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Abstract
We have investigated the electronic structure of carbon allotropes (Cgo, Cro, Cs, Cs4 and carbon nanotubes) and
boron allotropes (a, f-rhombohedral boron and amorphous boron) using a high-resolution electron energy-loss
spectroscopy microscope. Dielectric functions of those materials were derived from the loss functions by
Kramers-Kronig analysis. The dielectric function of each allotrope showed a characteristic feature in an energy
region below 10eV. The near edge structures of s electron excitation spectra,which gives partial density of states

with p symmetry of the conduction band,showed characteristic features for the different allotropes.

1. Introduction

Since Kroto et af. [1] discovered a new form of
carbon, “fullerene”, such as Cgp, great interest
was focused on its crystal structure [1, 2] and
optical  properties [l, 3] and the
superconductivity of the alkali-metal-doped Cgp
crystals [4, S5]. After the recent successful
isolation and extraction of macroscopic
amounts of higher fullerenes, such as C7y, Css
and Cg4, many researches have been conducted
on the studies of their structures and electronic
properties. lijima [6, 7] discovered graphitic
carbon needles, called “carbon nanotubes™. It is
interesting to reveal the change of the electronic
structures of C,, with the change of » and that of
nanotubes with the change of the diameter of
the tubes. On the other hand, boron forms four
allotropes of a-rhombohedral-boron (a-r-B), a-
tetragonal-boron, Arhombohedral-boron (f-r-
B) and ftetragonal-boron [8] , which are
constructed by B); icosahedral clusters.
Amorphous boron (am-B) is also constructed
by Bi; icosahedral clusters [9, 10]. The crystal
structure of a-r-B is the simplest among the
boron allotropes but its electronic structure has
not been revealed except the band gap energy
[11] because the preparation of the single
crystals with a millimeter size was difficult
[12].

The present paper reports electron energy-loss
spectra obtained from carbon allotropes (Cqy,
Cr0, Cr6, Cgs and carbon nanotubes) and boron
allotropes (a-r-B, fr-B and am-B). The
dielectric functions of these materials are
derived by Kramers-Kronig analysis of the
spectra. The results are compared with energy
band calculations.

2. Experimental

C, (n = 60, 70, 76 and 84) powder was
produced by the d.c. arc-dischargeeVaporation
of carbon and by the liquid chromatography
method. Crystalline thin films of the C, were
grown on mica substrates by evaporating the C,
powder in a vacuum chamber. Specimens for
electron energy-loss spectroscopy (EELS) were
prepared by peeling the film from the substrate
in water and by mounting it on a specimen-
supporting copper-mesh covered with a
microgrid for transmission electron microscopy.
Specimens of carbon nanotubes, which were
produced by the d.c. arc-discharge evaporation
of carbon, were prepared by dropping a droplet
of alcohol containing nanotubes onto a
specimen-supporting copper-mesh covered with
a microgrid.

Single crystalline specimens of a-r-B and fr-B
were produced by annealing am-B powder,
which was prepared by electron-beam
evaporation of boron. The specimens were
composed of small single crystals of a-r-B (20-
40pm), Ar-B (50-100um) and uncrystallized
am-B. The small crystals were crushed and put
in alcohol. Specimens for EELS experiments
were prepared by dropping a droplet of alcohol
containing the fragments of boron crystals onto
a specimen-supporting copper-mesh covered
with a microgrid.

For EELS experiments, specimen areas of the
carbon and boron allotropes showing high
quality electron diffraction patterns were used.
EELS spectra were obtained from specimen
areas of 180nm in diameter with a thickness of
about 100nm. A high-resolution EELS
microscope used was developed as a project of
Joint Research with Industry by the Ministry of
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Education, Science, Sports and Culture [13,
14]. 1t is equipped with a thermal-type field
emission gun as the electron source and
specially-designed double-focus Wien filters as
the monochromator and analyzer. The electron
energy-loss spectra were detected by a parallel-
recording system with a charge-coupled device
(CCD) camera. The best values of the full
widths at half maximum (FWHM) of the zero-
loss peak at present are 15meV and 25meV for
the cases without and with a specimen,
respectively. The accelerating voltage of
incident electrons at the specimen was set at
60ke V.

