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Enhanced Resonant X-Ray Emissions of Mechanically Milled Hexagonal Boron Nitride
in Boron K-Shell Excitation
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Enhanced resonant x-ray emissions were observed from mechanically milled hexagonal boron
nitride nanoclusters in boronK-shell excitation using quasimonochromatic undulator radiation. The
resonant x-ray emission intensity increases with decrease in size of the milled clusters. Comparison
of the measured x-ray emission spectra with the calculated spectra using the discrete-variational
Xa methods showed enhanced resonant x-ray emissions originate from theB 1s-np B 1s21 electron
transition, withnp an unoccupied nonbonding orbital of twofold-coordination boron atoms with dangling
bonds. X-ray emissions excited tonp orbitals may be possible for detecting dangling bonds in
nanoclusters. [S0031-9007(96)00198-6]

PACS numbers: 78.70.En
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Soft x-ray emission spectroscopy has recently b
studied using synchrotron radiation to investigate the e
tronic characteristics of various materials. In particul
resonant x-ray emissions occurring when the excitat
energy is tuned to a specific level provide new informat
on the excitation dynamics in the interaction process
photons and electrons. The satellite structure in fluor
cent x-ray emission spectra has recently been investig
by measuring selectively excited x-ray emission spec
[1–4]. We have demonstrated that the high-energy sa
lites in the BK x-ray emission spectra of boron oxide an
boron nitride originate from resonant x-ray emissions d
to an electron transition between boron1s and unoccu-
pied antibonding orbitals [5,6]. Prominent resonant x-r
emissions are observed in molecules with strongly loc
ized unoccupied antibondingpp orbitals, such as in boron
atoms with threefold coordination. Kashiwai, Kouzuk
and Motoyama [7] also found that the spectral profi
of the B K x-ray emissions of hexagonal boron nitrid
sh-BNd powder, taken with high-energy electron beam e
citation, depends slightly on the mechanical milling tim
of the powder. To further investigate this phenomen
we measured selectively excited BK x-ray emission spec
tra of mechanically milledh-BN clusters by using quasi
monochromatic undulator radiation, focusing on reson
x-ray emissions. In this Letter, we describe how re
nant x-ray emissions depend on disorder in the laye
0031-9007y96y76(20)y3846(4)$10.00
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hexagonal structure of BN clusters created by mechan
milling, by comparing the measured x-ray emission sp
tra with calculated discrete-variational (DV)Xa spectra.

We used commercialh-BN powder samples whose
purity was more than 99.99%. The samples were m
chanically milled for 0.5, 1.0, 5.0, and 10.0 h in an arg
atmosphere to prevent oxidation. The hexagonal cry
structure of the individual samples were identified fro
the spectrum profiles of the x-ray diffraction: The
particle size was estimated from the peak width in t
x-ray diffraction spectra. The average sizeL of the
particles was estimated from the full width at ha
maximum (FWHM) of the x-ray diffraction peakDs2ud
by using the Scherrer equation [8]Ds2ud  lyL cosu0,
wherel is the diffraction wavelength andu0 is the Bragg
angle. The estimated average particle size was 1000,
50, 20, and less than 20 Å for the 0-, 0.5-, 1-, 5-, and 1
milled samples, respectively.

The B K x-ray emission spectra and the absorpti
spectra were obtained using a grating x-ray spectrom
ter in the BL-16 undulator beam line at the Photon Fa
tory (PF) [9–11]. The grating was a 2-m variable-spac
grating with a groove density of 2400 lines/mm: Its in
cident angle was fixed at 87±. A gas-flow-type propor-
tional counter was used for x-ray detection. For the x-r
emission measurements, the quasimonochromatic und
tor first harmonic beam was incident on the sample, a
© 1996 The American Physical Society
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x-ray emission spectra were taken with an energy re
lution of about 2 eV. The peak energy of the incide
undulator first harmonics was varied from 180 to 230 e
which covered from below the boronK-shell threshold to
continuum, by adjusting the magnetic gap of the undu
tor. The energy width of the first harmonics was abo
12 eV. For the absorption measurements, a monochr
atized undulator beam with an energy resolution of 0.8
was incident on the sample, and the BK x-ray emis-
sions were detected. The incident beam was scan
from 188 to 208 eV. Each measurement time was ab
30 min for both the emission and absorption measu
ments. Decomposition of the samples was not obser
during these measurements with 300 mA beam cur
in the PF-synchrotron ring. Details of the spectrosco
measurements are described elsewhere [12,13].

