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Resonant elastic x-ray scattering of graphite and diamond at the carbonK threshold
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Resonant elastic x-ray scattering~REXS! was observed at the carbonK threshold 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 carbonK 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
pp* states insp2-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.
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Soft x-ray emission spectroscopy~SXES!, using highly
brilliant monochromatized synchrotron radiation as an ex
tation source, has become a key spectroscopic method
materials science because it is a powerful tool for analyz
the electronic structure of materials in relation to their ba
structure.1 In addition, the resonant phenomena observed
the excitation near the threshold provide information ab
the radiative-decay process during inner-shell excitation
cannot be obtained using other methods. This has stimul
many researchers to try to comprehensively understand
decay processes and electronic structures of materials a
explore new fields in materials science.

The resonant radiative-decay process can in genera
divided into two types. One is resonantinelasticx-ray scat-
tering~RIXS!, caused by the interaction of ‘‘spectator’’ ele
trons, excited in threshold localized states, with valence e
trons; the other is resonantelastic x-ray scattering~REXS!,
caused by the radiative transition of ‘‘participator’’ electro
to the inner core-holes. Spectator RIXS has been intensi
studied by many researchers, and interesting phenomen
lated to the resonant radiative-decay process have been
served in many materials.2,3 In comparison, the study of par
ticipator REXS is less advanced; REXS has been cle
observed only in boron compounds.4–6 However, it should be
possible to observe participator REXS in other compoun
and this would provide information about their resona
radiative-decay process and electronic structure, com
menting the RIXS information.

We have studied participator REXS to gain a compreh
sive understanding of the resonant radiative-decay proc
We focused on graphite and diamond because the electr
structures and RIXS of these carbon materials7,8 and the an-
gular resolved SXES of graphite9 have already been we
investigated. In this paper, we describe our elastic x-ray s
tering measurements of graphite and diamond at the ca
K threshold, and discuss REXS in these carbon materia
relation to the electronic structure characterized bysp2- and
sp3-carbon atoms.
PRB 610163-1829/2000/61~4!/2393~4!/$15.00
i-
for
g
d
in
t

at
ed
he
to

be

c-

ly
re-
ob-

ly

s,
t
e-

-
ss.
nic

t-
on
in

REXS experiments have measured the energy-depen
spectra of elastic x-ray scattering at the threshold. It is w
known that both the energy spectra of carbonK x-ray emis-
sion and the inelastic x-ray scattering of graphite depend
the angle of detection relative to the crystal-structure ax9

We therefore used a sample of graphite powder, in which
average particle size was 45mm, for our REXS measure
ments to average out this detection-angle dependence in
elastic x-ray scattering measurements. A bulk sample of
mond (43431 mm3) was also used for the measuremen
The spectral measurements were carried out by using a
ing x-ray spectrometer with a position-sensitive detec
~PSD! installed in beamline~BL! 8.0 ~Ref. 10! at the Ad-
vanced Light Source~ALS!. Figure 1 shows the top view o
the optical arrangement for the measurements. Monochro
tized undulator beams irradiate a sample, and fluoresce
rays and scattered x rays emitted from the sample are m
chromatized by a spherical grating and detected by the P

FIG. 1. Top view of the optical arrangement for the elastic x-r
scattering measurements in BL-8.0.
R2393 ©2000 The American Physical Society
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The entrance slit and the grating of the grating x-ray sp
trometer are aligned perpendicularly to the incident undu
tor beams in the horizontalE-vector plane. The energy reso
lution (DE) of the grating x-ray spectrometer was estima
to be less than 1 eV in the carbonK region for a 100-mm
entrance slit and a 600-line/mm grating whose curvature
a 10-m radius. To measure the energy-dependent spect
elastic x-ray scattering, we measured the part
fluorescence-yield~PFY! absorption spectra using three d
ferent PSD window widths optimized by the high- and lo
energy masks of the PSD. In the PSD positioned to de
carbonK x-ray emission arising from the x-ray excitatio
near the carbonK threshold, RIXS or fluorescentK-V x-ray
emission can be detected in the lower energy region
elastic x-ray scattering can be detected in the higher en
region. We can therefore obtain the energy-dependent s
tra of the elastic x-ray scattering from the PFY-absorpt
measurements by monitoring the x-ray intensity in the hi
energy window of the PSD. The energy resolution in t
PFY-absorption measurements was estimated to be less
0.5 eV for a 100-mm exit slit and a 380-line/mm grating with
a 70-m radius in the beamline monochromator. The to
electron-yield~TEY! absorption spectra were also measu
by monitoring the sample photocurrent in BL-6.3.2.11 The
energy resolution in the TEY-absorption measurements
estimated to be 0.07 eV for a 20-mm exit slit and a 600-
line/mm grating.