3. Carbon allotropes

3.1 Cg, Crp, Cr and Cgy ['%1% 17 18]

Figure 1 shows EELS spectra of C,, (n = 60, 70,
76 and 84) together with that of graphite in an
energy region of 0-40eV. The energy
resolutions were 0.15~0.35e¢V for the FWHM
of the zero-loss peaks. The prominent peaks at
6.5eV for Cgp, 6.4eV for Cyo, 6.2eV for Cog,
6.1eV for Cg and 7.0eV for graphite are
interband plasmons (7 plasmons) caused by the
interband transition of 7 — z*. The energies of
the peaks of C, are a little lower than that of
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Fig. 1  Electron energy-loss spectra of C, (n = 60, 70,

76 and 84) together with that of graphite in an
energy region of 0-40eV. The energy
resolutions were 0.15-0.35eV for the FWHM
of the zero-loss peaks.

graphite. Few peaks and/or shoulders are seen
on the shoulders of the 7 plasmon peaks of Cgg,
Cr, C76 and Cgy. These structures are also
attributed to interband transitions of 7 — z*.
The shoulders in the spectra of C, (n = 70, 76
and 84) are broader than that of Cgp. The
broadening originates from the removal of the
degeneracy of energy levels owing to the lower
symmetry of the C, (n = 70, 76 and 84) clusters
than that of the Cgo cluster. The prominent
peaks at 25.5eV for Cg, 24.5¢V for Cy,
24.9eV for Crg, 25.5e¢V for Cgq and 27.0eV for
graphite correspond to volume plasmons (7 + o
plasmons) caused by the collective excitation of
whole valence electrons. The peak energies are
a little lower than that of graphite. The energies
are slightly different from each other. The
energies of the 7 + o plasmon peaks for Cgo,
Cy, C7 and Cg4 calculated by the Lorentz
model using the 7—7* and o—>oc* interband
transition energies determined from the
imaginary part & of the dielectric functions of
C, show good agreement with the experimental
values.

Figure 2 shows & of C,, (n = 60, 70, 76 and 84)
obtained by Kramers-Kronig analysis of the
loss functions in an energy region of 0—8eV.
The loss functions were obtained by removing
the contributions of multiple scattering using
the Fourier-Log deconvolution method [19] .
The absolute value of the loss function for each
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Fig. 2  Imaginary part (&) of the dielectric function
of C, (n = 60, 70, 76 and 84) obtained by
Kramers-Kronig analysis of the loss functions

in an energy region of 0—-8eV.
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C, (n = 60, 70 and 84) was determinegi by the
condition Re[-1/£0)] = -1/&/(0) = -1/n", where
n is the refractive index. Since the refractive
index of C5¢ was not known, the absolute value
of the loss function was determined by the sum
rule [20]. In the course of Kramers-Kronig
analysis of the loss function, the integration
with respect to energy was carried out up to
400eV, where the loss function in a higher
energy region was extrapolated by using an
equation AE™.

The peaks of Cgo at 2-7eV (indicated by A-D)
were assigned to the individual 7 — 7#*
interband transitions of A: h, — t1g, B: gg, he —
thw C: hy > hg and D: g, hy > ny by
comparing with the band calculation due to
Saito and Oshiyama [21]. The peaks in the
fullerenes other than Cgy are broadened by the
removal of the degeneracy of the 7 electron-
energy states due to lower symmetries of the C,
clusters than that of the Cgp cluster. The onset
energies at about 1.7eV for Cgp , 1.8eV for Cro,
1.2eV for Cy¢ and 1.2eV for Cg4 indicated by
arrows are assigned each to the single-electron
excitation energy from the highest occupied
molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) (band
gap energy). The value of Cgp, 1.7€V, is very
close to a calculated band gap energy of 1.5eV
[21]. The smaller band gap energies of Cs and
Cgs than those of Cgg and Cyq are understood by
the removal of the degeneracy of HOMO and
LUMO due to lower symmetries of the Cs¢ and
Cgs clusters than that of the Cg and Coo
clusters.

Figure 3 shows carbon K-shell excitation
spectra (C K-edge) of C, (n = 60, 70, 76 and
84) together with that of graphite in an energy
region of 283-296eV measured with an energy
resolution of 0.23eV for the FWHM of the
zero-loss peak. Since the carbon 1s core level
can be assumed to be flat, these fine structures
in the spectra display the density of states of the
conduction band. The fine structures observed
between 284eV and 290eV and those observed
above 290eV are attributed to the transitions
from the carbon 1s core level to the unoccupied
7* and o* levels, respectively.

The spectral peaks in an energy region of 284-
290eV become broad and unseparated on going
from Cgy and C7y to C76 and Cgq. This fact is
again explained by the removal of the
degeneracy of the unoccupied 7* levels due to
the lower symmetry of Cs and Cgq4 clusters.
The spectral peaks in an energy region above
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Fig.3  Carbon K-edge spectra of C, (n = 60, 70, 76

and 84) together with that of graphite in an
energy region of 283-296eV measured with
an energy resolution of 0.23eV for the FWHM
of the zero-loss peak. The fine structures
observed between 284eV and 290eV and
those observed above 290eV are attributed to
the transitions from the carbon 1s core level to
the unoccupied 7* and o* levels, respectively.

