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Localized Electronic Excitations in NiO Studied with Resonant Inelastic X-Ray Scattering
at the NiM Threshold: Evidence of Spin Flip
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We studied the neutral electronic excitations of NiO localized at the Ni sites by measuring the resonant
inelastic x-ray scattering (RIXS) spectra at the Ni M2;3 edges. The good energy resolution allows an
unambiguous identification of several spectral features due to dd excitations. The dependence of the RIXS
spectra on the excitation energy gives evidence of local spin flip and yields a value of 125� 15 meV for
the antiferromagnetic exchange interaction. Accurate crystal field parameters are also obtained.
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Determining the nature of the electronic states in
strongly correlated materials is a prerequisite to under-
standing their rich and intriguing physical properties, in-
cluding magnetism and high Tc superconductivity. Photo-
emission (inverse photoemission) can directly probe the
electron removal (addition) spectral function, but neutral
excitations like the dd excitations in the 3d transition metal
(3dTM) oxides and related materials require a different
approach. Such atomiclike excitations, which correspond
to a local rearrangement of the 3d electrons, play a crucial
role in many properties of these materials, and carry im-
portant information on magnetic interactions. They were
traditionally the domain of optical absorption and electron
energy loss experiments. More recently, however, it was
shown that resonant inelastic x-ray scattering (RIXS) [1]
also probes dd excitations, with the distinctive advantages
of a resonant spectroscopy although the resolution has been
a limiting factor. Here we present RIXS data having good
resolution and measured at the Ni M edge (3p) of the
benchmark compound NiO, and identify magnetic excita-
tions probed with RIXS in an independent and comple-
mentary way to neutron studies. In RIXS, the resonant
absorption of a photon by a core electron leads to a
radiative deexcitation which leaves the system either in
its ground or in a neutral excited state [1,2]. Thus dd
excitations—including excitations of magnetic interest—
yield characteristic spectral losses dispersing with incident
photon energy (Raman regime) and information is pro-
jected on the cation site [3,4]. In RIXS studies the L edges
have been more commonly employed mainly because the
scattering cross section is much higher and the 2p spin-
orbit splitting is larger than at M edges. However, the
instrumental linewidth is much broader at L edges. Only
recently Ghiringhelli et al. [5,6] have effectively used L3

RIXS to study dd excitations with an instrumental band-
width considerably smaller than 1 eV. In contrast,M RIXS,
despite the first impressive demonstration by Kuiper et al.
[7], was seldom used in recent years, and then only at the
Cu edge to the authors’ knowledge [8].
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We have thus exploited an energy resolution down to
130 meV in the range 65–72 eV (RIXS at the M edge of
Ni) to study the neutral local electronic excitations of NiO.
The interest of the study is not only in the paradigmatic
importance of this compound and in the precise location of
the spectral features allowed by the increased resolution,
but in more fundamental aspects. In fact, we were able to
address the local spin-flip excitations at the Ni-site in the
final state of RIXS. By spin-flip excitations we refer here to
transitions involving a change in the orientation of the local
spin moment on Ni cation sites with respect to the orienta-
tion of spin moments on neighboring sites [9]. This idea,
put forward by de Groot et al. [10] with a theoretical
estimate for the L edge, has never been implemented
experimentally to the authors’ knowledge, probably due
to the difficulty of the experiment. We note that: (i) the
spin-flip transitions cannot be observed in direct optical
absorption within the 3d-manifold in the infrared and in the
visible [11] where these transitions are strongly sup-
pressed; (ii) the spin-flip transitions can indeed be seen in
electron energy loss spectroscopy [12], basically in a sur-
face sensitive mode; RIXS, even at low energies, is much
more bulk sensitive so that it adds new relevant informa-
tion; (iii) up to now, this information has been obtained
indirectly by modelling the dispersion of spin waves [13];
the present paper gives a complementary approach to
neutron spectroscopy.

Another result of the present work is the accurate deter-
mination of the crystal field parameters needed to describe
the Ni-atom site. This is much easier in these accurate
measurements than in cases having larger energy line-
widths at the L edges as in Refs. [14–16]. In the following,
the crystal field parameters are the best values in a single
ion model having octahedral symmetry without hybridiza-
tion to the ligand and with a single configuration (3d8 in
this case). This is the traditional way of defining the
parameters in the crystal field approach, as found com-
monly in the literature on 3dTM compounds. Thus, our
values are directly comparable to the literature without the
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need of renormalizing for interaction with the surroundings
of the ion. NiO has been considered to be prototypical
among the strongly correlated systems for the difficulties
involved in the understanding the nature of its gap [17,18].
Below TN � 523 K, NiO exhibits antiferromagnetic order-
ing with the spin moments along the h11�2i directions. The
sample was a single crystal NiO(100) cleaved in air and
oriented in a vertical plane at 25� grazing incidence. The
scattered photons were detected at 90� from the incident
beam. The measurements were carried out at the SIS
beamline (Swiss Light Source) [19,20] at room tempera-
ture and 2� 10�10 mbar base pressure, using linearly
polarized light, with the polarization in the horizontal
plane (resolving power E=�E � 3000 for an exit slit open-
ing of 200 �m). The scattered light was recorded with a
Rowland-circle grazing incidence spectrograph [21] with a
300 lines=mm grating (3 m Rowland radius) and entrance
slit set to 30 �m. It took about 20–30 min or several hours
to record a RIXS spectrum with the first and second
diffraction order of the grating, respectively.

