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Abstract

We have performed momentum-dependent electron energy-loss studies of magnetically aligned bundles of single
wall carbon nanotubes. Our experiment directly shows the anisotropy in the electron diffraction and Cls absorption
spectra. We do not observe any anisotropy for the low energy interband transitions related to the van Hove
singularities in the nanotube density of states although we cobserve a strong anisotropy for the = plasmon.
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1. Introduction

Carbon nanostructures are a promising new
member of the growing family of novel fullerene-
based materials, and represent model building
blocks for nanoengineering as a result of their spe-
cial electronic [1] and mechanical [2] properties.
Especially single wall carbon nanotubes (SWC-
NTs) can be envisaged as rolled-up graphene
sheets which are capped with fullerene-like struc-
tures. Their electronic properties are predicted
to vary depending upon the wrapping angle and
diameter of the graphene sheet, thus giving either
metallic or semiconducting behavior [3].

However, in macroscopic SWCNTs samples gen-
erally form bundles which contain a distribution
of tubes with different diameters and chiralities.
Furthermore, the bundles are randomly oriented in
bulk samples. Thus the experimentalist measures
an averaged picture of their properties. Therefore
most of the work has been performed on individual
nanostructures. The optical properties have been
analysed using spatially-resolved electron energy-
loss spectroscopy (EELS) of individual single bun-
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dle of SWCNTs [4]. However, these measurements
with high spatial resolution are hindered by having
low energy and momentum resolution. Therefore,
measurements of purified SWCNTSs using high res-
olution EELS in transmission have been performed
and allowed for the first time the identification and
assignment of the low energy excitations in a bulk
SWCNT samples [5]. However, a detailed analy-
sis of the intrinsic properties of these perfect one
dimensional systems parallel and perpendicular to
the tube axis was still hindered by the polycrys-
tallinity of the samples. Thus macroscopically ori-
ented arrays of SWCNTs will offer many advan-
tages in such investigations.

In this contribution we present our first re-
sults on the structural and electronic properties
of magnetically aligned SWCNTs using electron
energy-loss spectroscopy in transmission. Their
anisotropic properties are clearly observed.

2. Experimental

The production of magnetically aligned SWCNT
has been described priviously [6,7]. Thick films of
so-called ”buckypaper” [8] with an effective thick-
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ness of about 7 pm [9] have been produced by de-
position of SWCNT bundles onto a cylindrical fil-
ter of 33 mm diameter in a 25 Tesla DC resistive
selenoid.

Thin films of an effective thickness of about 1000
Awere prepared by peeling off a surface layer with a
sticky tape. After dissolving the tape in chloroform
the films were transferred to a standard 200 mesh
platinum electron microscopy grid and heated for
6 h in ultra high vacuum to 700 °C, which has
been shown to improve crystallinity of the SWCNT
bundles [8].

The EELS measurements were carried out us-
ing a 170 keV spectrometer described elsewhere
[10]. The energy and momentum resolution were
chosen to be 100 meV and 0.02 A~1 for the elec-
tron diffraction experiments and for the measure-
ments of the low energy loss function in the region
of the valence band excitations, respectively. For
the Cls absorption measurements the same energy
resolution but a slightly reduced momentum res-
olution of 0.1 A~ was chosen. The loss function
Im(—1/e(q,w)), which is proportional to the dy-
namic structure factor S(q,w), has been measured
for various momentum transfers, q.

3. Results and discussion
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Fig. 1. Electron diffraction intensity profile of a magnet-
ically aligned film of SWCNT bundles measured parallel
and perpendicular to the alignment direction. The inset
shows the mosaic spread as revealed by the first bundle
peak at 0.43 A-1,

By setting the energy-loss to zero, we can carry
out electron diffraction experiments in-situ in
the EELS spectrometer. Fig. 1 shows electron
diffraction data for purified magnetically aligned
SWCNT bundles for momentum transfer parallel
and perpendicular to the tube axis. The data of the

SWCNT bundles perpendicular to the tube axis
are consistent with the published x-ray diffrac-
tion results which have been interpreted in terms
of a triangular lattice formed by the individual
SWCNTs in the ropes [8,11].