290eV show no significant difference among
C, (n =060, 70, 76 and 84). This suggests that
the o* electron energy levels are not so much
affected by the lowering of symmetry of
fullerene clusters.

3.2 Single- and multi-shell carbon
nanotubes (22162

Figure 4 shows EELS spectra of a bundle of
single-shell carbon nanotubes of 1nm diameter
(SS-tubes) and a multi-shell carbon nanotube
(MS-tube) of 31nm diameter and that of
graphite in an energy region of 0-45eV. The
energy resolution was 0.27eV. The peaks at
5.8eV for SS-tubes, 6.4eV for an MS-tube and
7.0eV for graphite are interband plasmons (7
plasmons) caused by the interband transition of
7 — m*. MS-tubes with diameters larger than
about 20nm showed a 7z plasmon energy of
about 6.4eV. Those having smaller diameters
than about 20nm showed a x plasmon peak at
about 5.2eV. The larger peaks at 20.6eV for SS-
tubes, 22.6eV for an MS-tube and 27.0eV for
graphite correspond to volume plasmons (7 + o
plasmons) due to the collective excitation of
whole valence electrons. It was found from

~242 -



Journal of Surface Analysis, Vol. 3, No. 2. (1997), M. Terauchi, et al., High-resolution EELS study of carbon and boron allotropes

electron diffraction experiments that SS-tubes
form a hexagonal packing. The low 7 + o
plasmon energy of the bundle of SS-tubes is
explained by the density of valence electrons
calculated on the basis of the hexagonal
packing of SS-tubes. The plasmon energy of the
MS-tubes is explained by averaging those of
graphite obtained at the eclectron incidences
parallel (27eV) and perpendicular (20eV) to the
c-axis.

Figure 5 shows C K-edges of a bundle of SS-
tubes, an MS-tube and graphite in an energy
range of 280-299¢V. The energy resolution was
0.4eV. The peaks observed at about 285.5e¢V
are attributed to the transitions from the carbon
1s core level to the unoccupied 7* levels. The
transition peak of the MS-tube is slightly
broader than that of graphite. Since the carbon
ls core level can be assumed to be flat, the
broadening of the peak indicates the broadening
of 7* levels, which is caused by the removal of
the degeneracy of z* levels due to the curving
of the graphitic sheets. The peak of the SS-
tubes is much broader than that of the MS-tube.
The broader peak of the SS-tubes may be
attributed to the stronger curving of the
graphitic sheet. Stéphan er af., however,
obtained C K-edge spectra of an MS-tube and a
single SS-tube with an energy resolution of
about 0.7eV, and found the broadening of the
7* transition peaks of the tubes are almost the
same [24]. The spectrum of the SS-tubes in Fig.
5 was obtained from a bundle of SS-tubes.
Thus, the broader feature of the z* peak of the
SS-tubes than that of the MS-tube in Fig. 5 may
be due to the interaction among the 7* orbitals
of SS-tubes which form the bundle.

4. Boron allotropes %!

Figure 6 shows EELS spectra of a-r-B, fr-B
and am-B in an energy range of 0—40eV. Energy
resolutions of these spectra were 0.18—0.19¢eV.
The steep decrease of spectral intensities
around leV is the tail of the zero-loss peak. The
onset energies of the spectra (band gap
energies) of fr-B and am-B are respectively
1.6eV and 1.4eV, which show good agreement
with the values of 1.56eV for fr-B [26] and
1.32¢V for am-B [27] obtained by optical
measurements. The onset energy of a-r-B is
2.4eV as indicated by an arrow, which is larger
than those of fr-B and am-B and is also larger
by 0.4eV than that of Horn[11] (~2eV) obtained
by an optical measurement. Theoretical
calculations provided the minimum indirect and
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Fig. 4  Electron energy-loss spectra of a bundle of
single-shell carbon nanotubes of 1nm diameter
(SS-tubes) and a multi-shell carbon nanotube
{MS-tube) of 31nm diameter and that of
graphite in an energy region of 0—45eV. The

energy resolution was 0.27eV.
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Carbon K-edge spectra of a bundle of SS-
tubes, an MS-tube and graphite in an energy
region of 280-299eV. The energy resolution
was 0.4eV.

Fig. 5

the minimum direct interband transition
energies to be about 1.7eV and 2.2-2.3eV,
respectively [28, 29, 30]. Since the oscillator
strength of the direct interband transition is
much larger than that of the indirect transition,
the onset observed can be assigned to the
minimum direct interband transition energy.
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Fig. 6  Electron energy-loss spectrum of a-r-B in an
energy range of 1-40eV together with spectra
of fr-B and am-B for comparison. Energy
resolutions were 0.18-0.19¢V.

