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An energy loss feature with energy transfer close to the anion-to-cation charge-transfer energy of NiO is
observed in the inelastic-x-ray-scattering spectrum as the incident x-ray energy is tuned through the NiK
absorption edge of NiO. The inelastic-scattering cross section shows large resonant enhancement and strong
incident energy dependence. These observations are interpreted using a configuration-interaction cluster model
of NiO. @S0163-1829~96!04548-1#

The cross section for inelastic x-ray scattering is derived
from the photon-electron interaction Hamiltonian. Within the
nonrelativistic limit, the cross section contains matrix ele-
ments arising from perturbation treatment of either theA2

term in first order or thep•A term in second order.1 The
contribution of thep•A term to the total cross section can be
significantly enhanced, in principle, by exploiting the reso-
nant conditions in the matrix elements, i.e., by tuning the
incident photon energy near an absorption threshold of the
sample. Experimentally, large resonant enhancement of the
inelastic-x-ray-scattering cross section was observed by
Sparks2 and is usually referred to as x-ray resonant Raman
scattering~XRRS! to distinguish it from inelastic-scattering
processes originating from theA2 term in the interaction
Hamiltonian. The advent of synchrotron radiation as an in-
tense and tunable x-ray source has made it possible to study
the energy dependence of XRRS in greater detail and with
increasingly better energy resolution. As a result, many in-
teresting threshold phenomena were revealed, and applica-
tions of XRRS developed.3

However, limited by the incident photon flux, most of the
aforementioned XRRS experiments involved resonant Ra-
man processes in which both the intermediate states and the
final states correspond to localized core electron excitations.
High-energy-resolution study of resonant Raman processes
in which the final states correspond to elementary excitations
of the conduction electrons or the valence electrons in con-
densed matter has become possible only recently with the
development of high-flux insertion devices. An important
class of experiment is the recent high-energy resolution
study of the excitation energy dependence in soft-x-ray emis-
sion spectroscopy.4 For wideband solids, such as Si and dia-
mond, strong excitation energy and orientation dependence
of the valence-band emission spectra were observed and in-
terpreted using the one-electron band structure of the mate-
rial. The origin of these effects was attributed to the exist-
ence of temporal and spatial coherence in the x-ray
absorption and the subsequent emission process.5 On the
other hand, for narrow-band solids, such as transition-metal
and rare-earther compounds, the excitation energy depen-
dence is usually interpreted in terms of multielectron satel-

lites or correlation effects and is believed to provide unique
information on the electronic structure of these important
materials. For example, recent theoretical investigation has
shown that resonant excitation of the Cu 3d→2p emission
spectra is particularly sensitive to the electronic states due to
the existence of apical oxygen in La2CuO4 and high-
temperature Cu superconductors.6 However, more high-
resolution experimental data are needed to verify these pre-
dictions.

In this work, we report the results of a hard-x-ray high-
resolution XRRS study of NiO, one of the prototypical Mott-
Hubbard systems. Inelastic-x-ray-scattering spectra near the
NiO valence-band emission energy were measured as the
incident photon energy scanned through the NiK absorption
edge. A different spectral feature, which is not observed for
incident energies far away from the absorption edge, appears
in the inelastic-scattering spectra in addition to the valence-
band emission spectrum. While the average energy of the
valence-band emission spectrum remains constant, the aver-
age energy of this feature disperses linearly with the incident
photon energy. The average energy transfer of this feature is
about 6.5 eV, which is close to the recently reported anion-
to-cation charge-transfer energy of NiO.7,8 It should be noted
that the charge-transfer energy is usually indirectly deduced
from the results of a combination of valence-band photo-
emission and inverse photoemission measurements8 or other
core electron spectroscopies.7 Furthermore, by comparing
with electron energy-loss spectroscopy measurements,9 the
inelastic-scattering cross section for the excitation of this fea-
ture shows very large resonant enhancement. The on-
resonant cross section is estimated to be on the order of 100
times larger than the off-resonant cross section. This large
enhancement is very important because high-energy-
resolution inelastic x-ray scattering is still severely limited
by the incident photon flux even with new synchrotron ra-
diation sources.

The experiment was performed at the X21 hybrid wiggler
beamline at the National Synchrotron Light Source. The
beamline consists of a horizontal focusing Si~220! mono-
chromator and a spherically bent backscattering analyzer.10

At 8 keV, the energy resolution of the monochromator is
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about 0.7 eV, the focused incident beam size at the sample is
about 0.2 mm in the horizontal and 10 mm in the vertical,
and the photon flux is about 231011 photon/sec at 100 mA
ring current. For the nonresonant measurements, a Si~444!
analyzer crystal was used so that both the incident and scat-
tered photon energies are a few hundred eV below the Ni
K absorption edge to reduce sample absorption. The total
energy resolution of the nonresonant measurements was 1.0
eV. For the resonant measurements, since the photon energy
is determined by the NiK absorption edge energy, a Si~551!
analyzer crystal was used to improve the energy resolution.
The total energy resolution of the resonant measurements
was 1.5 eV. The sample used in the experiment was a single
crystal NiO disk oriented in the~001! direction. All spectra
reported here were measured at the scattering angleu530°
and in the horizontal plane. The wave-vector transferQ, de-
fined as 4psin(u/2)/l, was also in the~001! direction.