Figure 2 shows the carbonK x-ray emission spectra~up-
per panels! and PFY- and TEY-absorption spectra~lower
panels! of ~a! graphite powder and~b! diamond. The carbon
K x-ray emission spectra were obtained using 320-eV x-
excitation. For graphite, the PSD was positioned to dete
rays from 263 to 298 eV as shown in the carbonK x-ray
emission spectrum. In the x-ray emission spectrum, ela
x-ray scattering can be expected in the energy region ab
284 eV and RIXS or fluorescentK-V x-ray emission can be
expected below 284 eV. In this PSD setup, the width of
wide window ~denoted byA in the figure! was tuned 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 284 to 298 eV, as illustrated in the x-ray emissi
spectrum. The lower panel shows the PFY-absorption sp
tra taken with~A! wide, ~B! low-energy, and~C! high-energy
windows, as well as the spectra obtained after subtracting~B!
from ~A! and the TEY-absorption spectra of graphite. The
PFY-absorption spectra can be obtained by monitoringI /I 0 ,
whereI is the x-ray intensity measured by the PSD, andI 0 is
the incident-beam photocurrent intensity measured b
gold-mesh beam monitor in front of the samples. In the
measurements, the shape of theI /I 0 spectra may not pre
cisely reflect the carbonK absorption structure of the
samples because of carbon contamination of the beam
optics in BL-8.0. Therefore, the spectra ofI andI 0 are shown
as part of the high-energy-window spectrum~C! to clarify
the carbon contamination effects onI 0 ; a dip structure was
observed at 284 eV in theI 0 spectrum. This shows that th
peak structure observed at 284 eV in theI /I 0 spectra, which
is denoted by an asterisk in the figure, is affected by
carbon contamination.

We detected RIXS in the low-energy window~B!, elastic
x-ray scattering in the high-energy window~C!, and both
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RIXS and elastic x-ray scattering in the wide window~A!.
Therefore, energy-dependent spectra of elastic x-ray sca
ing can be obtained from the PFY-absorption spectra of~C!
or the spectra obtained after subtracting~B! from ~A!. In the
high-energy window, PFY-absorption spectrum of the gra
ite ~C!, a sharp peak was observed near 285 eV, followed
a slight plateau in the energy region from 285 to 292 e
These spectral features of~C! were approximately repro
duced in the spectrum obtained after subtracting~B! from
~A!. Comparing these energy-dependent spectra of ela
x-ray scattering with the TEY-absorption spectrum, w
found that the sharp 285-eV scattering peak correspond
the p* -absorption peak and that the broad portion in t

FIG. 2. CarbonK x-ray emission spectra~upper panels! and
partial-fluorescence-yield~PFY! and total-electron-yield~TEY! ab-
sorption spectra~lower panels! of ~a! graphite powder and~b! dia-
mond. The carbonK x-ray emission spectra were obtained usi
320-eV excitation. The PFY absorption spectra were taken
monitoring the x-ray intensity measured by the PSD with~A! wide,
~B! low-energy, and~C! high-energy windows. Spectra obtaine
after subtracting~B! from ~A!, denoted by (A)2(B), and the total-
electron-yield~TEY! absorption spectra are also shown. The pe
structure observed at 284 eV in theI /I 0 spectra, which is affected
by carbon contamination of the beamline optics, is denoted by
asterisk.
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range from 285 to 292 eV corresponds to the region betw
the p* - and s* -absorption peaks. No scattering structu
was observed above thes* -peak region. Although the low
energy tail of the 285-eV scattering peak in the spectr
obtained after subtracting~B! from ~A! is partially observed
in the 284-eV region in which the peak structure of carb
contamination effects should be observed, the main spe
features of the elastic x-ray scattering are hardly affected
the carbon contamination effects. This elastic x-ray scat
ing in graphite thus corresponds to the threshold unoccu
electronic structure, and it can be identified as REXS.