The peaks observed at 24.5¢V for o-r-B,
24.0eV for fr-B and 24.2eV for am-B
correspond to the volume plasmon caused by
the collective excitation of whole valence
electrons. These values are close each other
because the densities of valence electrons are
similar among the three materials.

The spectrum only due to single scattering
process was obtained from the experimental

spectrum by removing the contribution of the
direct beam using a Lorentz fit and that of the
multiple scattering part using the Fourier-log
deconvolution method. The loss-function was
obtained by applying the sum rule to the single
scattering spectrum. The dielectric function was
derived from the loss-function by Kramers-
Kronig analysis. In applying the sum rule to
obtain the loss function and in the Kramers-
Kronig analysis, the integrations with energy
were carried out up to 400eV, where the
intensities above 60eV were obtained by
extrapolation using an £ *  intensity
dependence.

Figure 7(a) shows the real part £ and imaginary
part & of the dielectric function of a-r-B, f#r-B
and am-B in an energy range of 0-30eV. The
condition for the plasmon excitation, & = 0, is
satisfied at 23.3eV for a-r-B, 23.0eV for fr-B
and 22.9eV for am-B. This confirms that the
peaks at 24-25eV in Fig. 6 correspond to the
volume plasmon excitation. The FWHM values
of the volume plasmon peaks of the present
boron allotropes (sp semiconductors) were
7.5eV for a-r-B, 8.5¢V tor fr-B and 10eV
for am-B. These values are about twice those of
sp semiconductors Si and Ge (~4eV). The large
FWHM values indicate a strong damping of the
volume plasmon due to large values of &, at the
energy of & = 0. The values of £(0) were 6.5
for a-r-B, 9.3 for fr-B and 9.4 for am-B. That
the value for a-r-B is smaller than the values for
Sr-B and am-B is explained by a larger band
gap energy of a-r-B than those of Ar-B and
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Fig. 7  Real part ¢, and imaginary part &, of the dielectric function of a-r-B in an energy range of 0—
30eV together with those of #-r-B and am-B for comparison.
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am-B. & of a-r-B shows four peaks and/or
shoulders (indicated by vertical lines) due to
interband transitions, which were not observed
in & of fr-B and am-B.

Figure 8(a) shows boron K-shell excitation
spectra (B K-edge) of a-1-B, f-r-B and am-B in
an energy range of 185-205eV. Energy
resolutions of the spectra were about 0.2eV.
The onsets of the B K-edge were observed at
188.6eV for a-r-B, 187.8¢V for fr-B and
187.4eV for am-B. The larger onset energy of
a-r-B than those of Sr-B and am-B should be
attributed to the fact that the band gap energy of
a-r-B is larger than those of fr-B and am-B.
The B K-edge of a-r-B shows clear peaks, but
the spectra of fr-B and am-B do not. This
indicates that there exist clear peaks in the
density of states (DOS) of the conduction band
of a-r-B. The appearance of the clear peaks in
Fig. 8(a) is explained by the fact that all the By
clusters in a-r-B are deformed in the same
manner, while the clusters in Ar-B are
deformed in four different shapes [31]. The
superposition of four different spectra
originating from four deformations can smear
out the clear peaks in the case of fr-B. The

NS ST |

intensity profile of B K-edge of am-B is similar
to that of fr-B. This indicates that the basic
structures of am-B and Ar-B are the same,
which is consistent with the analysis of the
radial distribution functions of boron allotropes
by Kobayashi [10]. Figure 8(b) shows the B K-
edge of «a-r-B and the density of states of
unoccupied states of a-r-B obtained by Gunji
[32] using an ab initio calculation method
under the local density approximation [33].
Gunji assigned peaks A and B to the B2s-2p
hybridized states and the B2p state,
respectively. The experimental peak positions
show good agreement with the peak positions
in the calculated density of states. The
experimental peak intensity at 189.6eV is much
smaller than the intensity in the calculated
density of states. Since the B K-edge spectrum
was obtained under the condition of dipole
transition, the partial density of states with p
character in unoccupied states was observed.
Thus, the experimental peak intensity at
189.6eV is smaller than the intensity in the
calculated density of states, which also includes
the states with s-character.

The present study successfully revealed the
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(a) Boron K-shell excitation spectrum (B K-edge) of a-r-B in an energy range of 185-205eV

together with spectra of §-r-B and am-B for comparison. Energy resolutions for the spectra were

about 0.2eV.

(b) B K-edge of a-r-B and the density of states of the conduction band of a-r-B obtained by an
ab initio calculation method under the local density approximation [32, 33] .
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difference of the electronic structures of C, for
different » and that of nanotubes for different
tube diameters, and the electronic structure of
a-r-B by taking the high-resolution electron
energy-loss spectra from high-quality single
crystalline areas.
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