experimental methods and techniques

Experimenta| techr"que for radiative- PRP-XAS and PRP x-ray absorption measurements of the
. graphite/diamond and-BN/c-BN systems to further investigate

process-resolved X-ray absorption REXS in these systems.

spectroscopy at the inner-shell excitation _

thresholds Experiment

RPR x-ray absorption spectra can especially be obtained from the
- a b o partial-fluorescence-yield (PFY) x-ray absorption measurements
Yasuji Muramatsu “*, Yuko Ueno °, Teikichi A. using a wavelength-dispersive x-ray spectrometer with PSD. For the
Sasaki?, Eric M. Gullikson °, and Rupert C. C. Perera © PFY-absorption measurements, we can selectively extract x-ray
emission signals from specified radiation processes by optimizing
the window width on the PSD. In this study, the PFY-absorption
b . . measurements were carried out by using a grating x-ray spectrometer
?’ZghSnlo‘IlogéjigzgraleoZ;mjfstZ Eaggnggg'@n;n‘gtoall 98, Japan installed in beamline (BL) 8.0 (Jiat al, 1995) at the Advanced
c i ’ PEEET Light Source (ALS). Figure 1 shows the top view of the optical
Lawrence Berkeley National Laboratory, Berkeley, California arrangement for the measurements. Monochromatized undulator
94720, USA, E-mail: murama@spring8.or.jp beams irradiate a sample, and fluorescent x-rays and other scattered
. . . x-rays emitted from the sample are monochromatized by a spherical
Partial-fluorescence-yield (PFY) x-ray absorption measurementg,aiing and detected by the PSD. The entrance slit and the grating of
using the optlmlzed yvmdow widths of position sensitive detectgrs lthe grating x-ray spectrometer are aligned perpendicularly to the
wave-length dispersive x-ray spectrometers, have been applied fatident undulator beams in the horizontal E-vector plane. In this
radiative-process-resolved (RPR) x-ray absorption Specmscol’é(rrangement, the high-energy and low-energy window widths on the
We have measured PFY-absorption spectra of graphite and diamopdp can be varied by adjustments of the high- and low-energy
at the C K threshold and 6fBN andc-BN at the B K threshold.  55ks. To measure the PFY-absorption spectra, we scanned the
Resonant elastic x-ray scattering was observed in graphitBNd  jycigent beam energy monitoring the x-ray intensities detected on
on their PFY-absorption spectra, and excitonic x-ray scattering Wae psSp whose window widths were optimized by its high- and
observed in diamond andBN. These results show that PFY- |5\.energy masks. The energy resolution of the PFY-absorption
absorption measurements for RPR x-ray absorption spectroscopy GaBasurements in the C K region was estimated to be less than 0.5 eV

provide the information about the electronic structures and thﬁ,r a 100um exit slit and a 380-line/mm grating with a 70-m radius
radiative-decay process in inner-shell excitation. in the beamline monochromator.
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Introduction

X-ray absorption spectroscopy (XAS) at the inner-shell excitation

thresholds provides a lot of information about electronic structure

and chemical-bonding-states of molecules/materials. ~Especially&ntrance o
. . . . . slit

recent availability of high-energy-resolution and high-flux soft x-

rays using synchrotron radiation has contributed to the developmenstpherical

of many novel x-ray absorption experiments in wide range Ofgaing

research fields. In the x-ray absorption experiments, x-ray

absorption spectra have usually been measured by monitoring

electron vyield (for example photoelectron Auger electrons, and

sample photocurrent) and fluorescence yield (FY) (Stohr, 1992). In

the FY-absorption measurements, the measured x-rays are usually

the ordinary fluorescent x-rays resulted from the transition of

valence electrons to inner core holes. However, the monitored x-

rays may often include not only the ordinary fluorescent x-rays but

also the x-rays emitted from other radiative processes such as

resonant elastic/inelastic x-ray scattering at thresholds (Ederer &

McGuire, 1996), specular reflection of x-rays, and diffuse scatteringigure 1

by surface irregularities. Therefore, we can obtain more detailefop view of the optical arrangement for the PFY-absorption measurements in

information about x-ray absorption followed by radiative-decays iBL-8.0.

inner-shell excitation, if we could measure the x-ray absorption )
spectra resolved for the individual radiative processes. Powder samples were used in these measurements and the angle

One of the simple methods for radiative-process-resolved (RPR] incident beam onto the samples was optimized to minimize the
x-ray absorption spectral measurements is to selectively measure figiection of elastic scattering and reflected light. - Commercially
photon energy of emitted x-rays by optimizing window widths ofobtained powder samples of graphite, diamom@N and c-BN
position-sensitive detectors (PSD) in wavelength-dispersive x-raffére used to observe the REXS. Average particle size of these
spectrometers. By using this technique, we have successfulR@wder samples were 50 — 2fn. These powder samples were
separated the resonant elastic x-ray scattering (REXS) from F\p.ressed on indium sheets which covered with sample holders. Total-

