)

mode of the sheet maps onto a longitudinal (L) mode of the tube and, accordingly, the

longitudinal optical (LO) mode of the sheet maps onto a transverse or tangential (T) mode

of the tube. In the A modes, all atoms along the circumference move in phase (corresponding

to K⊥ = 0). In the modes of Ei symmetry, there are 2i nodes along the circumference (i

nodal planes containing the symmetry axis of the tube). The B modes contain 2n nodes

along the circumference which means that a rotation by φ/2 (with the proper translation

along the tube axis) maps the mode onto its negative. In other words, for the B modes,

neighboring “columns” of atoms oscillate with a phase difference of π.

The points in the Brillouin zone of the sheet that give rise to the Raman and IR active

A, E1, and E2 modes are denoted in Fig. 19. They are the points at and close to Γ. With

larger tube diameter (increasing n), the points giving rise to the E1 and E2 modes converge

towards the Γ-point of the BN-sheet. Therefore, as a first check on the frequencies of active

modes of large diameter tubes, it is sufficient to look at the frequencies at the Γ-point of

the sheet. The frequencies of modes that correspond to the acoustic branches of the sheet

converge accordingly to zero for large diameters. Note that not all of the A, E1, and E2
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modes may be Raman active, because one still has to distinguish between the different “sub-

symmetries”. E.g. the TO mode of the sheet at Γ (see Fig. 16 b) folds into a tube mode of

A1 symmetry (see Fig. 20 b) and is thus Raman active, whereas the LO mode of the sheet

at Γ (see Fig. 16 c) folds into a mode of A2 symmetry (see Fig. 20 c) which changes sign

under reflection at a plane that contains the symmetry axis of the tube.

The zone-folding for armchair tubes works in an analogous way to the zone-folding for

zigzag tubes (see Fig. 19 b). The only difference is that the active modes of the tube

correspond to a discrete set of modes along the line Γ → M → Γ in the reciprocal space of

the sheet.

Finally, Fig. 19 c) illustrates the zone-folding for a general chiral nanotube. In the

example, we have chosen a (4n,n) tube with a relatively short primitive translation vector

~T . As in the case of armchair and zigzag tubes, the quantization of the circumferential

phonon wave vector corresponds in the reciprocal space of the sheet to a discrete set of

modes along a line Γ → M → Γ. However, the line does not connect nearest or next-nearest

Γ-points but connects Γ-points further apart (with the distance depending on the chirality

of the tube).

Diameter-dependence of Raman and IR active modes

In this section we present the results of ab-initio calculations of selected zigzag, chiral

and armchair tubes [72] and compare with the results obtained by zone-folding the ab initio

dispersion relation of the single sheet. Figure 21 displays the frequencies of the Raman and

IR active modes of the three types of tubes as a function of the tube diameter D. The ab

initio values are plotted as symbols, while the zone-folding values are connected by lines in

order to guide the eye and extrapolate to larger tube diameters. Three frequency regimes

are easily distinguishable:

1.) The low frequency modes whose frequencies approach zero for D → ∞ are the modes

that are derived from the acoustic branches of the sheet.

2.) The three modes that approach ω ≈ 818cm−1 for D → ∞ are radial (R) modes (see

Fig. 20 a) which are related to the optical out-of-plane (ZO) modes (Fig. 16 a) in the

dispersion relation of the sheet (Fig. 15).

3.) The high frequency regime above 1200cm−1 consists of longitudinal (L) and transverse
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(T) modes (Fig. 20 b,c) which are zone-folded TO and LO modes of the sheet (Fig. 16 b,c)

We discuss at first the three different frequency regimes separately in the case of the zigzag

tubes (left panel of Fig. 21). Afterwards, we extend the discussion to the chiral and armchair

tubes.

Fig. 22 is a double-logarithmic plot of the low frequency modes in the zigzag nanotubes.

For the RBM (marked by asterisks), we have also included the values of chiral and armchair

tubes. From phonon calculations in C-nanotubes, it is well known that the RBM is inversely

proportional to the tube diameter [94]: ωRBM ∝ 1/D. The same holds for BN-nanotubes.