For parallel orientation these peaks related to
the bundles disappear, and the peaks at about 3
A-1 ((100) Bragg peak in graphite) and at about
5.4 A=1 ((110) Bragg peak in graphite) are strongly
enhanced in their relative intensity. This points out
that for parallel orientation the SWCNTs have a
similar lattice constant to in-plane graphite. The
mosaic spread [12] as revealed by the first peak re-
lated to the bundle formation at 0.43 A~ is shown
in the inset of Fig. 1. From a fit with a Gaussian
function we find a full-width at half-maximun of
about 45°, which is slightly bigger than the ob-
served 35° observed in x-ray diffraction experi-
ments on similar films [7].
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Fig. 2. Loss function of magnetically aligned SWCNT bun-
dles as a function of applied momentum transfer ¢ for (a)
g parallel to the direction of the alignment and (b) ¢ per-
pendicular to the nanotube axis.

In Fig. 2, we show the low energy loss function
of a magnetically aligned buckypaper as a function
of momentum transfer, ¢. In the left panel the mo-
mentum transfer is applied parallel to the direc-
tion of alignment (axis of the SWCNT bundles), in
the right panel perpendicular to the aligned direc-
tion, respectively. For the low energy excitations
at about 0.8, 1.4 and 2 eV, which correspond to
the interband transitions between von Hove singu-
larities in the nanotube density of states (as can
be also measured in optical absorption spectrum
[13]), we find no anisotropy in the momentum de-
pendence of the loss function. The only significant
change is an increase of the intensity of these ex-
citations for momentum transfers higher than 0.4
A~1 when measured perpendicular to the SWCNT
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axis. This is related to multiple scattering and con-
tribution of the spectra at zero momentum transfer
due to the occurance of the first bundle peak in this
direction. However there is a significant change in
the dispersion of the 7 plasmon, which is the col-
lective excitation of the 7 electrons with SWCNT
orientation.
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Fig. 3. Plasmon dispersion of the 7 and n + ¢ plasmons
of magnetically aligned SWCNT bundles. The momentum
transfer has been applied parallel (o) and perpendicular to
the nanotube axis (o), respectively.

The details of this anisotropy of the 7 plasmon
are depicted in Fig. 3 together with the anisotropic
dispersion of the 7 + o plasmon, which arises from
collective excitation of all valence electrons. The
anisotropy of the n plasmon is found to be much
stronger than for the 7w + ¢ plasmon since the 7
electron states depend more strongly on the orien-
tation of the SWCNTs with respect to the applied
momentum transfer. This anisotropy is in good
agreement with the postulated polarization depen-
dent momentum dependence of the m plasmon in
unoriented samples of SWCNTs [5]. For transitions
between electronic states polarized perpendicular
to the SWCNT axis the dispersion was expected
to be zero, wheras for polarization parallel to the
SWCNT axis one expects a similar dispersion re-
lation as in in-plane graphite. Since the observed
plasmon dispersion perpendicular to the SWCNT
axis is much weaker this is a good confirmation of
this postulation of the SWCNT electronic proper-
ties.

The Cls absorption edge is plotted in Fig. 4 as
a function of the orientation of the SWCNT bun-
dles. For measuring the orientation dependence of
the core edges in strongly anisotropic materials
we have used a method described by Leapman et
al. [14]. For the spectra for perpendicular to the
7* orbitals (momentum transfer parallel to the
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Fig. 4. Cls excitation spectra of pristine samples of mag-
netically aligned SWCNT bundles for applied momentum
transfer parallel and perpendicular to the tube axis, re-
spectively. The absorption spectra have been normalized
to the o* edge at 291.7 eV.

tube axis), the sample has rotated by 35° with re-
spect to the electron beam and was measured with
a transverse momentum transfer of 0.27 A~1. In
general the peak at 285.3 eV can be tentatively
identified as the transiton from Cls core states
to w* states, meanwhile, the edge at 291.7 eV is
to be identified with transition to a broader o*
state, which confirms the graphitic nature of the
electron system in SWCNTs. Normally, the Cls
spectra, of the pristine unoriented SWCNT bun-
dles [15] strongly resemble that of polycrystalline
graphite [16,17]. From the orientation dependent
measurements presented here a clear anisotropy is
observed. This can be easily seen in Fig. 4 by the
about 50 % reduced spectral weight of the 7* den-
sity of states in the case of orientation parallel to
the tube axis. The fact that which we still see con-
siderable intensity at excitation energies represent-
ing excitations into 7* states in the latter case in-
dicates that the alignment of the nanotubes is far
from being ideal. In an ideal case, the 7* state in-
tensity should be much smaller. This only partial
alignment is in agreement with the results from
the electron diffraction data discussed above and
in Ref. 7.

4. Summary

We have demonstrated that in magnetically
aligned carbon nanotubes a strong anisotropy of
both the electronic and the structural proper-
ties results. For the low energy interband tran-
sitions related to the van Hove singularities in
the nanotube density of states we do not observe
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