900
fluorescent x-rays and
scattered x-rays
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—
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position sensitive detector

absorption spectra of graphite at C K threshold (Muramettsal.,  electron-yield (TEY) x-ray absorption spectra of these samples were
2000, and have demonstrated that the RPR-XAS could be a usefalso measured as references by monitoring the sample photocurrent
tool for analyzing the electronic structure of materials. in BL-6.3.2 (Underwoockt al, 1996). The energy resolution of the

In this paper, we will demonstrate the experimental details fofEY-absorption measurements in the C K region was estimated to
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be 0.07 eV for 2@m exit slit and a 600-line/mm grating. SampleseV and a small peak at 284 eV were observed in the high-energy-
were in a 10-Torr vacuum during the PFY- and TEY-absorption Window PFY-absorption spectrum (C) and the spectrum obtained

measurements. after subtracting (B) from (A). In comparison to thespectral
shape, the 284-eV peaks in the Bpectra of (A), (B), and (C), and
Results and Discussion in the spectrum obtained after subtracting (B) from (A) are the result

Figure 2 shows the & x-ray emission spectra, which were obtainedof carbon contamination of the beamline optics. The peak at 289 eV,
using 320-eV x-ray excitation, and PFY- and TEY-absorptiorhowever, corresponds to the threshold peak caused by an exciton in
spectra of (a) graphite powder and (b) diamond. For graphite, tiee TEY-absorption which is in good agreement with the published
PSD was positioned to detect x-rays from 263 to 298 eV as shown gpectrum (Meet al, 1992). Therefore, the 289-eV peak may also be
the CK x-ray emission spectrum. In the x-ray emission spectrunglastic x-ray scattering via exciton states. This resonant phenomenon
elastic x-ray scattering can be expected in the energy region aboweexciton states was discovered and explained by Ma et al. (Ma,
284 eV and resonant inelastic x-ray scattering (RIXS) or fluorescen993) as resulting from the vibronic coupling effects of core
x-ray emission can be expected below 284 eV. In this PSD setugxcitons. Except for this excitonic x-ray scattering, no significant
the width of the wide window (denoted by A in the figure) was tunedscattering structure was observed for diamond.

from 263 to 298 eV, that of the low-energy window (B) was from

263 to 284 eV, and that of the high-energy window (C) was from & (a) graphite (b) diamond

284 to 298 eV, as illustrated in the x-ray emission spectrum. The5 (&) wide window (A) wide window

lower panel shows the PFY-absorption spectra taken with (A) theg < > < >
wide, (B) low-energy, and (C) high-energy windows, as well as the & (8) lowenergy () hgh-energ & lowenergy (9 hgh-enerd
spectra obtained after subtracting (B) from (A) and the TEY- 2 e — e i«
absorption spectra of graphite. These PFY-absorption spectra can bg i st i

obtained by monitoring I§) where | is the x-ray intensity measured £ ,/' R PARRY

by the PSD andglis the incident-beam photocurrent intensity E B .-f"./ y .f.".‘i_h o MN L ‘i__i »
measured by a gold-mesh beam monitor in front of the samples. Inx 260 270 280 290 300 260 270 280 290 300

these measurements, the shape of thespéctra may not precisely
reflect the K absorption structure of the samples because of carbon
contamination of the beamline optics in BL-8.0. Therefore, the I/] PFY absorption PFY absorption
spectra of (A) and (B) are not agree with the previously published x- (A
ray absorption spectra of graphite. (A)
We detected RIXS in the low-energy window (B), elastic x-ray
scattering in the high-energy window (C), and both RIXS and elastic
x-ray scattering in the wide window (A). Therefore, energy- @ (B)
dependent spectra of elastic x-ray scattering can be obtained frong (B)
the PFY-absorption spectra of (C) or the spectra obtained afterg
subtracting (B) from (A). In the high-energy-window PFY- &
absorption spectrum of the graphite (C), a sharp peak was observeg
near 285 eV, followed by a slight plateau in the energy region from 2

285 to 292 eV. These spectral features of (C) were approximatelyS L
©

reproduced in the spectrum obtained after subtracting (B) from (A).'c% ©)
Comparing these energy-dependent spectra of elastic x-ray scatterin
with the TEY-absorption spectrum which is in good agreement with
the published spectrum (Sky&t al, 1994) measured with the
normal incidence irradiation onto the sample surface, we found that (A) - (B) [\ (A)-(B)
the sharp 285-eV scattering peak corresponds tartfadsorption

peak and that the broad portion in the range from 285 to 292 eV TEY absorption
corresponds to the region between ttteand o*-absorption peaks.