The soft x-ray absorption spectrum (XAS) at the M
threshold (Fig. 1) was recorded by monitoring the sample
drain current and by normalizing to the reference current
taken from a gold mesh. The measured XAS is in good
agreement with the previously reported data [22,23]. The
two main features with maxima around 66.7 and 70.0 eV
are atomic multiplet rather than spin-orbit split peaks [24].

The RIXS spectra measured with several excitation en-
ergies at the Ni M edge (shown by bars in Fig. 1) are
presented in Fig. 2 versus the energy transferred to the
sample h�in � h�out (combined resolution 200 meV) while
Fig. 3 gives two spectra with higher resolution (130 meV),
obtained with the second order of the spectrograph past the
sample. Before any interpretation the results deserve the
following comments: (i) The spectra are dominated by the
elastic peak (feature A) (see Figs. 2 and 3) and the inelastic
features (B–D) are seen only by drastically expanding the
spectra. This is analogous to what was seen by Kuiper et al.
in Sr2CuO2Cl2 [7] and shows the need for a high-resolution
and flux beamline. (ii) All inelastic peaks disperse with the
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FIG. 1. Total electron yield XAS spectrum recorded across the
M threshold of Ni in NiO. The excitation energies used for the
RIXS spectra are indicated with lines and denoted with small
letters.
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excitation energy also well above the threshold. This is at
variance with the behavior at the L edge where RIXS
shows also fluorescence and charge-transfer excitations
when exciting a few eV above the threshold [14,15].
Thus, the extensive Raman behavior makes M RIXS very
useful to study localized excitations. (iii) The evolution of
the relative spectral weights with the incident energy
across the resonance shows that feature B dominates at
lower energies while across the resonance the intensity of
feature C becomes sizable. (iv) Fig. 2 shows that the center
of gravity of feature B is slightly dependent on the excita-
tion energy across the resonance; the maximum shift
(about 60 meV) is reached with 66.3 eV photons. (v) In
the higher resolution measurements of Fig. 3, the feature C
in the spectrum at 68.2 eV is clearly not a single peak. In
the expanded view of peak C in the inset of Fig. 3, this
feature (red dots) is well fitted by two components with a
separation of 170 meV (the line shape is taken from the
elastic peak, giving the instrumental response with a fur-
ther Lorentzian broadening of 50 meV). The double nature
of the peak appears at resonance and is not found below
resonance, as shown by the spectrum with excitation (b)
(blue triangles).

As anticipated above, the spectral features are assigned
with the use of a crystal field approach. The transferred
energy corresponds to the excitation of the system in the
final state. Thus the assignments simply require the com-
parison with the low energy excitations of the system. The
positions of all peaks are well explained by the dd excita-
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FIG. 2 (color). Energy-dependent RIXS spectra measured at
the Ni M2;3 resonances in NiO. All spectra are normalized to the
intensity of the first loss.
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FIG. 3 (color). Upper panel: High energy resolution spectra
taken with the second order of the spectrometer at the excitation
energies (b) and (e) (see Fig. 1). The inset gives an expansion of
the spectra in the region marked by the red horizontal bar [(e) in
red dots and (b) blue triangles]. The spectrum (e) is decomposed
in two components whose sum is the heavy black line. The two
lower panels give the Sugano-Tanabe diagrams versus crystal
field 10Dq (see text).

FIG. 4 (color). Theoretical RIXS spectra excited at the ener-
gies 63.5 eV, (b), (c), (e) and (h) (see Fig. 1). The spectra without
exchange interaction are given by the red line and those with
exchange by the heavy black line. The inset gives the expected
shape of feature B in case (c) by accounting for the experimental
band-pass.
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tions, confirming that we do not see charge-transfer ex-
citations. We optimized 10Dq (which measures the energy
distance between eg and t2g states in octahedral symmetry)
in the calculation of the dd neutral excitations (final states
in the scattering) with the COWAN code [25] plus a crystal
field with a rescaling to 70% of the Slater integrals to
account for intra-atomic correlation beyond the Hartree-
Fock scheme. The results are collected versus 10Dq in the
bottom of Fig. 3 (Sugano-Tanabe diagrams [26]) without
(lower panel) and with spin-orbit and exchange (120 meV,
a reasonable value as shown below). The figures also give
the symmetry labels. The optimal value obtained by com-
paring with the values without exchange is 10Dq �
1:05 eV. This is particularly clear from the first loss B
corresponding to the dd transition 3A2g !

