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An extensive experimental and theoretical study of the x-ray Raman spectrum and electronic struc-
ture of polycrystalline boron has been performed. Anomalous peaks in the spectrum are directly related
to the structure of the electronic density of states at high unoccupied bands. The present technique can
probe the density of states very deep in the unoccupied conduction bands. The d-like nature of the
“anomalous” peaks leads to a dipole approximation reevaluation.

PACS numbers: 78.70.Ck, 71.25.Tn

The electronic structure of crystalline boron is not
known accurately because of its complicated crystal
structure with many atoms per unit cell. Solid boron ap-
pears in at least two different crystal forms, tetragonal
and rhombohedral, both based on the icosahedron
geometry. The simplest form, which is rhombohedral
with twelve atoms per unit cell, is shown in Fig. 1 in a
projection on the (001) plane of the related hexagonal
cell.! The icosahedron geometry is also common in
many important boron compounds. Groups of twelve
atoms, in elemental boron and in many boron-rich com-
pounds, are tightly bonded together in icosahedra that
behave as large pseudoatoms with a diameter of =5 A.
These pseudoatoms can stick together in various pack-
ings and accept guest atoms in the spaces in between.
Since the basic unit of these complicated structures is the
icosahedron, it is reasonable to model the system with a
small cluster consisting of twelve boron atoms in
icosahedral geometry. Small-cluster techniques have

FIG. 1 The structure of rhombohedral boron projected onto
the (001) plane of the related hexagonal unit cell. The dis-
tances a,b,c,d are a=2.03 A, b= 1.78 A, ¢=1.73 A, and
d=4.91 A (Ref. 1). The small cluster describing polycrystalline
boron consists of the twelve atoms in the corners of only one of
the four icosahedra shown.

been shown recently?? to provide a reasonably good and
unified picture for simple elemental metallic and nonme-
tallic solids. The small-cluster description can provide
not only bonding information but also phonon and
structural properties>> and inner-core electron binding
energies,*> as well as band-structure properties,%’ such
as Fermi energies and density of states (DOS). These
states and DOS can extend very high in the conduction
band where they can operate as virtual resonance states
in appropriate scattering experiments.

Probing of these virtual states deep in the conduction
band has become increasingly interesting recently, both
experimentally and theoretically. It was implicitly illus-
trated earlier® that a good experimental tool for the
study of these states is energy-loss spectroscopy via the
x-ray Raman scattering technique®-!® supplemented
with the theoretical tool of ab initio small-cluster calcu-
lations. Specifically, it was shown for Be that a good un-
derstanding of the origin and nature of the observed
‘“anomalous” peaks in the region of the x-ray Raman
band was achieved by a small-cluster description of Be
metal.®

The present investigation for B aims in a similar way
as the earlier investigation for Be at achieving both an
understanding of the electronic structure and a good
description of the anomalous x-ray Raman peaks. The
search for anomalous peaks, which as in Be are nothing
more than complex manifestations of the electronic
structure above and around the Fermi level, is one of the
primary reasons for undertaking the present investiga-
tion. A few representative articles on the x-ray Raman
scattering and related work are cited by Suzuki and
Nagasawa,!! Eisenberger and co-workers,'> Wendin,'?
and Alexandropoulos. 14

The experimental setup for the energy-loss x-ray spec-
troscopy, underlying the x-ray Raman measurements,
has been described before.'> It consists mainly of a
Rigaku-Denki (type RU-200PL) 12-kW rotating-anode
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x-ray generator, with a Cu target and a flat single-
crystal spectrometer. The x-ray tube was operated at 55
kV and 180 mA and the spectrometer resolution was
E/AE =1100. The scatterer was powder of polycrystal-
line boron. To achieve a good accuracy the spectra were
obtained by step scanning, using a fixed-time counting
method and the Cu KB line. The spectra were scanned
five times for every scattering angle and the statistical
error was 1.3%. The step of the scanner was 0.01 and
the time duration of each step was 400 s.

The theoretical framework for the calculations is
based on the small Hartree-Fock cluster technique.?”’
According to this technique, which has been shown to be
quite successful, a small number of atoms is used to
simulate the infinite crystalline system. The actual num-
ber of atoms in the cluster depends upon the property
under study. It is quite clear from the discussion on the
crystalline forms of boron that a twelve-atom cluster
with icosahedral geometry describes well the structural
unit of boron in all of its forms. The twelve atoms are
placed in the corners of one of the four icosahedra shown
in Fig. 1.