The BK x-ray emission spectra of the unmilled samp
with a particle size of 1000 Å are shown in Fig.
The peak energy of the incident beam was tuned fr
about 180 to 230 eV by varying the magnetic gap of
undulator from 92 to 100 mm. In the spectrum measu
with the highest energy excitation with a magnetic g
of 100 mm, the main BK x-ray emission peak due t
a B2p B 1s21 transition was observed at 181.5 eV a
the low-energy satellite due to a N2s B 1s21 transition
was observed at 170 eV. This spectral profile agrees w
previous data obtained with high-energy electron be

FIG. 1. BK x-ray emission spectra of unmilledh-BN, excited
by quasimonochromatic undulator first harmonics (dotted lin
The absorption spectrum (solid line) and the spectral profi
of the incident first harmonics (dashed line) are also sho
Peak energies of the first harmonics were tuned from below
boron K-shell threshold to continuum by varying the magne
gap of the undulator from 92 to 100 mm.
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excitation [14,15]. No high-energy satellite was observ
in 92- and 100-mm gap spectra, but high-energy satell
were observed at 192 and 197 eV in other gap spec
The high-energy satellite intensity obviously increas
when the photon energy of the incident beam coincid
with the satellite energies. The origin of the high-ener
satellites was identified as resonant x-ray emissions
to a B1s-pp B 1s21 transition, wherepp means thep
portion of the unoccupied boron2p orbitals [6].

Figure 2 shows that the BK x-ray emission spectra
of mechanically milledh-BN samples, excited by quas
monochromatic undulator first harmonics tuned to t
pp-orbital excitation with a 94 mm magnetic gap. It
clear that the resonant x-ray emission of the high-ene
satellite at 192 eV greatly increased as the mechan
milling time was increased; however, the peak intensit
of the main BK x-ray emission peak at 181.5 eV and th
low-energy satellite at 170 eV were almost constant a
independent of the mechanical milling time. The hig
energy satellite at 197 eV was also barely enhanced
the milling. The peak intensity ratio of the enhanced re
onant x-ray emission to the main BK x-ray emission was
0.35 for the unmilled sample, but the ratio increased
more than 5.0 for the 5- and 10-h milled samples. T
FWHM of the enhanced peak is about 3 eV, and the sp
tral shape has a slight tail at the higher energy side. T
dependence of the resonant x-ray emission intensity
the average particle size of the milled samples is shown

FIG. 2. B K x-ray emission spectra of unmilled and mille
h-BN. The peak energy of the incident beam was tun
to 193 eV with a magnetic gap of 94 mm. Milling time i
also shown.
3847
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FIG. 3. Dependence of resonant x-ray emission peak inten
on average particle size of milledh-BN clusters.

Fig. 3. The emission intensity is inversely proportional
the average particle size, showing that the state of the
occupied orbitals nearpp is directly affected by the fine
structure of the milled BN clusters.

