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The satellite structure for the B Ka emission spectrum of boron oxide has been elucidated by threshold
experiments carried out by varying the excitation energy of the incident undulator beam from below the
B K absorption edge to several tens of eV above the absorption edge. Prominent emission of the satellite
peak was observed when the excitation energy was tuned to the narrow pre-edge peak in the absorption
spectrum, corresponding to the transition from B(ls) to an unoccupied antibonding pz* orbital. It is
concluded that the satellite peak originates from resonant x-ray Raman scattering due to a B(1s)-pz*-

B(1s ~') transition.

PACS numbers: 78.70.En

Recently, several x-ray emission threshold studies have
been investigated especially with respect to satellite struc-
tures associated with x-ray emission spectra using mono-
chromatized synchrotron radiation [1-4]. Resonant Ra-
man scattering was first observed by Sparks [5] from
various metallic elements. Resonant emission has also
been observed in the L regions of transition metals and
their oxide compounds [6,7]. However, only a few at-
tempts [8] have so far been made at the K region of low
atomic number elements such as boron, carbon, and ni-
trogen, because of their low fluorescent yields and lack of
the suitable excitation x rays in the VUV/soft-x-ray re-
gion.

The B Ka emission spectra for boron and its related
compounds have been investigated by many researchers
with the use of high resolution x-ray emission spectrosco-
py [9-13]. Most of these spectra were obtained by either
electron excitation or x-ray excitation using conventional
x-ray sources. In the B Ka emission spectra of boron ox-
ide (B,O3) and boron nitride (BN), satellite peaks are
evident at both high- and low-energy sides of the main
emission peak due to the B(2p)-B(1s ~') transition. The
nature of the low-energy satellites has recently been
clarified and assigned to the transition from the molecu-
lar orbital with B(2p) and O(2s) or N(2s) character to
B(1s ') core hole [14]. After the submission of this pa-
per, O’Brien et al. [15] reported the excitation energy
dependence of B Ka emission spectra of B,O3; and BN us-
ing monochromatized synchrotron radiation. They found
that the main emission peaks and the low-energy satel-
lites are shifted to lower energy when exciting into the
core exciton states. For the high-energy satellites, Luck
and Urch [16] observed that the high-energy satellite in-
tensity of several boron oxide compounds correlates with
the coordination number of boron. However, the nature
of the high-energy satellites has not yet been clearly elu-
cidated.

The aim of this study is to investigate the satellite
structures in the B Ka emission spectra of boron com-

pounds using highly brilliant undulator radiation as an
excitation source. In this paper, the origin of the high-
energy satellite in the B Ka emission spectrum of B,Oj is
described, which was elucidated by measuring selectively
excited B Ka emission spectra using a quasimono-
chromatic or monochromatic undulator beam.
Spectroscopic measurements of B,O3; were carried out
with a fluorescent x-ray spectrometer (FXS) of a novel
design [17] installed on an undulator beam line (BL-
16U) at the Photon Factory [18]. The purity of the com-
mercially obtained solid B;Os3; sample exceeds 99.9%.
The FXS utilizes a variable-spacing grating with an aver-
age groove density of 2400 lines/mm and entrance-slitless
optics. Undulator radiation emitted from the 26-period
undulator is monochromatized by a 2-m grazing in-
cidence monochromator (2-m GIM) [19,20] on the beam
line. By varying the magnetic gap of the undulator from
91 to 105 mm, the photon energy of the undulator first
harmonic was tuned from 185 to 271 eV, covering from
below the B K absorption edge to the continuum. The
quasimonochromatic undulator first harmonic beam ob-
tained through the 2-m GIM as the zeroth order dif-
fraction or monochromatic beam is normally incident to
the sample and is used for B K excitation. The detection
angle of fluorescent x rays is 35° from the sample normal
axis. Both B Ka emission spectra and x-ray absorption
near edge structure (XANES) spectra with fluorescent
x-ray detection can be obtained by combining the FXS
with the 2-m GIM. The optical design and performance
of this system are described in detail elsewhere [14].
Figure 1 shows a typical B Ka emission spectrum excit-
ed by a quasimonochromatic undulator first harmonic
beam and fluorescence XANES spectrum of B,O;. The
theoretical spectrum generated from the discrete varia-
tional (DV)-Xa molecular orbital calculation [21,22] is
also shown in this figure. The peak energy of the quasi-
monochromatic undulator first harmonic beam was tuned
to 215 eV on the continuum with an energy width
(FWHM) of about 20 eV to maximize B K excitation. In
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FIG. 1. A typical B Ka emission spectrum excited by a
quasimonochromatic undulator beam and a fluorescence
XANES spectrum of solid B2O3. A calculated DV-Xa emission
spectrum (broken line) [14] is superimposed on these experi-
mental spectra.

the measured emission spectrum, the main emission peak
due to a B(2p)-B(1s ~!) transition was observed at 180
eV. With the aid of the calculated DV-Xa spectrum, the
low-energy satellite peak observed at 165 eV can be attri-
buted to a transition from a molecular orbital consisting
of B(2p) and O(2s) character to a B(1s ~!) core hole.
However, the high-energy satellite observed at 193 eV is
not revealed in the calculated spectrum. Therefore, the
origin of the high-energy satellite is not explained by the
ordinary fluorescence process from an occupied valence
orbital to an inner core hole. It must be noted also that
the peak energy of the observed high-energy satellite
nearly corresponds to the narrow pre-edge absorption
peak assigned to a B(1s) (antibonding pz™* orbital) tran-
sition in the XANES spectrum.

