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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 boroK-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 froBiItha*—B 1s~! electron
transition, withn* an unoccupied nonbonding orbital of twofold-coordination boron atoms with dangling
bonds. X-ray emissions excited t" orbitals may be possible for detecting dangling bonds in
nanoclusters. [S0031-9007(96)00198-6]

PACS numbers: 78.70.En

Soft x-ray emission spectroscopy has recently beehexagonal structure of BN clusters created by mechanical
studied using synchrotron radiation to investigate the eleamilling, by comparing the measured x-ray emission spec-
tronic characteristics of various materials. In particulartra with calculated discrete-variational (D)« spectra.
resonant x-ray emissions occurring when the excitation We used commerciah-BN powder samples whose
energy is tuned to a specific level provide new informationpurity was more than 99.99%. The samples were me-
on the excitation dynamics in the interaction process othanically milled for 0.5, 1.0, 5.0, and 10.0 h in an argon
photons and electrons. The satellite structure in fluoresatmosphere to prevent oxidation. The hexagonal crystal
cent x-ray emission spectra has recently been investigatesfructure of the individual samples were identified from
by measuring selectively excited x-ray emission spectrgéhe spectrum profiles of the x-ray diffraction: Their
[1-4]. We have demonstrated that the high-energy sateparticle size was estimated from the peak width in the
lites in the BK x-ray emission spectra of boron oxide andx-ray diffraction spectra. The average siZe of the
boron nitride originate from resonant x-ray emissions dugarticles was estimated from the full width at half
to an electron transition between borém and unoccu- maximum (FWHM) of the x-ray diffraction peak(26)
pied antibonding orbitals [5,6]. Prominent resonant x-rayby using the Scherrer equation [8](26) = A/L co9y,
emissions are observed in molecules with strongly localwhere A is the diffraction wavelength angl is the Bragg
ized unoccupied antibonding™ orbitals, such as in boron angle. The estimated average particle size was 1000, 140,
atoms with threefold coordination. Kashiwai, Kouzuki, 50, 20, and less than 20 A for the 0-, 0.5-, 1-, 5-, and 10-h
and Motoyama [7] also found that the spectral profilemilled samples, respectively.
of the B K x-ray emissions of hexagonal boron nitride The B K x-ray emission spectra and the absorption
(h-BN) powder, taken with high-energy electron beam ex-spectra were obtained using a grating x-ray spectrome-
citation, depends slightly on the mechanical milling timeter in the BL-16 undulator beam line at the Photon Fac-
of the powder. To further investigate this phenomenontory (PF) [9—11]. The grating was a 2-m variable-spaced
we measured selectively excitedkBx-ray emission spec- grating with a groove density of 2400 lines/mm: Its in-
tra of mechanically milledi-BN clusters by using quasi- cident angle was fixed at 87 A gas-flow-type propor-
monochromatic undulator radiation, focusing on resonantional counter was used for x-ray detection. For the x-ray
x-ray emissions. In this Letter, we describe how reso-emission measurements, the quasimonochromatic undula-
nant x-ray emissions depend on disorder in the layeretbr first harmonic beam was incident on the sample, and

3846 0031-900796/76(20)/3846(4)$10.00 © 1996 The American Physical Society



VOLUME 76, NUMBER 20 PHYSICAL REVIEW LETTERS 13 My 1996

X-ray emission spectra were taken with an energy rescexcitation [14,15]. No high-energy satellite was observed
lution of about 2 eV. The peak energy of the incidentin 92- and 100-mm gap spectra, but high-energy satellites
undulator first harmonics was varied from 180 to 230 eV were observed at 192 and 197 eV in other gap spectra.
which covered from below the bordi-shell threshold to The high-energy satellite intensity obviously increases
continuum, by adjusting the magnetic gap of the undulawhen the photon energy of the incident beam coincides
tor. The energy width of the first harmonics was aboutwith the satellite energies. The origin of the high-energy
12 eV. For the absorption measurements, a monochronsatellites was identified as resonant x-ray emissions due
atized undulator beam with an energy resolution of 0.8 eMo a Bls-7*-B 1s~! transition, wherer™ means ther
was incident on the sample, and the B x-ray emis- portion of the unoccupied bordy orbitals [6].
sions were detected. The incident beam was scanned Figure 2 shows that the & x-ray emission spectra
from 188 to 208 eV. Each measurement time was aboutf mechanically milledz-BN samples, excited by quasi-
30 min for both the emission and absorption measuremonochromatic undulator first harmonics tuned to the
ments. Decomposition of the samples was not observed *-orbital excitation with a 94 mm magnetic gap. It is
during these measurements with 300 mA beam currertlear that the resonant x-ray emission of the high-energy
in the PF-synchrotron ring. Details of the spectroscopicsatellite at 192 eV greatly increased as the mechanical
measurements are described elsewhere [12,13]. milling time was increased; however, the peak intensities
The BK x-ray emission spectra of the unmilled sampleof the main BK x-ray emission peak at 181.5 eV and the
with a particle size of 1000 A are shown in Fig. 1. low-energy satellite at 170 eV were almost constant and
The peak energy of the incident beam was tuned fronindependent of the mechanical milling time. The high-
about 180 to 230 eV by varying the magnetic gap of theenergy satellite at 197 eV was also barely enhanced by
undulator from 92 to 100 mm. In the spectrum measuredhe milling. The peak intensity ratio of the enhanced res-
with the highest energy excitation with a magnetic gaponant x-ray emission to the main B x-ray emission was
of 100 mm, the main BK x-ray emission peak due to 0.35 for the unmilled sample, but the ratio increased to
a B2p-B1s~! transition was observed at 181.5 eV andmore than 5.0 for the 5- and 10-h milled samples. The
the low-energy satellite due to alN-B 1s~! transition FWHM of the enhanced peak is about 3 eV, and the spec-
was observed at 170 eV. This spectral profile agrees wittral shape has a slight tail at the higher energy side. The
previous data obtained with high-energy electron beandependence of the resonant x-ray emission intensity on
the average particle size of the milled samples is shown in
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FIG. 1. BK x-ray emission spectra of unmillédBN, excited 150 160 170 180 190 200 210 220
by quasimonochromatic undulator first harmonics (dotted line). Photon energy / eV