Curve~a! in Fig. 1 shows the NiK edge absorption spec-
trum of a powdered NiO sample. The spectrum is character-
ized by a weak pre-edge peak, marked by the short vertical
line, and a series of small absorption features leading up to
the main absorption peak, centered around 8350 eV. The
pre-edge peak, located at 8333 eV, is usually assigned to the
1s→3d transition, while the main peak and the absorption
features between the pre-edge peak and the main peak are
assigned to transitions from the Ni 1s core state to Ni-
4p-like states.11 Also shown in Fig. 1, curve~b!, is the nor-
mal x-ray emission spectrum corresponding to the decay of
the valence electrons of NiO into the Ni 1s core hole, usually
referred to as theKg fluorescence spectrum. The spectrum
was excited with the incident photon energy at 8460 eV, well
above the absorption threshold. There is no detailed calcula-
tion of theKg fluorescent spectrum to our knowledge so far.
Curve ~c! is the inelastic-scattering spectrum measured with
the incident photon energy tuned to the peak of the absorp-
tion spectrum. Another spectral feature, in addition to the
valence-band emission spectrum, appears in the spectrum
with energy higher than that of the absorption threshold. The
feature can be roughly fitted with two peaks. The energy

separations between the two peaks and the elastic line are
about 4.9 and 7.8 eV, respectively.

Figure 2 shows a series of inelastic-scattering spectra
taken with the incident energy tuned between 8340 and 8360
eV. The scattering intensity is plotted as a function of the
energy transfer instead of the scattered photon energy. All
spectra in Fig. 2 can also be roughly fitted with two broad
peaks with strong variation in peak intensities but nearly
constant energy transfers. The energy transfers are centered
around 4.9 and 7.8 eV, though small variations of the peak
positions with the incident energy is clearly observed. The
above observation also indicates that the average scattered
photon energy disperses linearly with the incident photon
energy, an important characteristic of XRRS. It should be
noted that, for incident energies well below the absorption
threshold, the only observed loss feature is a broad peak
centered between 20 and 25 eV, while for incident energies
well above the main absorption peak, there is no observable
loss feature in the spectrum at all because of the strong ab-
sorption of the sample.

The strong variation of the scattering cross section as a
function of the incident energy is better illustrated with con-

FIG. 3. Constant final-state spectrum obtained with energy
transfer set to 5 eV. The NiK absorption spectrum of NiO is also
included for comparison.

FIG. 1. ~a! Ni K absorption spectrum of NiO.~b! Normal
valence-band x-ray-emission spectrum of NiO.~c! Resonant inelas-
tic x-ray-scattering spectrum of NiO obtained with the incident pho-
ton energy tuned to the main peak of the absorption spectrum~a!.

FIG. 2. Resonant inelastic-x-ray-scattering spectra of NiO. The
incident photon energy is indicated in the figure.
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stant final state scans. In a constant final state scan, both the
monochromator energy and the analyzer energy are scanned
together, while the energy transfer is kept constant. The in-
tensity variation in a constant final-state scan then represents
only the intermediate states that subsequently decay into the
particular final states having the energy transfer being moni-
tored. Figure 3 shows a constant final-state scan with the
energy transfer kept at 5.0 eV. The NiK absorption spectrum
is also included in the figure for comparison. The constant
final-state scan shows a series of resonances in the scattering
cross section with resonant energies close to the local
maxima in the absorption spectrum. The resonances in the
constant final-state scan are also better resolved than their
counterparts in the total absorption spectrum.

In the following, the loss feature and its resonant behavior
will be interpreted in terms of a cluster model or the Ander-
son impurity model. This approach was used by Tanaka and
Kotani6 in their theoretical study of resonant soft-x-ray-
emission processes and has also been very successful in in-
terpreting a wide range of spectroscopic data on the elec-
tronic structure of NiO and other highly correlated
systems.8,12,13 In the cluster description of NiO, in order to
account for the covalency between the metal ion and the
ligand, the ground state is represented by a linear combina-
tion of the following configurations: 3d8,3d9L,3d10L2,
whereL denotes a ligand hole at the center of the ligand
band. The energies of the 3d9L and the 3d10L2 configura-
tions are given byD and 2D1Udd , respectively, whereD is
the anion-to-cation charge transfer energy andUdd the d-d
Coulomb interaction energy. The 3d10L2 configuration will
be neglected in the following discussion because its energy is
much higher than the other two configurations. The ground
state is then the bonding state resulting from the mixing of
the 3d8 and the 3d9L configurations as shown in the sche-
matic in Fig. 4. The intermediate state in the XRRS process
is the same as the final state of the x-ray-absorption process,
which can be represented byc3d8k1c3d9Lk, wherec de-
notes the Ni 1s core hole andk the excited photoelectron.
The order in energy for these configurations can be rear-
ranged from that of the ground state due to the core-hole–
valence-electron Coulomb interaction. In this particular case,
from the parameters obtained from other core level spec-
troscopies,c3d9Lk is expected to have energy lower than

