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Resonant elastic x-ray scattering of graphite and diamond at the carboiK threshold
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Resonant elastic x-ray scatteritlREXS) was observed at the carb#nthreshold of graphite powder, and a
small amount of excitonic x-ray scattering was observed in diamond. A comparison of the energy spectra of
REXS in graphite with the carbo x-ray absorption spectra, and with the calculated energy spectra of the
unoccupied density of states, suggests that REXS is caused by the transition of the “participator” electrons via
pm* states insp?-carbon atoms. The probabilities of transition to “participator” REXS or to “spectator”
resonant inelastic x-ray scattering in the resonant radiative-decay process of graphite powder, were determined
from REXS spectroscopy to be approximately 47% and 53%, respectively.

Soft x-ray emission spectroscog$XES, using highly REXS experiments have measured the energy-dependent
brilliant monochromatized synchrotron radiation as an excispectra of elastic x-ray scattering at the threshold. It is well
tation source, has become a key spectroscopic method f@hown that both the energy spectra of carlom-ray emis-
materials science because it is a powerful tool for analyzingion and the inelastic x-ray scattering of graphite depend on
the electronic structure of materials in relation to their banche angle of detection relative to the crystal-structure Axis.
structure! In addition, the resonant phenomena observed inye therefore used a sample of graphite powder, in which the
the excitation near the threshold provide information aboukyerage particle size was 4&m, for our REXS measure-
the radiative-decay process during inner-shell excitation that,ants to average out this detection-angle dependence in the
cannot be obtained using other methods. This has stimulatzgastiC x-ray scattering measurements. A bulk sample of dia-
many researchers to try to co_mprehensively under'stand tr’I‘ﬁond (4<4x 1 mnT) was also used for the measurements.
decay processes and electronic structures of materials and 19 spectral measurements were carried out by using a grat-

explore new fields in materials science. . ; L e
JRg x-ray spectrometer with a position-sensitive detector

The resonant radiative-decay process can in general (]JDSD) installed in beamlingBL) 8.0 (Ref. 10 at the Ad-

divided into two types. One is resonantlasticx-ray scat- : ) .
tering (RIXS), caused by the interaction of “spectator” elec- vanced Light Sourc€ALS). Figure 1 shows the top view of

trons, excited in threshold localized states, with valence eled€ Optical arrangement for the measurements. Monochroma-
trons; the other is resonastastic x-ray scattering REXS), tized undulator beams |rrad|a}te a sample, and fluorescent x
caused by the radiative transition of “participator” electrons ays and scattered x rays emitted from the sample are mono-
to the inner core-holes. Spectator RIXS has been intensivelghromatized by a spherical grating and detected by the PSD.
studied by many researchers, and interesting phenomena re-
lated to the resonant radiative-decay process have been ot
served in many materiafs’ In comparison, the study of par-
ticipator REXS is less advanced; REXS has been clearly
observed only in boron compounti€However, it should be
possible to observe participator REXS in other compounds
and this would provide information about their resonant
radiative-decay process and electronic structure, comple:
menting the RIXS information. spherical
We have studied participator REXS to gain a comprehen- &8
sive understanding of the resonant radiative-decay proces:
We focused on graphite and diamond because the electroni
structures and RIXS of these carbon matefiand the an-
gular resolved SXES of graphftdhave already been well %
investigated. In this paper, we describe our elastic x-ray scat: high-energy Wi‘o‘fj:mrgy ol
tering measurements of graphite and diamond at the carbol
K threshold, and discuss REXS in these carbon materials in
relation to the electronic structure characterizedsp§- and FIG. 1. Top view of the optical arrangement for the elastic x-ray
sp’-carbon atoms. scattering measurements in BL-8.0.
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The entrance slit and the grating of the grating x-ray spec-_ (a) graphite _ (b) diamond
trometer are aligned perpendicularly to the incident undula--§ emission § emission
. . wide window wide window

tor beams in the horizont&-vector plane. The energy reso- | €————= | 3| €— —»

