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Electron energy-loss spectra of a-rhombohedral boron (a-r-B)
were obtained from perfect crystalline areas of 180 nm diameter.
The onset of the spectral intensity was observed at 2.4 eV (band
gap energy). The volume plasmon peak due to the sp valence
electrons is at 24.5 eV with a full width at half maximum of
7.5 eV. The real part e1(x) and imaginary part e2(x) of the
dielectric function were obtained from the loss-function by
Kramers–Kronig analysis. The value of e1(0) was 6.5. e2(x)
showed clear peaks, not observed in e2(x) of b-rhombohedral
boron (b-r-B) and amorphous boron (am-B). K-shell excitation
spectra show several peaks, which are not observed in the spectra
of b-r-B and am-B. The characteristic structure of the peaks
showed good agreement with a recent ab initio calculation within
the local density approximation. ( 1997 Academic Press

INTRODUCTION

Boron forms four allotropes: a-rhombohedral boron (a-r-
B), a-tetragonal boron, b-rhombohedral boron (b-r-B), and
b-tetragonal boron. These allotropes and amorphous boron
(am-B) are constructed by B

12
icosahedral clusters (1—3).

The crystal structure of a-r-B is the simplest among them, in
which B

12
clusters are placed at the corners of the rhom-

bohedral unit cell (4, 5). Each B
12

cluster in a-r-B is co-
valently bonded to 12 nearest-neighbor B

12
clusters. The

B
12

clusters in the (111) plane are connected by the three-
center bonding and those between two (111) planes by the
two-center bonding.

Theoretical calculations of the electronic structure of a-r-
B indicate that a-r-B is a semiconductor with an indirect
energy gap (6—8). Horn measured the band gap energy to be
about 2 eV from optical absorption experiments of a-r-B
single crystals (11). Domashevskaya et al. measured the
density of states of the valence band of a-r-B, b-r-B, and
am-B using X ray emission spectroscopy, but could not find
a significant difference among them (12). Werheitet et al.
conducted optical absorption experiments between 0.4 and
2.8 eV using powder specimens of a-r-B because the prep-
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aration of single crystals of a-r-B with a millimeter size
was difficult (13). They found two interband transitions at
1.63 and 2.06 eV. To reveal the reliable electronic structure
of a-r-B, experiments that can obtain spectra from small
single crystalline areas over a wide energy range are needed.
High-resolution electron energy-loss spectroscopy (EELS),
which can select a microscopic area, is suitable for this
purpose.

We acquired high-resolution EELS spectra from good
single crystalline areas of a-r-B using a high-resolution
EELS microscope (14, 15). We measured the band gap en-
ergy and volume plasmon energy. The dielectric function
was derived from the loss-function by Kramers—Kronig
analysis. We obtained B K-shell excitation spectra (B K-
edge) of a-r-B and compared the spectra with a recent
ab initio calculation within the local density approximation
(16, 17). The spectra and dielectric functions of b-r-B and
am-B, which were also obtained in the present study, are
shown for comparison.

EXPERIMENTAL

Specimens of a-r-B were prepared by annealing am-B
powder, which was prepared by electron-beam evaporation,
at 1200°C for 10 h in a BN crucible. The crucible was held in
an Ar-sealed quartz tube in which tantalum foil was set to
prevent the specimens from oxidation. After annealing, the
specimens were composed of small single crystals of a-r-B
(20—40 lm) and b-r-B (50—100 lm). Electron diffraction pat-
terns showed that the specimens examined were high quality
single crystals of a-r-B. EELS spectra were obtained from
specimen areas of 180 nm in diameter with a thickness of
about 100 nm. The EELS microscope used was developed
as a project of Joint Research with Industry by the Ministry
of Education, Science, Sports, and Culture (14, 15). It 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 illumina-
tion lens system, the specimen goniometer, and the imaging
6
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lens system of the EELS microscope are the same as the
column part of a JEM1200EX transmission electron
microscope. The EELS spectra were detected by a parallel-
recording system with a charge-coupled device (CCD) cam-
era. The best values of the full widths at half maximum
(FWHM) of the zero-loss peak at present are 15 and 25 meV
for the cases without and with a specimen, respectively. The
accelerating voltage of incident electrons at the specimen
was set at 60 keV. The retarding potential of the mono-
chromator was set to be 51 V, and that of the analyzer to be
51—510 V.

RESULTS AND DISCUSSION

Figure 1 shows an electron microscope image of a piece of
single crystalline a-r-B. A black circle shows a specimen area
of 180 nm in diameter, from which EELS spectra were
obtained. Figure 2 shows an EELS spectrum of a-r-B in an
energy range of 1—40 eV together with spectra of b-r-B and
am-B for comparison. Energy resolutions of these spectra
were 0.18—0.19 eV. The steep decrease of spectral intensity
around 1 eV is from the tail of the zero-loss peak. The
energy onset of the spectrum of a-r-B is 2.4 eV (band gap
energy), as indicated by an arrow. It is noted that the energy
onset is larger than those of b-r-B (1.6 eV) and am-B
(1.4 eV), which show good agreement with the values of
1.56 eV (b-r-B) (9) and 1.32 eV (am-B) (10), respectively,
obtained by optical measurements. The value of a-r-B is
larger by 0.4 eV than that of Horn (\2 eV) (11). Theoretical
calculations indicated that the minimum indirect and the
minimum direct interband transition energies are about
1.7 and 2.2—2.3 eV, respectively (6—8). Since the oscillator
strength of the direct interband transition is larger than that
FIG. 1. Electron microscope image of a piece of single crystalline a-r-B.
A black circle shows a specimen area of 180 nm in diameter, from which
EELS spectra were obtained.
of the indirect transition, the onset energy observed may be
attributed to the minimum direct interband transition
energy. The prominent peak observed at 24.5 eV (a-r-B) is
due to the excitation of plasma oscillation of all valence
electrons (volume plasmon). The value is close to 23.9 eV,
which is calculated from the density of valence electrons,
4.12]1023 electrons/cm3, under the assumption of the free
electron model. It is noted that the value is nearly the same
as those of b-r-B (24.0 eV) and am-B (24.2 eV) because the
densities of valence electrons are similar among these three
materials.