We think that the enhancement of resonant x-
emissions originates from dangling bond formation in B
clusters. Fine cluster formation due to mechanical milli
destroys the threefold B-N bonds in a layered hexago
structure, causing the twofold B-N bonds with dangli
bonds in the BN clusters. Kawaiet al. [16] calculated
the boron2p density of states (DOS) of the hexagon
B8N8 model cluster shown in Fig. 4 by using the discre
variational (DV)Xa methods [17]. The length of a B-N
bond is 1.45 Å. Five boron atoms located on the ed
of the model cluster are twofold atoms with danglin
bonds, and the inner three boron atoms are three
atoms. Figure 5 shows the calculated boron2p DOS of
the occupied and unoccupied orbitals of (a) threefold a
(b) twofold boron atoms. The major components of t
lower unoccupied orbitals, shown as the four portions
ai si  1 4d in the figure, arepp in threefold boron
and np in twofold boron. np denotes an unoccupie
nonbonding orbital due to a dangling bond. The ene
position of the fourai components innp is apparently
the same as that inpp in threefold boron atoms: 0.7, 3.5
6.8, and 8.7 eV above the Fermi energy level. Compa
with the measured x-ray emission spectra in Fig. 2,
enhanced resonant x-ray emission of the high-ene
satellite at 192 eV corresponds toa1 anda2 components,
although the fine spectral structure based ona1 and a2
was barely distinguishable because of insufficient ene
resolution in the measurements. The high-energy sate
at 197 eV also corresponds toa3 anda4 components. The
main difference in the components betweenpp and np

is the peak intensity ofa1: The a1 peak intensity per
boron atom innp is about 8 times larger than that i
pp. This shows that the cross section of the reson
3848
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FIG. 4. Model cluster of h-BN for the DV-Xa calcula-
tions [16].

x-ray emissions due to annp resonance (B1s-np B 1s21

transition) through thea1 component is larger than that o
a pp resonance. On the other hand, the peak intensity
the a3 and a4 components innp is smaller than that in
pp: This agrees with the nonenhancement of the hig
energy satellite at 197 eV. Therefore, we think that t
enhanced resonant x-ray emission at 192 eV of the mil
BN clusters originates in thenp resonance through thea1
component.

In a plane rhombic model cluster of BxNx sx  n2 1

4n 1 3d composed ofsn 1 1d2 pieces of hexagonal B3N3

units, the number of twofold boron atoms is2n 1 3, and
that of threefold atoms isn2 1 2n. (For example, the
B8N8 cluster shown in Fig. 4 can be expressed asn 
1.) The average particle size of the model cluster c
be expressed assLx2 1 Ly2d1y2, whereLx is the length
of the longer diagonals 4.4n 1 2.9 Åd and Ly is the
shorter diagonals 2.5n 1 2.5 Åd of the rhombic model.

FIG. 5. Calculated boron2p density of states of (a) threefold
and (b) twofold coordination boron atoms: occupied (so
line), unoccupied (dotted line) [16].
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FIG. 6. Calculated relative resonant x-ray emission inten
of plane rhombic model clusters of BxNx (solid line) and the
experimental data (black circles).

Since resonant x-ray emissions are considered to be
sum of thenp resonance from the twofold boron atoms a
thepp resonance from threefold boron atoms, the relat
intensity of the resonant x-ray emissionssIreld of this model
cluster can be expressed as follows:

Irel  fsn2 1 2nd 1 fs2n 1 3dgysn2 1 4n 1 3d ,

where f is the relative cross section of thenp res-
onance. Figure 6 shows the calculated resonant x
emission intensity of the model cluster withf as a pa-
rameter from 10 to 50, and the measured intensity n
malized by the resonant x-ray emission intensity of
unmilled sample. The experimental data agree with
calculated line forf  40. Although thisf value seems
to be slightly large compared with the above-mention
DOS ratio ofnp to pp, this calculation accounts approx
mately for the relationship between the measured reso
x-ray emission intensity and the average particle size. M
chanically milled samples should contain not only the id
plane clusters but also layered clusters and defects. W
we use various layered cluster models with defects,
simulation results actually give smallerf values which
agree well with the experimental data.

In conclusion, the enhanced resonant x-ray emiss
peak due to mechanical milling is explained by the
creased portion ofnp instead ofpp in the unoccupied
boron 2p orbitals, caused by the formation of danglin
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bonds in BN nanoclusters. Furthermore, it may be po
sible to use these resonant x-ray emissions to detect d
gling bonds in nanoclusters.
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