. . . 5 (B) low-energy {C) high-energy 5 (B) low-energy (C) high-energy
lution (AE) of the grating x-ray spectrometer was estimated 3 vindow ) o window = window o | window
to be less than 1 eV in the carbdhregion for a 100um g | g /‘“\ |
entrance slit and a 600-line/mm grating whose curvature hac® \\L_ 2 / '\I
a 10-m radius. To measure the energy-dependent spectra (i = o ,;—-/“' L
elastic x-ray scattering, we measured the partial- 260 270 280 290 300 260 270 280 290 300
fluorescence-yieldPFY) absorption spectra using three dif- PFY absorpiion PFY absorption
ferent PSD window widths optimized by the high- and low- * .
energy masks of the PSD. In the PSD positioned to detec Vlo
carbonK x-ray emission arising from the x-ray excitation o

near the carboK threshold, RIXS or fluoresceit-V x-ray
emission can be detected in the lower energy region anc3 o
elastic x-ray scattering can be detected in the higher energ'&
region. We can therefore obtain the energy-dependent specZ | )
tra of the elastic x-ray scattering from the PFY-absorption &Z
measurements by monitoring the x-ray intensity in the high- z
energy window of the PSD. The energy resolution in the % | ©

nits)

@) UTo

(&)

ﬁ'a

Normalized x-ray intensity (arb. units)

PFY-absorption measurements was estimated to be less the [* =" I

0.5 eV for a 100um exit slit and a 380-line/mm grating with & I

a 70-m radius in the beamline monochromator. The total-=

electron-yield(TEY) absorption spectra were also measured x2 Ulo x2 A Vo
by monitoring the sample photocurrent in BL-6.322The 1

energy resolution in the TEY-absorption measurements was A)-®) (A - (B)

estimated to be 0.07 eV for a 20m exit slit and a 600-

line/mm grating. X2 X2

%i

Figure 2 shows the carbdf x-ray emission spectraup- raneant,
per panels and PFY- and TEY-absorption spectt@mwer TEY absorption TEY absorption
panel$ of (a) graphite powder an¢b) diamond. The carbon
K x-ray emission spectra were obtained using 320-eV x-ray
excitation. For graphite, the PSD was positioned to detect x
rays from 263 to 298 eV as shown in the carkdmx-ray
emission spectrum. In the x-ray emission spectrum, elastic
X-ray scattering can be expected in the energy region above
284 eV and RIXS or fluoresceit-V X-ray emission can be FIG. 2. CarbonK x-ray emission spectréupper panelsand
expected below 284 eV. In this PSD setup, the width of thepartial-fluorescence-yielPFY) and total-electron-yieldTEY) ab-
wide window (denoted byA in the figure was tuned from  sorption spectrélower panels of (a) graphite powder an¢b) dia-

263 to 298 eV, that of the low-energy winddB) was from  mond. The carborK x-ray emission spectra were obtained using
263 to 284 eV, and that of the high-energy wind@@ was  320-eV excitation. The PFY absorption spectra were taken by
from 284 to 298 eV, as illustrated in the x-ray emissionmonitoring the x-ray intensity measured by the PSD wihwide,
spectrum. The lower panel shows the PFY-absorption spedB) low-energy, and(C) high-energy windows. Spectra obtained
tra taken with(A) wide, (B) low-energy, andC) high-energy  after subtractingB) from (A), denoted by &) —(B), and the total-
windows, as well as the spectra obtained after subtra¢Bhg electron-yield(TEY) absorption spectra are also shown. The peak
from (A) and the TEY-absorption spectra of graphite. Thesestructure observeq at .284 eVin thd, sfpectra,. Whi.Ch is affected
PEY-absorption spectra can be obtained by monitokiig, by ce_lrbon contamination of the beamline optics, is denoted by an
wherel is the x-ray intensity measured by the PSD, spis ~ aSterisk.