Taking advantage of the quasimonochromatic charac-
ter of the undulator radiation, dependence of the B Ka
emission spectra on excitation energy was surveyed by
varying the magnetic gap of the undulator. Figure 2
shows the B Ka emission spectra excited by the quasi-
monochromatic undulator first harmonic. The magnetic
gap was varied from 91 to 105 mm, corresponding to the
peak energy of the first harmonic from 185 to 271 eV.
Individual spectral distributions of the incident undulator
beam are also included in the figure. An increase in the
high-energy satellite peak intensity was clearly observed
as the magnetic gap was reduced from 105 to 92 mm.
The intensity of the high-energy satellite was maximized
when the magnetic gap was tuned to 92 mm and the peak
energy of the undulator first harmonic nearly corresponds
to the high-energy satellite. However, the peak intensity
drastically decreased when the gap was reduced to 91
mm. Therefore, it is experimentally confirmed that the
prominent emission of the high-energy satellite is not due
to the ordinary first order optical process (fluorescence
process). On the other hand, the peak intensity of the
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FIG. 2. The B Ka emission spectra excited by a quasimono-
chromatic undulator beam are plotted for different magnetic
gaps varying from 91 to 105 mm. Spectral distribution of the
undulator first harmonic (broken line) is also shown in the
figure.

low-energy satellite remained constant despite varying
the magnetic gap from 91 to 105 mm. This seems
reasonable, since the low-energy satellite is due to the or-
dinary fluorescence process as mentioned above.

To further investigate the unique behavior of the high-
energy satellite, the scattered radiation spectrum was
measured with a monochromatized incident beam. The
energy width of the incident beam was tuned to about 2
eV. Figure 3 shows the result of this measurement (a)
and the fluorescence XANES spectrum (b). The intensi-
ty of the scattering drastically increased at 193 eV, and
slightly increased at about 200 eV. The prominent
scattering peak at 193 eV corresponds to the high-energy
satellite peak in the B Ka emission spectra. Therefore, it
is obvious that the high-energy satellite is revealed when
the photon energy of the incident beam is tuned to coin-
cide with the energy of the satellite peak. By comparison
with the XANES spectrum, these scattering peaks corre-
spond to absorption peaks. A peak shift between the
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FIG. 3. Spectral distribution of the scattered radiation (a)
and the fluorescence XANES spectrum (b) is plotted.
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scattering and absorption peaks was not observed within
the 2-eV resolution of the incident beam. Similarity of
the spectral shape between the scattering and the absorp-
tion spectra can be explained by x-ray Raman scattering
[23] that is the inelastic scattering of x rays by inner-shell
electrons. For light elements, the spectral profiles of the
x-ray Raman scattering should be similar to the x-ray ab-
sorption spectra, because the dynamic structure factor
that reflects the property of the x-ray Raman scattering is
directly proportional to the x-ray absorption cross section
[24]. Therefore, the origin of the high-energy satellite
observed at 193 eV is shown to be the resonant x-ray Ra-
man scattering. This resonant x-ray Raman scattering
process is described as follows. The first step involves the
excitation of an electron from B(ls) to a localized pr*
orbital at 193 eV. This is followed by the direct transi-
tion of the excited electron from pz* to the B(1s ~") core
hole.

Figure 4 shows the B Ka emission spectra excited by a
monochromatized beam from 193.0 eV on the pz™* reso-
nance to 214.8 eV on the continuum. No high-energy
satellite was observed in the spectra excited at 196.8,
203.1, and 214.8 €V. In these spectra, the peak width
(FWHM) of the main emission peaks observed at 180 eV
was measured about 7.5 eV. Scattering peaks of the in-
cident beam were revealed in the 196.8- and 203.1-eV
spectra. On the other hand, the resonant x-ray Raman
scattering at 193 eV was revealed about 6 times higher
than that of the main peak in the 193.0-eV spectrum.
The main emission peak was observed at 178 eV, and its
FWHM was measured about 6.5 eV. The main peak en-
ergy shift of 2 eV between the on resonance and the on
continuum agrees with the previous data [15]. This ener-
gy shift is interpreted by O’Brien [15] as a result of pho-
non relaxation and differences in initial- and final-state
electronic screening by a spectator electron excited elec-
tron in the localized pn™* orbital. A similar energy shift
has been observed in the Cl KB emission spectra of CFCl;
excited below and above the Cl K absorption edge [4].
The narrowing of the main emission peak features may
be attributed to lifetime broadening of an inner-shell va-
cancy. This effect has been observed also in the K8 emis-
sion of argon gas excited on the subthreshold resonance
[3,25]. The energy shift and the narrowing effect have
been recognized as characteristic of resonant x-ray Ra-
man scattering. Therefore, the observed energy shift and
narrowing in the B Ka emission spectrum of B,Oj3 excited
at 193 eV provide further evidence that the high-energy
satellite is due to the resonant x-ray Raman scattering.

We also observed the resonant phenomena in the B Ka
emission spectrum of BN, which will be reported in detail
elsewhere [26]. The coordination number for boron in
B,O; and BN is 3, with boron taking a trigonal planar
structure. Therefore, resonant x-ray Raman scattering is
expected in other trigonally coordinated compounds in
which localized antibonding pzx* orbitals are generated.
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FIG. 4. The B Ka emission spectra excited by a mono-
chromatized undulator beam at 193.0 (a), 196.8 (b), 203.1 (c),
and 214.8 eV (d). These spectra were slightly smoothed. Exci-
tation energies were indicated in the fluorescence XANES spec-
trum on the upper panel.

Studies on the resonant x-ray Raman scattering and cor-
responding strong absorption may provide information
about the localization of unoccupied antibonding orbitals.
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