Optical absorption in small BN and C nanotubes
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Abstract. We present a theoretical study of the optical absorptiootspen of small boron-nitride
and carbon nanotubes using time-dependent density-&uradttheory and the random phase ap-
proximation. Both for C and BN tubes, the absorption of ligbtarized perpendicular to the tube-
axis is strongly suppressed due to local field effects. SBiddubes are wide band-gap insulators,
they only absorb in the ultra-violet energy regime, indefearily of chirality and diameter. In com-
parison with the spectra of the single C and BN-sheets, thestdisplay additional fine-structure
which stems from the (quasi-) one-dimensionality of theegind sensitively depends on the chi-
rality and tube diameter. This fine structure can providdtadthl information for the assignment
of tube indices in high resolution optical absorption spesztopy.

Just as a carbon nanotube can be thought of as a rolled upegx@pheet, a hexagonal
single sheet of BN can be used to construct a BN nanotubeeThbss are isoelectronic
to carbon tubes, but carry over some of the characteridfiereihces of hexagonal BN
with respect to graphite. In particular, BN-tubes have adgap similar to h-BN, mostly
independent of the tube diameter and chiralityl|1, 2]. Relab this large band gap
(the DFT-band gap is 4 eV (see Fig. 1) while the quasi-partic@dnd gap in the GW
approximation amounts to 5.5 eM [2]) one expects a high théatability and relative
chemical inertness for BN-tubes as compared to its carbontegparts.

After first synthesis of multi-wall BN-tubes was reportedl®95 [3], multi and single
wall BN-tubes are now routinely produced in several grotips|atest success being the
production of single-wall BN-tubes in gram quantities [#he challenge now consists
in the spectroscopical characterization of nanotube sssnfloth C and BN) and, if
possible, single isolated nanotubes. The final goal is todinshique mapping of the
measured electronic and vibrational properties onto the iradicegn, m). One possible
spectroscopic method is optical absorption spectroscdmraevdirect excitation from
occupied to unoccupied states leads to photon absorption.

The energy differencE;; between corresponding occupied and unoccupied Van Hove
singularities (VHSSs) in the 1-dimensional electronic dgnsf states (DOS) of C-
nanotubes is approximately inversely proportional to titeetdiameted. In resonant
Raman spectroscopy and scanning tunneling spectros¢opgcdaling is employed for
the determination of tube diameters. A recent, spectaexiample is the fluorescence
spectroscopy of single carbon tubes in aqueous solutioaredy- is probed through
the frequency of the excitation laser afgl; is probed simultaneously through the
frequency of the emitted fluorescent light [5]. For the disabetween the first VHSs in
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FIGURE 1. Electronic band structure and density of states (DOS) of&3}fianotube (left side) and
a BN(3,3) nanotube (right side). Zero energy denotes thengxqbge of the valence band. The calculation
has been performed using DFT in the local density approxémat

semiconducting C-tubes, a simpieelectron tight-binding fit yields the relatidey; =
Ez2/2 =2ac_cy/d, whereac_c is the distance between nearest neighbor carbons. The
value for the hopping matrix elemepf varies between 2.4 eV and 2.9 eV, depending on
the experimental context in which it is used. This fact iseacindication that the above
relation gives only qualitative and not quantitative imf@tion on the tube diameter.
Furthermore, for small tubes the band structure complatenges with respect to
the band structure of large diameter tubes, including adexorg of the VHSs in the
density of states and displaying fine structure beyond teedind second VHSs (Fig.
1). This structure sensitively depends on the tube indindswaay be probed by optical
absorption spectroscopy over a wider energy range (pgssiiending into the UV
regime).

The scope of this paper is to uab initio techniques to go beyond the tight-binding
estimate for excitation energies and to uncover some oétadditional features present
in the optical spectra of small C and BN nanotubes. In ordeteteelop an intuitive
understanding of the optical absorption in tubes, we compath the absorption in
single sheets of graphene and h-BN. In this paper we pressults for the very small
C(3,3) and BN(3,3) tubes while work for larger tubes is ingrass. C(3,3) tubes seem
not to exist as free single-wall tubes, but they have beewmyand shown to be stable
inside the cylindrical channels of a zeolite crysial [6].eTand structure and density
of states (DOS) of the two tubes are shown in Fig. 1. The faligwcalculations will
show which vertical excitations from unoccupied to occdseates yield the dominant
contributions to the absorption spectra.

The cross sectiow(w) for optical absorption at frequenay is proportional to
the imaginary part of the macroscopic dielectric responsetion of the systeni [7]:
o(w) OIm(ev(w)). We evaluatey using linear response theoty [8] within the general
framework of time-dependent density-functional theorp DIFT).

First, we determine the ground state equilibrium geometrthe system using the
code ABINIT [9,/10]. From the ground state density we comgh&one-particle states
In,k) and energieg,k (labeled by Bloch wave vectdt and band indexn) for all
occupied and a large set of unoccupied bands.
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FIGURE 2. Imaginary part of the computed dielectric function (arbitsinfor a graphene sheet (left
side) and a single hexagonal BN-sheet (right side). Loweelsa light polarization perpendicular to
the plane; middle panels: polarization parallel to the ejampper panels: spatial average. Solid lines:
calculation with local field effects; dashed lines: witha&E (see text for details).