the incident-beam photocurrent intensity measured by a

gold-mesh beam monitor in front of the samples. In thesdRIXS and elastic x-ray scattering in the wide winddw).
measurements, the shape of tlié, spectra may not pre- Therefore, energy-dependent spectra of elastic x-ray scatter-
cisely reflect the carborK absorption structure of the ing can be obtained from the PFY-absorption spectréCof
samples because of carbon contamination of the beamliner the spectra obtained after subtractiiy from (A). In the
optics in BL-8.0. Therefore, the spectralaindly are shown high-energy window, PFY-absorption spectrum of the graph-
as part of the high-energy-window spectryf@) to clarify ite (C), a sharp peak was observed near 285 eV, followed by
the carbon contamination effects og; a dip structure was a slight plateau in the energy region from 285 to 292 eV.
observed at 284 eV in thiey spectrum. This shows that the These spectral features ¢€) were approximately repro-
peak structure observed at 284 eV in tik, spectra, which duced in the spectrum obtained after subtractiBy from

is denoted by an asterisk in the figure, is affected by théA). Comparing these energy-dependent spectra of elastic
carbon contamination. x-ray scattering with the TEY-absorption spectrum, we

We detected RIXS in the low-energy winddB), elastic ~ found that the sharp 285-eV scattering peak corresponds to
x-ray scattering in the high-energy windo{€), and both  the #*-absorption peak and that the broad portion in the

270 280 290 300 310 270 280 290 300 310
Photon energy (eV) Photon energy (eV)
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(a) Cluster model, C96H2 4 pling effects of core excitons. Except for this excitonic x-ray
scattering, no significant scattering structure was observed
for diamond.

To describe the spectral features of REXS in graphite, we
calculated the unoccupied density of state®9) of graph-
ite by using discrete-variational (DV)¥« molecular orbital
calculation™ Figure 3a) shows the cluster model ofggH,,
we used for the DVX« calculations, and Fig.(B) shows the
calculated unoccupied® and X-DOS spectra of the clus-
ter model. The DOS spectra were obtained by convoluting
the 0.5-eV-wide Lorentzian functions on the individual DOS.
The 2p-DOS is widely spread in the molecular-orbi{8dO)
energy region of 1 to 20 eV. The peaks at 2 and 10 eV can be
assigned tor* and o*, respectively. The energy gap of 7
(b) DOS spectra eV between these calculated ando™® peaks approximates
that between the peaks measured at 285 and 292 eV. In com-
o* parison, the 8 DOS exists only above an MO energy level
of 9 eV. This indicates that the region between tke and
o* peaks is composed of onfym* states. As shown in Fig.
2(a), REXS was observed in the region between ttfeand
o* peaks. From this we conclude that REXS occurs via the
unoccupied pm* states (b-pm*-1s” ! transition in
sp?-carbon atoms. This REXS transition viamr* states
agrees with the intense REXS observed in triangularly coor-
dinated boron compounds. In diamond, no significant
7 REXS was observed, except for the excitonic x-ray scatter-
ing peak at 289 eV. This agrees with the above-mentioned
A N R REXS mechanism, because there arepnd® states in the
10 15 20 sp3-carbon atoms of diamond. This suggests that we may
MO energy (eV) experimentally distinguish thp#* states from the compli-
cated hybridized electronic structure in the unoccupied states

¥
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FIG. 3. (a) Cluster model of gH,, used in the DVX« calcu- of carbon compounds by usina REXS spectrosco
lations of graphite;(b) calculated unoccupied®2 and %-DOS P y 9 P Py

. Figure 4 overlays the PFY-absorption spectrum of the
spectra of the cluster model. The DOS spectra were obtained b . . . .
convoluting the 0.5-eV-wide Lorentzian functions on the individual éraphlte powder taken with the wide windad#) onto that

DOS.