In fact, not only the RBM, but most of the low frequency modes display the same 1/D

scaling. This can be easily understood from the phonon dispersion of the sheet (Fig. 15)

in combination with the zone-folding procedure in Fig. 19: The LA and TA branches of

the sheet have a linear slope at the Γ-point. The distance between the Γ-point and the

points that map onto the E1 and E2 modes in Fig. 19 are proportional to 1/N (with N

being the number of hexagons in the tube unit cell) and hence proportional to 1/D. Hence,

all the low frequency modes in the tubes that are folded from the LA and TA branches of

the sheet exhibit the 1/D scaling. Only the frequency of the lowest E2 mode in Fig. 22

displays a 1/D2 proportionality[83]. This is because it is folded from the ZA mode of the

sheet which does not increase linearly but quadratically around the Γ-point [93]. For small

diameter, the phonon modes deviate from the functional form A/D or A/D2, because the

linear/quadratic behavior in the acoustic branches of the sheet ceases to be valid further

away from the Γ point. Only the RBM follows the functional behavior A/D down to very

low radius. While the RBM cannot be obtained from zone-folding of an infinite sheet, it

is related to the in-plane stretching mode of a sheet of finite width [72] and the functional

A/D behavior can be proven analytically [94].

The power law fit of the RBM scaling in Fig. 22 yields a scaling constant A = 2060 ± 2

cm−1Å and may be used for the diameter determination in Raman characterization of BN-

tubes. As is the general trend of phonons in BN as compared to carbon, this value is

considerably lower than the corresponding ab initio value AC = 2288 cm−1Å for the RBM

in carbon nanotubes [83, 95]. Since the other low frequencies modes with the 1/D scaling

may be used as well for the radius determination, we list in table I the corresponding scaling

constants.

We discuss now the radial phonon modes in the intermediate frequency regime around

28



800 cm−1 (see, e.g., panel a) of Fig. 21). According to the zone-folding picture, the A mode

should be diameter independent and have the constant frequency of ≈ 818 cm−1. Indeed,

the ab initio values lie almost exactly on this line. The E1 branch is the nearest neighbor

in frequency of the A mode and the E2 branch is the next nearest neighbor, because in

the zone-folding picture (Fig. 19), the E1 and E2 modes derive from the points close to the

Γ-point of the sheet. Since in the dispersion relation of the BN-sheet (Fig. 15), the ZO

branch approaches the Γ-point from below, the radial E1 and E2 modes both have lower

frequencies than the corresponding A mode. At small diameters, the ab initio values lie

below the zone-folding curves due to bond weakening introduced by curvature effects.

The L and T modes of the high-frequency branch converge towards the asymptotic value

ω = 1380 cm−1 for D → ∞. In the zone-folding picture, the E1 and E2 L modes approach

this value from below since in the dispersion relation of the sheet (Fig. 15), the corresponding

TO branch from which these modes are derived approach the Γ point from below. The

LO branch, in contrast, displays a strong over-bending which leads to the non-monotonic

diameter scaling of the E1 (T) and E2 (T) modes in Fig. 21. The ab initio values follow

the general trend of the zone-folding curves. However, all high-frequency T and L modes,

even the A modes which should be diameter independent, experience a strong down-shift

for small diameter. This general trend is also observed for the C nanotubes [83] and can

be attributed to curvature effects. The E1 (T) mode displays the non-monotonic behavior

which is predicted by zone-folding, but due to the curvature induced softening at small

radius, it reaches the maximum at a larger diameter than the zone-folding curve. The E2

(T) mode displays a similar behavior. It reaches its maximum at a larger diameter than the

E1 (T) mode and ultimately converges towards the asymptotic value of 1380 cm−1.

The scaling of the phonon frequencies with the tube diameter is very similar for zigzag,

chiral and armchair tubes as can be seen from comparing the three panels of Fig. 21. In

the case of the chiral tubes, the zone-folding lines of the low frequency L modes and - to

a lesser extent - the ones of the low frequency T modes display a zigzag pattern. We have

calculated all chiral nanotubes in the diameter range between 3 and 20 Å and connected the

discrete points by lines in order to guide the eye. For large diameter, the frequencies of the

low frequency modes follow the same scaling as given in Table I for the zigzag tubes. This is

because the slope of the acoustic branches of the sheet at Γ is independent of the direction

in the Brillouin zone (corresponding to an isotropic sound velocity in all directions). Only at