The Gaussian basis functions for B have been con-
tracted out of the Huzinaga set'® and have been
enhanced with virtual d orbitals. The cluster Hamiltoni-
an is formed and diagonalized by the unrestricted
Hartree-Fock (UHF) method.!” In the UHF, contrary
to the usual restricted Hartree-Fock method, the spin-up
and spin-down pairs are not restricted to have the same
spatial wave function and the orbitals are not required
explicitly to have the symmetry properties of the point
group of the crystal. The standard POLYATOM computer
code was used to compute the integrals and the program
UHFABK of Kunz was employed to perform the UHF cal-
culations.

Carrying out the program outlined in the previous sec-
tion, we have plotted in Fig. 2(a) the energy-loss spec-
trum displaying clearly the Raman bank around 200 eV
and the anomalous peaks in the region of 280 eV quite
far from the x-ray Raman band. This spectrum is taken
at a scattering angle of 55°, but the position of the
anomalous peak remains the same for all scattering an-
gles. In the same Fig. 2(a), the results of the calculation
in the region cf the Fermi level and the region of 300 eV
above the ls level are superimposed in the form of an
energy-level diagram. In Fig. 2(b) the simulated DOS
at this energy region is displayed. This simulated DOS,
as explained before,%’ is constructed from the energy-
level diagram by a suitable Gaussian broadening. It be-
comes immediately clear that both the Raman band and
the anomalous peak structure around 280 eV are well
reproduced in the calculated energy-level diagram and
DOS of Fig. 2. The states around the Fermi level G.e.,
the highest occupied orbital) producing the Raman band
are of atomic p type with a small admixture of s-type or-
bitals. The states responsible for the anomalous peak
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FIG. 2 (a) The measured x-ray Raman spectrum and the
calculated energy level diagram together with (b) the simulat-
ed DOS in the energy region shown. The points in the spec-
trum represent the actual measurements. The line through the
points is the result of a spline fit.

structure in Fig. 2 are of d character with a small admix-
ture of s- and p-type states. The energy splitting be-
tween d orbitals of different symmetries and of different
percentages of s and p admixture results in a rather large
width for the corresponding anomalous peak. Relative to
the Raman peak, the height of the anomalous peak
seems to be larger because, perhaps, of the more com-
pact nature of the d orbitals, compared to the sp orbitals
responsible for the Raman peak.

The valence band of boron is dominated by the p or-
bitals with a rather small s admixture. In Figs. 3(a) and
(b), the bonding characteristics of the states at the bot-
tom and top (“Fermi level”) of the valence band, respec-
tively, are displayed in the form of constant-amplitude
contours. The three-center bonds, which are believed to
be responsible for the lack of metallic behavior in B, are
rather clearly visible in Fig. 3(a). The picture at the
Fermi level is slightly more complicated.

We have been able to investigate and identify both
theoretically and experimentally the x-ray Raman peak
and the anomalous peak structure at 280 eV of polycrys-
talline boron. Such a peak structure has been observed
and theoretically identified for the first time. Our results
demonstrate the ability of the x-ray Raman scattering
technique to probe the DOS very high in the conduction
bands (almost 100 eV from the highest occupied state,
i.e., the Fermi energy).

The ab initio description of the electronic structure of
polycrystalline boron, based on icosahedron clusters of
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FIG. 3 The orbitals at (a) the bottom and (b) the top of the
valence band in constant-amplitude contours. The contours are
shown on a horizontal plane through five boron atoms. The
projections of the boron atoms on this plane are shown with
crosses. Solid curves represent positive amplitudes, dotted
curves represent negative amplitudes, and dashed curves denote
zero amplitudes. The contour step is 0.01.

twelve boron atoms, seems to be both adequate and
unique, in the sense that it reproduces well the major
electronic features of B on a very large energy scale and
it is the first time that such a calculation has become
available. Our cluster description of the electronic struc-
ture provides an unambiguous association of the anoma-
lous peak, observed in our measurements, with d-like
atomic states. This in turn presents a novel case of an
apparent dipole selection-rule violation. Certainly for a
solid and this deep in the continuum energy region, it is
difficult to access the validity of dipole selection rules
based on the atomistic angular momentum notion.

However, on the basis even of a loose application of di-
pole selection rules, one would expect that such “nonal-
lowed transitions” would be somewhat inhibited. On the
contrary, as can be seen in Fig. 2, our present results
show an enhancement of such transitions. At this time,
it is not clear to us whether or not the compactness of the
d orbitals especially in this three-center bonding config-
uration could offer a plausible explanation for the ob-
served enhanced anomalous peak structure.

Nonetheless, the angular dependence of the spectrum
that we have set to examine in a forthcoming publica-
tion'® does justify the departure from dipole behavior.
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