. w*-resonant emission REXS
range from 285 to 292 eV corresponds to the region between

the 7*- and o* -absorption peaks. No scattering structure
was observed above the* -peak region. Although the low- RIXS
energy tail of the 285-eV scattering peak in the spectrum

obtained after subtractin@) from (A) is partially observed

in the 284-eV region in which the peak structure of carbon

contamination effects should be observed, the main spectral
features of the elastic x-ray scattering are hardly affected by
the carbon contamination effects. This elastic x-ray scatter-
ing in graphite thus corresponds to the threshold unoccupied
electronic structure, and it can be identified as REXS.

For diamond, shown in Fig.(B), a peak at 289 eV and a
small peak at 284 eV were observed in the high-energy win-
dow PFY-absorption spectrunfC) and the spectrum ob-
tained after subtractingB) from (A). In comparison to thé,
spectrum shown i(C), it is clear that the 284-eV peaks
denoted by an asterisk in tHél, spectra of(A), (B), and 1. T
(C), and in the spectrum obtained af_ter _subtrac(lBgfrom . 270 %0 290 200 310
(A) are the result of carbon contamination of the beamline Photon energy (eV)
optics, as mentioned above for graphite. The peak at 289 eV,
however, corresponds to the threshold peak caused by an FiG. 4. Comparison of peak heights between PFY-absorption
exciton in the TEY absorption. Therefore, the 289-eV peakspectra of graphite powder taken with) the wide window(solid
may also be elastic x-ray scattering via exciton states. Thine) and (B) the low-energy window(open circles The inset
resonant phenomenon in exciton states was discovered astows ther* -resonant carbol x-ray emission spectrum of the
explained by Maet al'? as resulting from the vibronic cou- graphite powder.
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taken with the low-energy windouB), with the x-ray scat- ing. This shows that REXS spectroscopy may identify the
tering intensities normalized. The spectral height at 285 e\p#* orbitals in the unoccupied hybridized orbitals of carbon
in the low-energy-window spectrum shows the probability ofatoms. The transition probability ratio between participator
spectator RIXS occurring. In comparison, the peak height aREXS and spectator RIXS in the resonant radiative-decay
285 eV in the wide-window spectrum includes both spectatoprocess can be determined from REXS spectroscopy. In
RIXS and participator REXS. Consequently, we can quantigraphite powder, the probabilities of transition to REXS and
tatively determine the transition-probability ratio of spectatori; r|xS were measured and found to be approximately 47%
RIXS ‘and participator REXS by comparing these peaksnq 539, respectively. This shows that REXS spectroscopy
heights; the probabilities Oi transition to participator REXS 4t the thresholds of inner-shell excitation provides informa-
or to spectator RIXS in the™ -resonant radiative-decay pro- s ahout the electronic structures of unoccupied orbitals

cess of graphite powder were determined to be approxiznq apout the resonant radiative-decay process, complement-
mately 47% and 53%, respectively. This ratio corresponds t?ng RIXS spectroscopy.

the peak area ratio between the REXS and RIXS peaks in the
7* -resonant carboi x-ray emission spectrum in the inset We wish to express thanks to Professor Thomas A.
in the figure. Callcott of the University of Tennessee and to Dr. Eric M.
In conclusion, we have observed strong REXS at the carGullikson and Dr. James H. Underwood of Lawrence Berke-
bon K threshold of graphite powder. The energy region ofley National Laboratory for their helpful support in the spec-
the REXS corresponded to that of the* states of graphite. troscopic measurements at ALS. We are also grateful to Dr.
The REXS is caused by the transition of the participatorEric L. Shirley of the National Institute of Standards and
electrons viap7* states insp?-carbon atoms. In diamond, Technology, and to Dr. Takayoshi Hayashi of NTT Lifestyle
however, there are npz* states, and no REXS was ob- and Environmental Technology Laboratories for their helpful
served, except for a small amount of excitonic x-ray scatterdiscussions.
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