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Polarized Absorption Spectra of Single-Walled 4 A Carbon Nanotubes Aligned in Channels
of an AIPQ4-5 Single Crystal
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We report the polarized optical absorption spectra of single-walled 4 A carbon nanotubes arrayed in
the channels of an AIPO4-5 single crystal. When the light electric field (E) is polarized parallel to the
tube direction (c), the spectra display a sharp peak at 1.37 eV, with two broadbands at 2.1 and 3.1 eV.
In the E_lc configuration, the tube is nearly transparent in the measured energy region 0.5-4.1 eV.
The optical dipole selection rules are discussed, and the absorption bands are assigned to the dipole
transitions between the Van Hove singularities. The measured absorption spectra agreed well with the
ab initio calculations of band structure based on the local density function approximation.
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In 1993, Iijima’s group as well as Bethune’s group found
that the use of transition-metal catalysts leads to nano-
tubes with only a single wall [1]. A single-walled car-
bon nanotube (SWNT) is wrapped from a two-dimensional
graphite sheet. The diameter of each freestanding SWNT
ranges from 0.7 to a few tens of nanometers with a maxi-
mum length of about 1 um. Within the band-folding
scheme, the diameter and the chirality of a SWNT are be-
lieved to determine whether the nanotube is metallic or
semiconducting [2]. Their electronic densities of states
have Van Hove singularities, which have been directly
observed by scanning tunneling spectroscopy [3]. Opti-
cal absorption spectra have been measured for bundles of
SWNTs and nanotube thin films [4]. The absorption bands
can be attributed to optical transitions between the Van
Hove singularities. More controlled experimental studies
on the optical properties for SWNTs are, however, not easy
to carry out because of the technical difficulty in fabri-
cating monosized and well-aligned nanotubes. Recently,
SWNTs with a diameter as small as 4 A have been pro-
duced in the 1 nm-sized channels of the AIPO4-5 single
crystals (AFI in the zeolite terminology) [5,6]. Very re-
cently, one-dimensional superconducting fluctuation with a
mean-field superconducting temperature of 15 K has been
observed in the 4 A SWNTs [7]. A 4 A nanotube has
also been synthesized by the mass-selected carbon ion
beam deposition as the inner shell of an eighteen-layered
multiwalled nanotube [8]. The system of the monosized
SWNTs stabilized in the zeolite channels brings the ex-
perimental results much closer to the reality of theoretical
predictability.
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In this Letter, we report polarized absorption spectra for
the 4 A SWNTs arrayed in the one-dimensional channels
of an AFI single crystal. AFI is a type of porous alumino-
phosphate single crystal. Its framework consists of alter-
nate tetrahedra of (AlO4)~ and (PO4)* which form open
one-dimensional channels packed in the hexagonal struc-
ture. Figure la schematically shows the framework struc-
ture of the AFI single crystal viewed along the [001]
direction. The typical dimension of the AFI crystals used
in our experiment is about 100 um in diameter and about
300 pum in length. The AFI single crystals are transparent
from the near infrared to the ultraviolet region; they are
therefore ideal hosts to study optical properties of nano-
structures formed inside. A detailed fabrication process
of our samples was reported elsewhere [5,6]. The AFI
single crystal containing nanotubes behaves as a good po-
larizer with high absorption for light polarized parallel to
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FIG. 1. (a) The framework structure of an AFI single crystal
viewed along the [001] direction. (b) A schematic show of the
AFI single crystal and light polarization configuration.
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the channel direction (E || ¢) and high transparency for the
E 1 ¢ polarization.

In order to easily handle the small crystal, the SWNT-
containing AFI crystal was horizontally fixed inside a
hole (500 wm diameter) drilled on a machinable ceramic
plate using epoxy resin. After the resin became hardened,
the sample was polished mechanically then using Ar-ion
milling to as thin as 10 wm. Transmission spectra were
measured at room temperature, using a tungsten-halogen
incandescent lamp as a light source. The incident polarized
light was focused onto the sample by a reflecting micro-
scope objective. The transmission light was collected by
another reflecting objective coupled with an optical fiber
and dispersed by a 275-nm single-grating monochromator.