29



mode symmetry A/cm−1Å

E1 (L) 1296

A (RBM) 2060

E2 (L) 2560

E1 (T) 2808

E2 (T) 4232

TABLE I: First principle determination of scaling constants for the A/D dependence of the low

frequency modes as a function of the tube diameter D.

smaller diameter, corresponding to larger distance from the Γ-point in the dispersion relation

of the sheet where the LA and TA modes deviate from the linear behavior, the frequency

clearly depends on the chiral angle. The slopes of the zigzag and of the armchair curves are

the limiting cases. E. g., the zone folding curve of the E2 (T) mode reaches a value of 1000

cm−1 at D = 3Å for the zigzag tubes and a value of 1100 cm−1 for the armchair tubes.

In Fig. 21, only Raman or IR active modes are shown. This leads to a different number

of displayed values in the three different panels. The fact that for zigzag and chiral tubes,

the IR active modes are a subset of the Raman active modes while for armchair tubes the

two sets are disjoint, should help in the experimental identification of the ratio of different

chiralities in a macroscopic tube sample. In particular, the RBM can be detected both by

Raman and IR spectroscopy in zigzag and chiral tubes, while in the case of armchair tubes,

it should only appear in the Raman spectrum. Of course, an exact theoretical calculation

of the chirality dependence of IR and Raman intensities is desirable for this purpose.

Raman intensities

So far, we have discussed only the position of the peaks in the Raman spectra. The

positions are given by the frequencies ων of the Raman active modes ν with null wave

vector. Raman scattering in BNNTs takes place in the non-resonant regime, because the

optical-gap of BNNTs exceeds the photon energies of lasers in the visible and near UV-range.

The intensities for non-resonant Raman scattering, Iν , can be written within the Placzek
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approximation [96] as.

Iν ∝ |ei · Aν · es|2
1

ων

(nν + 1) . (0.12)

Here ei (es) is the polarization of the incident (scattered) light and nν = [exp(~ων/kBT ) −
1]−1 with T being the temperature. The Raman tensor Aν is

Aν
ij =

∑

γ

Bkγ
ij

wν
kγ

√

Mγ

, (0.13)

where wν
kγ is the kth Cartesian component of atom γ of the νth orthonormal vibrational

eigenvector and Mγ is the atomic mass.

Bkγ
ij =

∂3E
∂Ei∂Ej∂ukγ

=
∂αij

∂ukγ

, (0.14)

where E is the total energy of the unit cell, E is a uniform electric field and ukγ are atomic

displacements. This is equivalent to the change of the electronic polarizability of a unit

cell, αij = Ωχij (where Ω is the unit cell volume and χij the electric susceptibility), upon

the displacement ukγ. The derivative tensor Bkγ
ij can either be calculated approximately

from a bond-polarizability model [68, 98] or can be calculated ab-initio with an extension of

density-functional perturbation theory [97].

We show in the following the ab-initio Raman spectra [98] for the (9,0), (13,0), and (16,0)

zigzag BN nanotubes and for the (10,10) armchair tube (Fig. 23). The latter two have diam-

eters (12.8 Å and 13.8 Å) in the range of experimentally produced BN tubes. The dominant

peak (besides the low frequency E2(R) which is close to zero and thus hardly measurable)

is the A1 peak at about 1370 cm−1. Note that for zigzag tubes this mode corresponds to

a transverse (T) vibration of the atoms while for armchair tubes it corresponds to a longi-

tudinal (L) vibration. Depending on the chirality of the tube, the dominant peak can have

a side peak on the lower frequency side. With increasing diameter, this side-peak rapidly

merges into the main-peak but remains visible as a shoulder. About 120 cm−1 above the

main peak, The E1(T) mode gives a small contribution to the spectrum. For chiral tubes,

its intensity is reduced and becomes zero for armchair tubes. If Raman spectra of isolated

single-walled BN tubes ever become available (due to the non-resonant character of the

spectra, the intensity is very low), the intensity of this peak with respect to the intensity of

the main peak can be taken as a measure of the tube chirality. The A1 mode at 810 cm−1

is the radial buckling mode. Its intensity decreases with increasing diameter. Therefore it

is not clear if it is detectable. In the low frequency regime, the radial breathing mode plays
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the dominant role and is a good measure for the radius of the tube (just as in the case of

carbon nanotubes).