The next step is the calculation of the independent partiolarizability x© [11]. It
involves a sum over excitations from occupied bands to wngied bands [12]:

Xe.e (0, w) =

2 / di® egeurece | (n k| (@+C) | m k + g) (m k + q|@+C ) |n k)
(2m)3 ; e Enk — Emk+q— W —iN
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where (m < n) means that the indices and n of the first term are exchanged. The
result is checked for convergence with respect to the nurabéands [13] and the
discrete sampling ok-points within the first Brillouin zonel [14]. Using the rando
phase approximatiori i[8], the “longitudinal” dielectricniction is obtained through
£6,6(0, ) = 1—Ve(q+ G)x2 (0, w), whereVe(q) = 47/|q|? is the Coulomb po-
tential in reciprocal space. Finally, the macroscopic eligic response is given by
em(w) = 1/g53(q — O, w). The limit g — 0 depends on the direction of i.e., the
polarization of the electric field. The difference betwegfnandey, is due to the inho-
mogeneity of the response of the system and is called “loell &ffects” (LFE). For
convergence ofy, &g ¢ has to be calculated for a sufficient numbeGaf/ectors. The

matrix is then inverted angl, is obtained from the head of the inverse matriX&ggl)*l.
The optical absorption spectra of a single graphene sheeaaiheet of h-BN are
displayed in Fig. 2 (extended far into the region of UV lighithe spectra are strongly
dependent on the polarization of the laser beam. The mdiereiifce between C and
BN can be seen for the polarization parallel to the plane:lgthie C-sheet absorbs for
all frequencies in the visible light range (the “color” ofagphite is black), absorption in
BN only sets in above 4 eV, i.e. in the region of UV light (si@ET underestimates
the band-gap, we expect a blue-shift of the onsetldy5 eV). The high frequency part
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FIGURE 3. Imaginary part of the dielectric function (arb. units) fa€€3,3) tube (left side) and BN(3,3)
tube (right side). Lower panels: light polarization pergienlar to the tube; middle panels: polarization
parallel to the tube axis; upper panels: spatial averagkd #ioes: calculation with local field effects;
dashed lines: without LFE. The joint density of states @ byE?) is indicated by dotted lines.

of the spectra are quite similar because C and BN are isoghéctand the high-lying
unoccupied states are less sensitive to the difference imtblear charges than the states
at and below the Fermi energy. Local field effects turn outg@bimportant for parallel
polarization. The absorption spectra in perpendiculaaimdtion are remarkably similar
for C and BN: up to 9 eV both sheets are completely transpafanthermore, in
both cases, LFE lead to a strong reduction of absorptionexgess higher than 9 eV
(redistribution of oscillator strength to even higher ges).

Fig. 3 displays the absorption spectra for the (3,3) tub&sarid BN. For comparison,
in the panel of the spatially averaged spectra, we have atdoded the joint density
of states (JDOS), divided by the square of the transitiomggnéf LFE are neglected,
most peaks of the JDOS are visible in the averaged absorppentra while some
peaks are suppressed due to small or vanishing oscillatemggh in Eq. [IL). Proper
inclusion of LFE leads to a smoothing of the spectra and taetr@ution of oscillator
strength to higher energies for polarization perpendictdathe tube axis. However,
some fine structure survives and may be discernible in regbtution optical absorption
experiments. This fine structure is not an artifact of lowdkap sampling but is due to
the presence of VHSs in the 1-dim. DOS of the tubes (Fig. theérabsorption spectrum
polarized along the axis of the C(3,3) tube, the pronounesd jat 3 eV corresponds to
the first (dipole-allowed) transition between VHSs in Fig.Even though the tube is
metallic, absorption at lower energies is suppressed duieetalipole-selection rules.
The position of the first absorption peak in C-tubes not omlgaihds on the tube radius
but also (for fixed radius) on the index p&ir,m) and varies up to 2 eV for very small
tubes[6, 15, 16, 17]. In contrast, the onset of absorptiddNAtubes corresponds to the
threshold in the BN-sheet and is mostly independent of the tadices (only the peak
structure above the onset varies with the tube indices)v&st 7 and 12 eV, both C



and BN tubes display a similar pattern of peaks which arerdbsehe corresponding
sheets. As in the case of the sheets, LFE are almost negligibparallel polarization
but lead to a strong depolarization in perpendicular dioectThe C(3,3) tube is almost
transparent up to 5 eV [17] in agreement with the experim@ttservation|[6].

In conclusion, the calculations for optical absorption wfal C and BN-nanotubes
display a variety of features beyond the excitation betwi#shand second Van-Hove
singularities. In C-tubes the position of the first absanpfeak strongly varies with the
tube indices while in BN-tubes the first peak is determinethieyband gap of BN and is
therefore mostly independent @f,m). Some of the fine-structure which distinguishes
BN-tubes and C-tubes of different chirality is only visilikethe UV region which gives
rise to the hope that this energy regime will be probed intieré. Still, features related
to electron-hole attraction (excitonic effects) are nmgsin the calculations. They can
play a role in both C and BN tubes, leading to new structurenentiand-gap and a
redistribution of oscillator strength. They may explaie tmomalou&;/E ratio |5]
measured recently for C-tubes [18]. Work along these line8N-tubes is in progress.
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