Figure 2 is a high-resolution transmission electron
microscope (HRTEM) image (JEOL2010 electron mi-
croscope, operating at 200 kV) of our nanotubes. The
AFI framework was removed using hydrochloric acid
before the TEM observation [9]. We can see many
parallel doubled dark lines, which are typical images
of SWNTs. The diameter of the SWNTs is determined
to be 0.42 £ 0.02 nm. Because of the small diameter,
there are only three limited possible chiralities, the
zigzag (5,0), the armchair (3,3), and the chiral (4,2)
tubules whose diameters are, respectively, 0.40, 0.41, and
0.42 nm. The system energies of these nanotubes are
similar to each other, with only a slight difference in the
order Euy) = E33) = E(50) for the freestanding tubes.
However, the abundance of these tubes is not necessarily
governed by this order since the steric constraint of the
limited channel space may favor the smaller (5,0) tube; in
addition, the kinetics of the formation process would be
an important factor to consider.

Figure 3 shows a series of optical absorption spectra
(plotted in optical density, OD) of the SWNT-containing
AFI crystal for different polarization configurations. The
top curve labeled 0° corresponds to the absorption of light
polarized parallel to the tube axis (E || c; see Fig. 1b).
In this spectrum, we see a sharp peak at 1.37 eV with a
shoulder at 1.19 eV, and two broadbands centered at 2.1
and 3.1 eV, respectively. The intensities of these absorp-
tion bands gradually decrease with increasing polarization
angle (the increment is 10°). For the perpendicular con-
figuration (E 1 c), the absorption bands vanish eventually
and the nanotube is nearly transparent in the whole mea-
sured energy region, as indicated by the rather flat curve
labeled 90°. As a reference, the absorption spectrum of
the pristine zeolite is shown in the bottom of Fig. 3. We
could not carry out the measurement in the energy region
higher than 4.0 eV, because the epoxy used to hold the
sample has strong absorption in the ultraviolet region.
The inset of Fig. 3 shows the normalized absorbance A
[=1—-T =1 — exp(—0D), where T is the transmit-
tance] of the absorption bands, plotted as a function of
polarization angle 6. The squares, open circles, and
solid circles are for the absorption bands A, B, and C,
respectively. As seen in the inset, all of them can be well
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FIG. 2. HRTEM image of the SWNTs. The nanotubes were

moved out from the AFI channels and dispersed on a carbon
lacey film for the TEM observation.

fitted by using a cos?@ line shape (solid curve) [10]. It is
worth indicating that small-width graphite ribbons could
also exhibit Van Hove singularities that are qualitatively
similar to those observed for SWNTs [11,12]. However,
the absorption in Fig. 3 cannot be explained by graphite
ribbons because of the following reasons. First, small
graphite ribbons are very unstable, as there are too
many dangling bonds at the edge sites. These dangling
bonds should be terminated by other atoms, for instance,
hydrogen atoms. Second, the zeolite channel is too small to
hold hydrogen-terminated graphite ribbons except maybe
those ultranarrow ones with two or at most three carbon
atoms in width, and the local density approximation (LDA)
calculated energy gap [12] between the occupied and unoc-
cupied Van Hove singularities for narrow ribbons is much
higher than the lowest dipole transition energy (A band
in Fig. 3).
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FIG. 3. The polarized optical absorption spectra of the SWNT-
containing AFI crystal. The curves labeled by § = 0° and § =
90° are for the E || ¢ and the E Lc¢ polarization configurations,
respectively. The dotted curve (bottom) is the spectrum of the
AFI crystal.