The single scattering spectrum was obtained by removing
the contribution of the direct beam and the multiple inelas-
tic scattering part using a Lorentz fit and the Fourier-log
deconvolution method, respectively. 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 (KKA). The integra-
tions with energy in the sum rule and in the KKA were
carried out up to 400 eV, where the intensity profiles above
60 eV were obtained by extrapolating the profiles using an
E~3 dependence. Figure 3a shows the real part e

1
and

imaginary part e
2

of the dielectric function of a-r-B in an
energy range of 0—30 eV together with those of b-r-B and
am-B for comparison. The condition for the plasmon excita-
tion, e

1
"0, is satisfied at 23.3 eV (a-r-B), 23.0 eV (b-r-B),

and 22.9 eV (am-B). This confirms the assumption that the
FIG. 2. Electron energy-loss spectrum of a-r-B in an energy range of
1—40 eV together with spectra of b-r-B and am-B for comparison. Energy
resolutions were 0.18—0.19 eV.



FIG. 3. Real part e
1

and imaginary part e
2

of the dielectric function of a-r-B in an energy range of 0—30 eV together with those of b-r-B and am-B for
comparison.
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peaks 24—25 eV in Fig. 2 correspond to the volume plasmon
excitation. The FWHM value of the volume plasmon peak
of a-r-B (sp semiconductor) is 7.5 eV, which is a little smaller
than those of b-r-B (8.5 eV) and 10 eV (am-B). The value of
a-r-B is about twice the value of sp semiconductors Si and
Ge (&4 eV). The large FWHM value of a-r-B, which indi-
cates a strong damping of the volume plasmon, is due to
a large value of e

2
at the energy of e

1
"0. The value of e

1
(0)

of a-r-B is 6.5, which is smaller than those of b-r-B (9.3 eV)
and am-B (9.4 eV). The smaller e

1
(0) value of a-r-B than

those of b-r-B and am-B is explained by the larger band gap
energy of a-r-B than those of b-r-B and am-B. e

2
of a-r-B

shows four peaks and/or shoulders (indicated by vertical
lines) due to interband transitions, which were not observed
in e

2
of b-r-B and am-B. These peaks are considered to

originate from the structure in the density of states of the
conduction band and/or the valence band.

Figure 4a shows a B K-edge of a-r-B in an energy range of
185—205 eV together with spectra of b-r-B and am-B for
comparison. Energy resolutions of the spectra were about
0.2 eV. The onset of the B K-edge of a-r-B was observed at
188.6 eV. The value of the onset energy is a little larger than
those of b-r-B (187.8 eV) and am-B (187.4 eV). It can be
attributed to the fact that the band gap energy of a-r-B is
larger than those of b-r-B and am-B. The spectrum of a-r-B
shows clear peaks which were not observed in the spectra of
b-r-B and am-B. The peaks indicate that there is a peak
structure in the density of states (DOS) of the conduction
band of a-r-B. It may be an origin of the appearance of
peaks and/or shoulders in the e
2

in Fig. 3a. The appearance
of the clear peaks in Fig. 4a may be attributed to the fact
that all B

12
clusters in a-r-B are deformed in the same

manner, while four different types of deformation of B
12

clusters occur in b-r-B (18). The superposition of four differ-
ent types of spectra may smear out the clear peaks orig-
inated from one deformation in the case of b-r-B. The
intensity profile of B K-edge from am-B and b-r-B are
similar. This similarity indicates that the basic structures of
am-B and b-r-B are the same, which is consistent with the
analysis of the radial distribution functions of boron allo-
tropes by Kobayashi (3). Figure 4b shows the B K-edge of
a-r-B and the DOS of the conduction band of a-r-B ob-
tained by Gunji (16) using an ab initio calculation within the
local density approximation (17). The peak positions in the
B K-edge of a-r-B show good agreement with those in the
calculated density of states. Gunji assigned the peaks A and
B to the B2s—2p hybridized states and the B2p states, respec-
tively. The experimental peak intensity at 189.6 eV appears
much smaller than that in the calculated density of states.
Since the B K-edge was obtained under the condition of
dipole transition, the partial density of states with p charac-
ter in unoccupied states was observed. Thus, the experi-
mental peak intensity at 189.6 eV should be smaller than
that in the calculated density of states, which include states
with s character. The present study successfully revealed the
electronic structure of a-r-B by taking the electron energy-
loss spectra from high-quality single crystals of a-r-B with
high energy resolutions.



FIG. 4. (a) B K-shell excitation spectrum (B K-edge) of a-r-B in an energy range of 185—205 eV together with spectra of b-r-B and am-B for
comparison. Energy resolutions for the spectra were about 0.2 eV. (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 within the local density approximation (16, 17).
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