that of c3d8k, which affects the distribution of the spectral
weight in the intermediate state in favor of the former. Quali-
tatively, the lowering of the energy of thec3d9Lk configu-
ration can be thought of as due to charge screening from the
ligand to the metal ion in the presence of the core hole. The
intermediate state then decays into the final state through
either radiative or Auger processes. In the case of radiative
decay, the excited state can decay either by filling the core
hole with valence electrons, resulting in the valence-band
emission in the presence of a spectator electron, or by direct
recombination of the excited electron with the core hole, thus
returning the system to either the ground state or the excited
3d9L configuration. A schematic of the energetics discussed
above is shown in Fig. 4.

The proposed interpretation is supported by the following
observations. First, the energy transfer of the loss feature is
close to the recently reported charge-transfer energy of NiO,
6.2 eV.7 It should be noted that charge-transfer energy is
typically obtained indirectly from photoemission or x-ray-
absorption experiments.7,8 Second, the excited 3d9L state
should have a dispersional width comparable to the ligand
bandwidth since the Ni 3d bandwidth is much narrower and
can be neglected. The total width of the loss feature is be-
tween 5 and 6 eV, which is slightly broader than the O 2p
bandwidth of 4 eV determined by angle-resolved valence-
band photoemission measurements.14 The difference in
width would be smaller if the difference in energy resolution
between the two experiments is taken into account. Third,
since the intermediate state in the XRRS process is the final
state of the Ni K edge absorption process, absorption
maxima in the absorption spectrum should, in principle, co-
incide with that in the inelastic cross section as shown in Fig.
3 if the appropriate final state is being monitored. However,
more model calculations are clearly necessary to account for
the detailed line-shape change in the spectra as a function of
the incident energy.

Finally, it is interesting to estimate the magnitude of the
resonant enhancement of the inelastic scattering cross sec-
tion. Figure 5 compares the inelastic-scattering spectrum

FIG. 4. Schematic energy-level diagrams of NiO in the ground
state, the intermediate state, and the final state of the x-ray resonant
Raman process.

FIG. 5. Resonant enhancement of the scattering cross section:
~a! on-resonant spectrum and~b! off-resonant spectrum. Also in-
cluded is the ELS spectrum of NiO reported by Aryasetiawanet al.
~Ref. 9!.
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taken with the incident photon energy tuned to 7920 eV, far
below the NiK absorption edge, curve~a!, to the spectrum
obtained with incident energy tuned to 8350 eV. Also in-
cluded is the electron energy-loss spectroscopy~ELS! spec-
trum measured at similar momentum transfer reported
recently.9 Note that far from any absorption edge, the inelas-
tic x-ray scattering and ELS are measuring the same quan-
tity, the dielectric response function of the system. This is
illustrated by the similarity between the ELS spectrum and
the nonresonant inelastic-x-ray-scattering spectrum. How-
ever, there is clearly intensity in the ELS data between 4 and
10 eV energy transfer, which is absent in the nonresonant
x-ray data because of the strong absorption in NiO. If one
assumes that the same relative intensity between the 4 and 10
eV loss feature and the main loss peak in the ELS data also
exists in the nonresonant x-ray spectrum, then the on-
resonant inelastic-scattering cross section corresponding to
the present loss feature is about 100 times larger than the
nonresonant cross section. The enhancement factor would be

even higher if one takes into account the self-absorption cor-
rection.

In summary, an XRRS study of NiO near the NiK ab-
sorption edge was carried out. An energy-loss feature with
energy transfer close to the anion-to-cation charge-transfer
energy in NiO is observed. A configuration-interaction clus-
ter model of NiO is used to qualitatively interpret the scat-
tering cross section and the strong incident energy depen-
dence. In comparison with other experimental techniques,
XRRS may provide a more direct way of studying charge-
transfer excitations in many similar, highly correlated sys-
tems. Furthermore, large resonant enhancement of the
inelastic-scattering cross section is observed. This is very
important in applying high-resolution inelastic x-ray scatter-
ing to high-Z materials because of the strong sample absorp-
tion.
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