No scattering structure was observed above ah@eak region.
This elastic x-ray scattering in graphite thus corresponds to the
threshold unoccupied electronic structure, and it can be identified as
participator REXS viatt* orbitals; participator REXS is caused by — T
the radiative trgnsition of Oparticipgtor() electrons, excited in the 579 280 290 300 310270 280 290 300 310
threshold localized states, to the inner core-holes. The spectral

height at 285 eV in the low-energy-window spectrum shows the Photon energy / eV Photon energy / eV
probability of spectatorRIXS occurring;spectatorRIXS is caused

by the interaction of OspectatorO electrons, excited in threshold

localized states, with valence electrons. In comparison, the pe'ﬁ%ure2

height at 285 eV in the wide-window spectrum includes botit k x.ray emission spectra (upper panels) and PFY- and TEY-absorption
spectator RIXS and participator REXS. Consequently, we can spectra (lower panels) of (a) graphite powder and (b) diamond. The x-ray
quantitatively determine the transition-probability ratio of theemission spectra were obtained using 320-eV excitation. The PFY-
spectatorRIXS and participator REXS by comparing these peak absorption spectra were taken by monitoring the x-ray intensity measured by
heights; the probabilities of transition participator REXS or to  the PSD with (A) wide, (B) low-energy, and (C) high-energy windows.
spectator RIXS in the T-resonant radiative-decay process of Spectra obtained after subtracting (B) from (A), denoted by (A) - (B), are
graphite powder were determined to be approximately 47% an SO shown.

53%, respectively. For diamond, shown in Fig. 2(b), a peak at 289

A

TEY absorption
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Figure 3 shows the B K x-ray emission spectra, which werstructure of the high-energy window spectrum (C) was also observed
obtained using 210-eV x-ray excitation, and PFY- and TEY4n the spectrum obtained after subtracting (B) from (A). Comparing
absorption spectra of (&)BN and (b)c-BN. In the x-ray emission these energy-dependent spectra of elastic x-ray scattering with the
spectra, elastic x-ray scattering can be expected in the energy regibieY-absorption spectrum which is in good agreement with the
above 189 eV and RIXS or fluorescent x-ray emission can bpublished spectrum (Jet al, 1996), we found that the intense 192-
expected below 189 eV. In this PSD setup, the width of the wideV scattering peak corresponds to tieabsorption peak. This
window (A) was tuned from 168 to 200 eV, that of the low-energylastic x-ray scattering ih-BN can therefore be identified as
window (B) was from 168 to 189 eV, and that of the high-energyarticipator REXS via T*-orbitals.  From the comparison of the
window (C) was from 189 to 200 eV. The lower panels show thgeak height at 192 eV in the wide-window spectrum (A) with the
PFY-absorption spectra taken with (A) the wide, (B) low-energylow-energy-window spectrum (B), the probabilities of transition to
and (C) high-energy windows, as well as the spectra obtained aftg#rticipator REXS or to spectator RIXS in the T*-resonant
subtracting (B) from (A) and the TEY-absorption spectra. radiative-decay process oh-BN were determined to be

approximately 94% and 6%, respectively. E@N, shown in Fig.
(a)h-BN (b)c-BN 3(b), a weak peak near 192 eV was observed in the high-energy-
(A) wide window (A) wide window window spectrum (C) and the spectrum obtained after subtracting
(B) from (A). The peak near 192 eV, however, corresponds to the
threshold small peak caused by an exciton in the TEY-absorption

: which is in agreement with the published spectruns-BN crystal

| (Shin et al, 1995) without the intensity of the excitonic peak near
[ i 192 eV. Because tteBN powder sample was used in this study, its

i excitonic peak intensity may be weaker than one-BN crystal.
Therefore, the weak 192-eV peak may also be elastic x-ray
scattering via exciton states. Tparticipator REXS ofh-BN and the
excitonic scattering 0€-BN are as same as the above mentioned
PFY absorption PFY absorption participator REXS of graphite taking hexagonal structure and

excitonic scattering of diamond taking cubic structure, respectively.
GV
Conclusion
®* To demonstrate the RPR-XAS, we have measured PFY-absorption

spectra of graphite and diamond at the C K threshold and thbse of

®) BN andc-BN at the B K threshold, using the different PSD window
widths optimized by the high- and low-energy masks of the PSD.

®) From these PFY x-ray absorption measurements, we observed
participator REXSs in graphite an-BN. In diamond anda:-BN,

however, no REXS was observed, except for a small amount of
excitonic x-ray scattering. These results show that the PFY-
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© M absorption measurements for RPR-XAS can provide the information
about the electronic structures and the radiative-decay process.
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