Experimental results on Raman and IR spectroscopy

Experimental Raman spectra

The essential test on the performance of Raman spectroscopy for the characterization of

BN nanotubes is the comparison of the spectra of nanotube samples with the spectra of

crystalline hBN. At high frequency, bulk hBN displays a single Raman line due to the E2g

LO/TO mode. (This mode does not display an LO-TO splitting, contrary to the IR active

E1u mode which has almost the same frequency). Originally, its frequency was measured

at 1370 cm−1 [79]. However, later Nemanich et al.[80] showed that this mode depends

sensitively on the domain size in polycrystalline samples: the finite domain size leads to

an uncertainty for the phonon wave-vector q. This leads to a a superposition of the bulk

E2g mode with q averaged over a region in the first Brillouin zone around Γ. Since the E2g

LO-mode displays a strong overbending, the resulting Raman peak not only broadened but

also shifted towards higher frequency [80]. Nemanich et al. extrapolated the value of the

infinite crystal as 1366 cm−1. Recently, the E2g LO/TO mode was measured at 1364 cm−1

[81]. The domain-size dependence of the Raman spectra needs to be taken into account

when one analyzes the Raman spectra of nanotube raw-products that may contain both

nanotubes and microcrystallites of hBN at the same time.

Before we discuss the measured Raman spectra of multi- and single-walled BN nanotubes,

we would like to point out a further important detail in the theoretical calculations of

frequencies of the E2g mode in bulk h-BN and of the E2g mode in the sheet: The value for

the bulk is 3.8 cm−1 lower than the value for the sheet [99]. This lower frequency is related

to an increase of the calculated in-plane lattice constant which is 4.718 a.u. for bulk h-BN

and 4.714 a.u. for the single sheet. The difference stems from the - small but non-negligible

- interaction of neighboring sheets in bulk h-BN. The interaction leads to a small elongation

of the B-N bond-length and consequently a softening of the phonons.

The Raman spectra of multi-wall tubes (with 2-8 walls and an average outer diameter

of 8 nm) were measured by Wu et al.[51] They measured the bulk E2g peak at 1366 cm−1
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(corresponding to the limit of infinite size crystallites) and found an upshift of 2.1 cm−1

with respect to this value for the BNNT sample. (Note that IR spectra on multi-walled

tubes have also displayed an upshift of the E1u mode with respect to the bulk value [67] (see

below)). Wu et al. took the tube diameter as a measure for the “crystal size” and used the

theory of Nemanich et al. [80] to explain the upshift of the Raman peak. It is not clear if

this argument is admissible, since the phonon calculation for (single-wall) nanotubes show

unanimously a softening of the dominant Raman peak with respect to the phonon value of

the infinite sheet [68, 71, 72]. An alternative explanation may be given by the increased

inter-layer distance and the non-commensurate stacking in multi-wall tubes. Both effects

reduce the inter-layer interaction and may explain why the E2g mode in multi-walled tubes

displays a similar upshift as the isolated sheet.

For single-walled nanotubes (with an average diameter of 2 nm), an upshift of 5 cm−1

with respect to the bulk E2g frequency has been measured [99] (see Fig. XXX of Chapter

YYY). To understand this upshift, we compare with ab-initio calculations of the phonon

frequencies of nanotubes and bulk h-BN. Fig. 24 shows the convergence of the A1 mode in

zigzag nanotubes towards the E2g mode of the single sheet. A fit of the calculated tube

frequencies as a function of the diameter d yields ω(d) = ωsheet
E2g

− 1268.3/d2.29 cm−1 (with

d given in Å)[68]. This functional form is also displayed in Fig. 24. For the tubes with

average diameter of 2 nm, the A1 mode frequency is just 1.3 cm−1 below the value for the

sheet and thus 2.5 cm−1 above the value of the bulk. While ab-initio calculations using DFT

cannot reproduce properly the Van-der-Waals part of the interactions between the layers,

they nevertheless give a qualitative indication of the origin of the Raman peak shift in single-

and multi-wall tube samples (as already proven for the case of interlayer modes in hexagonal

BN including exchange-correlation effects on the level of GW which includes the description

of Van-der Waals interactions[82]).