It is noticed that in the E || ¢ configuration, the nano-
tubes have a finite optical density within the whole pho-
ton energy region, which implies that these ultrasmall
nanotubes are of metallic behavior (7 -electron plasma ab-
sorption background [13]). The metallic behavior along
the tube direction was also seen from the electric transport
measurements [14]. Based on the band-folding scheme,
tube (5,0) should be semiconducting. However it is not
the case for such a small nanotube, where large curvature
effects would lead to a hybridization of o™ and 7™ orbitals
[15], so the electronic structures can no longer be predicted
by the simple band-folding picture. To understand the elec-
tronic properties of such small nanotubes, we performed
ab initio calculations for these three nanotubes, using a
plane-wave pseudopotential formulation [16] within the
framework of LDA [17]. We use a supercell geometry [15]
so that the tubes are aligned in a hexagonal array with the
closest distance between adjacent tubes being 6 A, which
permits negligible tube-tube interactions. The calculated
energy band structures are shown in Fig. 4. The curvature
effects lowered the antibonding 7 band (marked by «)
to cross the Fermi energy, leading to the (5,0) nanotube
being metallic as shown in Fig. 4a. The (3, 3) nanotube is
metallic, as expected, while the (4, 2) nanotube has a small
indirect energy gap at the Fermi energy (see Figs. 4b and
4c). The optical dipole transition has selection rules for po-
larizations parallel or perpendicular to the nanotube axis.
As we show the polarization dependence of the spectra,
there is no absorption for the light polarized perpendicular
to the nanotube axis, which could be ascribed to the depo-
larization effect [18]. Since the present sample is well
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FIG. 4. Calculated energy band structures for (a) zigzag (5, 0),

(b) armchair (3,3), and (c) chiral (4,2) nanotubes; the Fermi

level is at 0. The number shown in the figure is the order of the
energy levels counted from the bottom.

aligned and well separated to each other, the depolariza-
tion effect appears almost perfectly. Hereafter we consider
only the polarization parallel to the nanotube axis. The
optical absorptions result from the dipole transitions
from the bonding 7 bands to the antibonding 7 bands.
Although there are many possible pairs for bonding and
antibonding 77 bands, the dipole allowed pairs of energy
subbands are limited to only a few. Thus we can assign
the chiralities and the energy subbands to the observed
absorption spectra. The symmetries of tubes (§,0),
(3,3), and (4, 2) correspond to the Dsy, D3y, Cpg groups,
respectively. Further analysis of selection rules for E || ¢
polarization shows that the allowed dipole transitions are
Alg — Aoy, A2g — Atu, Elg — E1,, and E2g — By, for
Dsq symmetry; Aig — Az, Azg — A1y, and E; — E,
for D3; symmetry; A, — A,, B, — By, and E;, — Ej,,
j=12,...,13 for Cpg symmetry, respectively. The
symmetry assignments for the calculated energy subbands
were taken by looking at the real part of the wave
function from which we can see not only the symmetry
but also the character of the wave functions such as
the o or 7 orbitals. The sharp absorption peak A at
1.37 eV (Fig. 3) is assigned to the calculated E{, — Ej,
transition (1.20 eV) of the (5,0) zigzag tubes and the
Egg — Ey, transition (1.21 eV) to the (4,2) chiral tubes.
It is noted that there is a shoulder S at the low en-
ergy side of the A band. This shoulder is attributed to
the dipole Ejg; — Ejo, transition (1.00 eV) at the X
point of the (4,2) chiral tubes. For the energy region
higher than 2.0 eV, several transitions may be assigned:
for example, the Ejoz — Eio, transition (1.89 eV)
of the (4,2) chiral tubes near the band B; E, — E,
transition (2.81 eV) of the (3,3) tube and E3, — Ej3,
transition (2.57 eV) of the (4,2) tube near the band C.
Since the energy dispersion is relatively large, we expect
broad absorption spectra. All possible dipole allowed
transitions of the three type of nanotubes in the measured
photon energy region are summarized in Table I. It is
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TABLE I. Allowed dipole transitions of tubes (5,0), (3,3), and (4,2) corresponding to the absorption bands S, A, B, and C.

G,0) (3.3) 4.2)
S (12 CV) 109(E1()g) - 115(E1()u)
A (137 eV) 38&39(E,,) — 42&43(E 1) 111&112(Eo,) — 113&114(Ey,)
B (2.1eV) 109& 110(E}0,) — 115&116(Ej0,)
C (3.1eV) 20&21(E,) — 27&28(E,) 107&108(Es,) — 117&118(E3,)
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