The absorption spectrum (solid line) and the spectral profiles

of the incident first harmonics (dashed line) are also shownFIG. 2. B K x-ray emission spectra of unmilled and milled
Peak energies of the first harmonics were tuned from below thé-BN. The peak energy of the incident beam was tuned
boron K-shell threshold to continuum by varying the magneticto 193 eV with a magnetic gap of 94 mm. Milling time is
gap of the undulator from 92 to 100 mm. also shown.
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100 L L x-ray emissions due to ar* resonance (Bs-n*-B1s~!
107 102 108 transition) through the; component is larger than that of

Average particle size / A an™* resonance. On the other hand, the peak intensity of

. : .the a3 and a4 components im™ is smaller than that in
FIG. 3. Dependence of resonant x-ray emission peak intensity . . . .
on average particle size of millgttBN clusters. 7. This agrees with the nonenhancement of the high-
energy satellite at 197 eV. Therefore, we think that the
enhanced resonant x-ray emission at 192 eV of the milled
Fig. 3. The emission intensity is inversely proportional toBN clusters originates in the* resonance through thg
the average particle size, showing that the state of the urtcomponent.
occupied orbitals near™ is directly affected by the fine In a plane rhombic model cluster of B, (x = n? +
structure of the milled BN clusters. 4n + 3) composed ofn + 1)? pieces of hexagonal Bl
We think that the enhancement of resonant x-rayunits, the number of twofold boron atoms2s + 3, and
emissions originates from dangling bond formation in BNthat of threefold atoms i&? + 2. (For example, the
clusters. Fine cluster formation due to mechanical millingBgNg cluster shown in Fig. 4 can be expressednas
destroys the threefold B-N bonds in a layered hexagonal.) The average particle size of the model cluster can
structure, causing the twofold B-N bonds with danglingbe expressed ad.x*> + Ly?)'/2, whereLx is the length
bonds in the BN clusters. Kawait al.[16] calculated of the longer diagonal= 4.4n + 2.9 A) and Ly is the
the boron2p density of states (DOS) of the hexagonal shorter diagonal= 2.5n + 2.5 A) of the rhombic model.
B gNg model cluster shown in Fig. 4 by using the discrete-
variational (DV) X« methods [17]. The length of a B-N
bond is 1.45 A. Five boron atoms located on the edge (@) ¥
of the model cluster are twofold atoms with dangling

bonds, and the inner three boron atoms are threefold
atoms. Figure 5 shows the calculated bo2gnDOS of

the occupied and unoccupied orbitals of (a) threefold and
(b) twofold boron atoms. The major components of the
lower unoccupied orbitals, shown as the four portions of
a; (i = 1-4) in the figure, arer™ in threefold boron
and n* in twofold boron. n* denotes an unoccupied
nonbonding orbital due to a dangling bond. The energy
position of the foura; components im™ is apparently
the same as that in™ in threefold boron atoms: 0.7, 3.5,
6.8, and 8.7 eV above the Fermi energy level. Compared
with the measured x-ray emission spectra in Fig. 2, the
enhanced resonant x-ray emission of the high-energy
satellite at 192 eV corresponds 49 anda, components,
although the fine spectral structure basedagnand a,

was barely distinguishable because of insufficient energy
resolution in the measurements. The high-energy satellite
at 197 eV also correspondsde anda, components. The
main difference in the components betweefi and n™
is the peak intensity ofi;: The a; peak intensity per
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7. This shows that the cross section of the resonanitne), unoccupied (dotted line) [16].
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S ) . FIG. 5. Calculated boro@p density of states of (a) threefold
boron atom inn” is about 8 times larger than that in and (b) twofold coordination boron atoms: occupied (solid
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@100 bonds in BN nanoclusters. Furthermore, it may be pos-
g sible to use these resonant x-ray emissions to detect dan-
& gling bonds in nanoclusters.
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