IR spectra

IR spectroscopy on bulk hBN [79] yielded the TO E1u mode at 1367 cm−1 and the LO

E1u mode at 1610 cm−1. The latter one is shifted due to the coupling with the electric-field

of the laser. Furthermore, the ZO A2u mode (which also couples to the electric-field) was

measured at 783 cm−1.
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Relatively little is known on the IR spectra of BN tubes. IR measurements of single-

wall BN tubes have so far be impeded by the presence of boric-acid in the sample which

dominated the IR absorption spectrum [99]. Experimental IR data is available, however,

for samples of multiwalled BN tubes (2-10 walls, diameter: 30 ± 10 Å) [67]: Absorption

peaks were measured at 800 cm−1 and at 1372 cm−1 with a shoulder at 1540 cm−1. At

the same time, for polycrystalline h-BN, they measured peaks at 811 cm−1 and at 1377

cm−1 with a shoulder at 1514 cm−1. The interpretation of both results is not straight-

forward, because in finite-size samples of polar materials, the induced electric field depends

not only on the direction of light propagation but also on the boundary conditions at the

surface of the sample [100], i.e., the sample geometry. Furthermore, the dielectric properties

of the surrounding medium (KBr pellets) can play a role. Both effects strongly influence

the position of the A2u mode and the LO E1u mode. The upshift of the TO E1u mode in

the polycrystalline sample with respect to the bulk sample is due to the finite size of the

crystal domains [80]. The upshift by 5 cm−1 of the TO E1u mode in the multi-wall tubes

with respect to the bulk stems probably from the increased inter-wall distance in multi-wall

tubes as compared to the bulk phase [67]. This upshift corresponds to a similar upshift (of

2.1 cm−1) in the Raman spectra of BN multi-wall nanotubes [51] (see above).

SUMMARY AND CONCLUSIONS

In this chapter we have reviewed the spectroscopic properties of BN nanotubes covering

the basic principles of electronic and vibrational excitations from the theoretical view-point.

Comparing the electronic properties of BN and C nanotubes, the most striking difference

between the two classes of tubes is the constancy of the quasi-particle gap for BN tubes.

The band-gap constancy may be of importance for technological applications because sam-

ples containing many different sizes could be grown with predictable electronic properties.

Applications as field-emission devices have been envisioned and a first prototype field-effect

transistor has been constructed [8].

The optical spectra of BN nanotubes - as well as the spectrum of bulk hBN and of a

single sheet of BN - are dominated by a strongly bound exciton that collects most of the

oscillator strength in the spectrum. The binding energy of this exciton increases strongly as

the dimensionality is reduced from the 3-D bulk over the 2-D sheet to the 1-D tubes. At the

34



same time, however, the quasi-particle gap increases and the resulting spectra thus display

an almost constant “optical gap”. Due to the similarity in the spectra of the tubes and bulk

BN we expect the tubes to exhibit strong ultraviolet lasing behavior as already observed for

bulk BN[9]. The fact that this luminescence response would be rather insensitive to tube

diameter and chirality makes the BN tubes ideal candidates for optical devices in the UV

regime as the carbon nanotubes are in the infrared regime[101]. The photoluminescence

quantum yield of BN tubes should surpass the efficiency of carbon. Furthermore we have

shown how defects control the luminescence and the impact of an external electric field

perpendicular to the tube axis: While the gap decreases as a function of the electric field

strength, the optical spectra of BN nanotubes are quite robust to the application of external

fields. On the contrary, an external field affects the defect energy levels due to impurities.

These defects gives rise to strong luminescence withing the gap, in particular in the visible

region as well as modification of the shape of the main absorption peak. Therefore an

external electric field can be used as tool to discriminate the photoemission due to exciton

recombination in pure systems with respect to the one due to defects. BN nanotubes may

thus be very good candidates for tunable nanoscale optoelectronic devices in the UV regime

and below.

The flexibility of composite nanotubes during bending in a wide range of practical condi-

tions shows substantial promise for structural, fiber applications ( the “ultimate” lightweight-

high-strength flexible and quite inert fiber) and nanotube-reinforced materials. This is due

to the remarkable flexibility of the hexagonal network, which resists bond breaking and bond

switching up to very high strain values. The lattice dynamics of BN tubes is similar to that

of carbon nanotubes. The most important difference is the polarity of the system which

leads to softer bonds and lower phonon frequencies. Furthermore, the lower symmetry of

BN tubes gives rise to a higher number of Raman- and IR-active modes than in C tubes.