For diamond, shown in Fig. 2~b!, a peak at 289 eV and
small peak at 284 eV were observed in the high-energy w
dow PFY-absorption spectrum~C! and the spectrum ob
tained after subtracting~B! from ~A!. In comparison to theI 0
spectrum shown in~C!, it is clear that the 284-eV peak
denoted by an asterisk in theI /I 0 spectra of~A!, ~B!, and
(C), and in the spectrum obtained after subtracting~B! from
~A! are the result of carbon contamination of the beaml
optics, as mentioned above for graphite. The peak at 289
however, corresponds to the threshold peak caused b
exciton in the TEY absorption. Therefore, the 289-eV pe
may also be elastic x-ray scattering via exciton states. T
resonant phenomenon in exciton states was discovered
explained by Maet al.12 as resulting from the vibronic cou

FIG. 3. ~a! Cluster model of C96H24 used in the DV-Xa calcu-
lations of graphite;~b! calculated unoccupied 2p- and 2s-DOS
spectra of the cluster model. The DOS spectra were obtaine
convoluting the 0.5-eV-wide Lorentzian functions on the individu
DOS.
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pling effects of core excitons. Except for this excitonic x-r
scattering, no significant scattering structure was obser
for diamond.

To describe the spectral features of REXS in graphite,
calculated the unoccupied density of states~DOS! of graph-
ite by using discrete-variational (DV)-Xa molecular orbital
calculation.13 Figure 3~a! shows the cluster model of C96H24
we used for the DV-Xa calculations, and Fig. 3~b! shows the
calculated unoccupied 2p- and 2s-DOS spectra of the clus
ter model. The DOS spectra were obtained by convolut
the 0.5-eV-wide Lorentzian functions on the individual DO
The 2p-DOS is widely spread in the molecular-orbital~MO!
energy region of 1 to 20 eV. The peaks at 2 and 10 eV can
assigned top* and s* , respectively. The energy gap of
eV between these calculatedp* ands* peaks approximates
that between the peaks measured at 285 and 292 eV. In c
parison, the 2s DOS exists only above an MO energy lev
of 9 eV. This indicates that the region between thep* and
s* peaks is composed of onlypp* states. As shown in Fig
2~a!, REXS was observed in the region between thep* and
s* peaks. From this we conclude that REXS occurs via
unoccupied pp* states (1s-pp* -1s21 transition! in
sp2-carbon atoms. This REXS transition viapp* states
agrees with the intense REXS observed in triangularly co
dinated boron compounds.4,5 In diamond, no significant
REXS was observed, except for the excitonic x-ray scat
ing peak at 289 eV. This agrees with the above-mentio
REXS mechanism, because there are nopp* states in the
sp3-carbon atoms of diamond. This suggests that we m
experimentally distinguish thepp* states from the compli-
cated hybridized electronic structure in the unoccupied st
of carbon compounds by using REXS spectroscopy.

Figure 4 overlays the PFY-absorption spectrum of
graphite powder taken with the wide window~A! onto thatby

l

FIG. 4. Comparison of peak heights between PFY-absorp
spectra of graphite powder taken with~A! the wide window~solid
line! and ~B! the low-energy window~open circles!. The inset
shows thep* -resonant carbonK x-ray emission spectrum of the
graphite powder.
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taken with the low-energy window~B!, with the x-ray scat-
tering intensities normalized. The spectral height at 285
in the low-energy-window spectrum shows the probability
spectator RIXS occurring. In comparison, the peak heigh
285 eV in the wide-window spectrum includes both specta
RIXS and participator REXS. Consequently, we can qua
tatively determine the transition-probability ratio of specta
RIXS and participator REXS by comparing these pe
heights; the probabilities of transition to participator REX
or to spectator RIXS in thep* -resonant radiative-decay pro
cess of graphite powder were determined to be appr
mately 47% and 53%, respectively. This ratio correspond
the peak area ratio between the REXS and RIXS peaks in
p* -resonant carbonK x-ray emission spectrum in the ins
in the figure.

In conclusion, we have observed strong REXS at the c
bon K threshold of graphite powder. The energy region
the REXS corresponded to that of thepp* states of graphite
The REXS is caused by the transition of the participa
electrons viapp* states insp2-carbon atoms. In diamond
however, there are nopp* states, and no REXS was ob
served, except for a small amount of excitonic x-ray scat
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ing. This shows that REXS spectroscopy may identify t
pp* orbitals in the unoccupied hybridized orbitals of carb
atoms. The transition probability ratio between participa
REXS and spectator RIXS in the resonant radiative-de
process can be determined from REXS spectroscopy
graphite powder, the probabilities of transition to REXS a
to RIXS were measured and found to be approximately 4
and 53%, respectively. This shows that REXS spectrosc
at the thresholds of inner-shell excitation provides inform
tion about the electronic structures of unoccupied orbit
and about the resonant radiative-decay process, complem
ing RIXS spectroscopy.
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