3T2g, at energy
10Dq. With exchange the Sugano-Tanabe diagrams give a
manifold of lines (see central panel of Fig. 3) in place of a
single line, so that the spectra have a detailed structure
giving information on the exchange. The spectral inten-
sities of these components are determined by the selection
rules in the scattering, by the transition matrix elements,
and by the interference between scattering paths. The
19740
discussion of the detailed structure requires calculations
of the spectral functions with the Kramers-Heisenberg
formula [27].

An illuminating set of theoretical spectra at various
excitation energies is given in Fig. 4 obtained with the
above parameters and with an exchange of 120 meV, with
lifetime broadening in the intermediate state of 1 eV [28]
and 50 meV in the final state (without including the in-
strumental broadening, for clarity). The magnetization and
the photon incidence are along the octahedral axis (C4h

symmetry). The scattering geometry and the incident pho-
ton polarization are as in the experiment. The figure is the
M edge analogous to calculations by de Groot et al. for the
L3 edge [10]. The spectral functions are calculated either
not including (red lines) or including (heavy black lines)
the interatomic exchange interaction, in order to highlight
the new structures related to the spin-flip excitations. These
are satellites (marked by arrows in Fig. 4) at higher trans-
ferred energy due to the energy cost of local spin flip on the
cation site. The satellites resonate at certain incident en-
ergies so that their effect is expected to be seen in the
experiment as a modification of the spectra at increasing
energy across the resonance. This is due to the fact that
distinct incident energies select different intermediate
states thus leading to different weights in the final states.
The region A near the elastic peak (and looking very
promising from Fig. 4) cannot be used because in the
experiment this region is submerged by the tail of the
huge elastic (Rayleigh) peak. A reliable decomposition
of the measured spectra seems unrealistic. On the other
hand, there are two pieces of evidence for spin flip dis-
cussed here in order of increasing importance: (i) In
region B at resonance there is a clear spin-flip satellite
basically separated by one exchange from the main peak. A
simulation of the experiment, taking into account the in-
strumental linewidth, is shown in the inset of Fig. 4 giving
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an expanded view of region B. Although the resolving
power is not sufficient to see the satellite, a clear shift of
the peak at resonance is the consequence of the spin flip as
is indeed the case in the experimental results. As stressed
above, the experiment shows a shift across resonance (see
Fig. 2), which is qualitative evidence for local spin flip,
compatible with an exchange between about 80 and
150 meV. In the inset, the simulation takes approximately
into account the multidomain structure of the sample with
an average of spectra with different orientations between
the x rays and the magnetization. (ii) More quantitative is
the analysis of region C at resonance and above. In the
theoretical spectra there are basically two main features
whose separation is greater than the exchange and in-
creases with the magnitude of the considered exchange.
Thus it is easier to resolve experimentally the two peaks in
region C than in the region B. This is indeed the case and
we have already shown that feature C in the high-resolution
spectra has two components separated by 170 meV (inset
of Fig. 3). This separation is accurately fitted in the high-
resolution spectrum with excitation e. With the constraint
of keeping the 10Dq value already obtained from the
positions of the spectral features we derive an exchange
of 125� 15 meV (the 120 meV used in all preceding
figures can hardly be distinguished from this value). The
result is a rather direct measurement based on RIXS.
Strong support for this analysis comes from the fact that
in the experiment the satellite resonates and is basically
suppressed below resonance, as shown by the inset of
Fig. 3. This trend is also found in our calculations.

The exchange has been obtained in a scheme based on a
pure crystal field without hybridization with the ligand
band. The renormalization of the exchange due to this
effect should be very small, making our estimate very
reliable. In fact we use a separation between two nearby
spectral features that would be renormalized basically in
the same way, because both spins are present almost with
the same weight in the ligand band. The present value
compares well with the value of 114 meV obtained from
spin-wave analysis [13]. This demonstrates the consistency
between the two approaches and shows that future high-
resolution RIXS will be very useful in the study of ex-
change effects. Note that this is a local probe not requiring
macroscopic magnetization and also working in antiferro-
magnetic systems as in our case.

In conclusion, we have presented RIXS measurements at
the M edge of Ni in NiO, which shows that high quality
data can now be obtained despite the very low cross
section. This not only allows a precise location of the
spectral features and the accurate tuning of the parameters
in theoretical models, but also gives direct experimental
access to exchange effects. The present approach gives a
cross fertilization with the work based on neutron
scattering.
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