As in the case of carbon nanotubes, the lattice dynamics of BN nanotubes can be explained

to a large extent by the zonefolding method. The strong overbending of the LO-branch of

the single sheet is responsible for the strongly non-monotonic diameter scaling of the trans-

verse high-frequency modes in the tubes. Combined study of BN tubes by Raman and IR

spectroscopy can serve to distinguish armchair tubes, where IR and Raman-active modes

are disjoint, from chiral and zigzag tubes, where the IR-active modes are a subset of the

Raman active modes. In particular, the radial breathing mode is both Raman and IR active
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for chiral and zigzag tubes but only Raman active for armchair nanotubes.

Improvements in the synthesis of BN nanotubes and their unique electronic properties

(luminescence, inertness, piezoelectricity, field emission, robustness, etc) make them ideal

candidates to confront - together with carbon nanotubes - the future of real active compo-

nents in nanoelectronic devices.

Acknowledgements

We acknowledge funding by Spanish MEC (FIS2007-65702-C02-01), Grupos Consolida-

dos UPV/EHU of the Basque Country Government (IT-319-07) and European Community

through e-I3 ETSF project (INFRA-211956); NoE Nanoquanta (NMP4-CT-2004-500198)

and SANES (NMP4-CT-2006-017310). All this work started as an activity of the European

research and training network COMELCAN and benefited a lot from fruitful collaborations
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FIG. 1: Band-structure (calculated with DFT-LDA) for the single sheet of hBN (a) and for the

(6,6) BN nanotube (b); c) demonstrates how the band-structure of the tube can be obtained by

cutting the band-structure of the sheet along certain lines (zone-folding): The left panel shows a

piece of a hBN sheet that is roled up along the vector K⊥, thus forming an armchair tube. The

right panel shows the corresponding reciprocal space with quantized values of the momentum in

circumferential direction.
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a) b)

FIG. 2: Wave-functions in the single BN-sheet of a) the π (N-based) and b) the π∗ (B-based) band

at K. Green/blue spheres denote Boron/Nitrogen atoms
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FIG. 3: RPA-absorption spectrum of a single BN sheet with (solid lines) and without (dashed lines)

depolarization effects: a) light-polarization parallel to the plane, b) polarization perpendicular to

the plane, c) averaged spectrum.
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FIG. 4: RPA-absorption spectra of (a) bulk hexagonal BN, (b) a single sheet of hexoganl BN, (c)

six different BN tubes with increasing diameter d. Solid lines are calculated with a Lorentzian

broadening of 0.025 eV, dashed lines with a broadening of 0.1 eV. [Reprinted with permission from

Ref. 14. Copyright (2006) by the American Physical Society.]
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FIG. 5: Band-structure of bulk hBN: LDA (dotted line), GW-approximation (circles and dashed

lines)
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FIG. 6: a) Real (ǫ1) and imaginary (ǫ2) parts of the dielectric function of hBN calculated in the

GW+BSE approach and in RPA. b) Experimental data from EELS [23], where ǫ1 and ǫ2 are

calculated from the loss function via a Kramers-Kronig transform. The calculations include a

Lorentzian broadening of 0.2 eV (full-width at half-maximum) in order to mimick the estimated

experimental broadening. The light-polarization is parallel to the BN layers.
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FIG. 7: Optical absorption spectrum of hBN with a broadening of 0.001 eV (black solid line) and

with an estimated experimental broadening of 0.1 eV calculated with Yambo (black dashed line)

and with VASP (red solid line). Inset: Two dimensional projections of the probability density

|Ψλ(rh, re)|2 of the degenerate exciton states with a) λ = 3 and b) λ = 4. The hole is located

0.4 a.u. above the nitrogen atom in the center (black circle). Summing the two densities (panel

c) restores the three-fold rotation symmetry. [Reprinted with permission from Ref. 28. Copyright

(2008) by the American Physical Society.]
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by black star. (b) |Φ(re, rh)|2 along the tube axis, averaged over the tube cross section. The

hole position is set at zero. (c) |Φ(re, rh)|2 evaluated on a cross-sectional plane of the tube. (d)-

(f): Wavefunction of the lowest energy bright exciton of the (8,0) SWCNT. Plotted quantities are

similar to those in (a)-(c). [Reprinted with permission from Ref. 43. Copyright (2006) by the

American Physical Society.]
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FIG. 11: Cathodoluminescence spectrom of hBN crystallite at T=100K. (a) TEM image of the hBN

crystallite and (b) polychromatic CL image. [Reprinted with permission from Ref. 46, Copyright

(2007) by the American Institute of Physics.]
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FIG. 12: Density of states of a) a pure (9,9) BN nanotube, b) a tube with a Carbon impurity
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side and an E-field of 0.2 V/Å. The light-polarization is parallel to the tube axis.
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FIG. 14: (a) Phonon dispersion relations of h-BN along the main symmetry directions. The

open (red) circles display modes polarized in the hexagonal plane whereas the solid (blue) circles

correspond to modes polarized along the c-axis. The solid curves represent the calculated phonon

dispersion and infrared [79] and Raman [80, 81] data are displayed at the Γ point by open (magenta)

and solid (green) diamonds. (b) Calculated phonon dispersions of a monolayer of h-BN deposited

on 3 layers of Ni (solid lines) compared to the EELS data from Ref. [70] (red open circles). Note

that in the experiment only vibrational modes involving boron or nitrogen atoms were detected

while in the calculations also the vibrational modes of the Ni substrate are included. [Reprinted

with permission from Ref. 78. Copyright (2007) by the American Physical Society.]
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FIG. 16: Sketch of the optical phonon modes at Γ in the hexagonal BN-sheet: a) out-of-plane

mode, b) transverse optical (TO) mode, c) longitudinal optical (LO) mode. For the assignment of

“transverse” and “longitudinal”, the phonon wave-vector points in horizontal direction with q → 0.

[Reprinted with permission from Ref. 72. Copyright (2003) by the American Physical Society.]
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FIG. 17: Calculated phonon dispersion relation and density of states (DOS) in the (6, 6) armchair

BN-nanotube. We compare the results of ab initio calculations with the zone-folding method (see

text for details). In the right panel the solid line is the ab initio DOS and the dotted line the

zone-folding DOS. The symbols in the left panel indicate the avoided crossing between the RBM

(asterisks) and the longitudinal acoustic A1 mode (boxes). [Reprinted with permission from Ref. 72.

Copyright (2003) by the American Physical Society.]
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FIG. 18: Comparison of the point-group symmetry of the unit cell with the space-group symmetry

of zigzag BN-tubes. [Reprinted with permission from Ref. 72. Copyright (2003) by the American

Physical Society.]
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FIG. 19: Sketch of the zone-folding method a) for (n, 0) zigzag nanotubes, b) for (n, n) arm-

chair nanotubes, and c) for (4n, n) chiral nanotubes. Left side: A hexagonal BN-sheet is

rolled in perpendicular direction to the primitive translation vector ~T . The component K⊥ of

the phonon wavevector in circumferential direction is quantized. Right side: For zigzag nan-

otubes, the quantization of the circumferential momentum corresponds to 2n steps along the line

Γ → K → Minthe2−dimBrillouinzoneofthesheet. → K → Γ. In armchair nanotubes 2n discrete

steps are taken along the line Γ → M → Γ, while in chiral tubes the discretization proceeds along

a line connecting more distant Γ-points. The points at and close to Γ give rise to the Raman and

IR active A, E1, and E2 modes. [Reprinted with permission from Ref. 72. Copyright (2003) by

the American Physical Society.]
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a)

b) c)

FIG. 20: Sketch of high frequency A modes in a BN-zigzag tube: a) radial buckling (R) mode,

b) bond-stretching or longitudinal (L) mode, c) bond-bending or tangential (T) mode. [Reprinted

with permission from Ref. 72. Copyright (2003) by the American Physical Society.]
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the symbols denotes the symmetry of the modes (see legend). Black filling marks modes which are

Raman active only. White filling stands for IR active only. Grey filling stands for modes which are
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modes (as in Fig. 20) [Reprinted with permission from Ref. 72. Copyright (2003) by the American

Physical Society.]
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