
PHYSICAL REVIEW B 106, 035104 (2022)

Excited-state exchange interaction in NiO determined by high-resolution
resonant inelastic x-ray scattering at the Ni M2,3 edges
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The electronic and magnetic excitations of bulk NiO have been determined using the 3A2g to 3T2g crystal-field
transition at the Ni M2,3 edges with resonant inelastic x-ray scattering at 66.3- and 67.9-eV photon energies and
33-meV spectral resolution. Unambiguous assignment of the high-energy side of this state to a spin-flip satellite
is achieved. We extract an effective exchange field of 89 ± 4 meV in the 3T2g excited final state from empirical
two-peak spin-flip model. The experimental data is found consistent with crystal-field model calculations using
exchange fields of 60–100 meV. Full agreement with crystal-field multiplet calculations is achieved for the inci-
dent photon energy dependence of line shapes. The lower exchange parameter in the excited state as compared to
the ground-state value of 120 meV is discussed in terms of the modification of the orbital occupancy (electronic
effects) and of the structural dynamics: (A) With pure electronic effects, the lower exchange energy is attributed
to the reduction in effective hopping integral. (B) With no electronic effects, we use the S = 1 Heisenberg model
of antiferromagnetism to derive a second-nearest-neighbor exchange constant J2 = 14.8±0.6 meV. Based on the
linear correlation between J2 and the lattice parameter from pressure-dependent experiments, an upper limit of
2% local Ni-O bond elongation during the femtosecond scattering duration is derived.
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I. INTRODUCTION

To establish the intrinsic electronic properties and their
behavior upon excitation in strongly correlated systems is piv-
otal to link complex many-body physics to functionality. It is
the interaction among orbital, charge, spin, and lattice degrees
of freedom that gives rise to the development of quantum
materials [1–4], and their applications range from electronic
devices [5] to catalysts [6,7] and superconductors [8]. Scien-
tists have developed their understanding and first-principles
description of strongly correlated solids on the puzzling prop-
erties of NiO, serving as the paradigmatic strongly correlated
antiferromagnetic (AFM) insulator [9]. NiO has a slightly
distorted cubic rocksalt structure [10] with a Ni-O equilibrium
bond length (Re) of 2.09 Å at the ground state [11]. Locally,
the Ni2+ center has sixfold coordination to 6 O2− in octahedral
(Oh) symmetry. In this local picture, the 3d states of the
Ni ions are split by the crystal field, creating a 3A2 (S = 1)
ground state of the Ni atom. Driven by the (super-)exchange
interaction, below the Néel temperature of 523 K, the spins
arrange ferromagnetically (FM) on the (111) Ni-planes with
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AFM between the planes along the [111] direction [Fig. 1(a)].
This electronic structure and the concomitant local and long-
range order parameters give rise to electronic, spin, and lattice
excitations, charge transfer between the Ni 3d and the O 2p as
well as emergent quasiparticle excitations, such as magnons.

A powerful probe to the rich low-energy magnetic ex-
citation of NiO is inelastic neutron scattering (INS) [12],
probing spin excitations with unrivaled energy resolution and
wide range of momentum transfer across the Brillouin zone.
RIXS has emerged also as a powerful probe for element-
specific charge, orbital, spin, and lattice excitations and their
emergent quasiparticles with high polarization control start-
ing at the Brillouin zone center [13]. Other complementary
spectroscopic techniques to probe crystal-field excitations
in NiO are nonresonant inelastic x-ray scattering [14], UV-
visible [15], spectroscopic ellipsometry [16], and electron
energy-loss spectroscopy [17].

RIXS is a coherent second-order optical process that
probes matter in a highly selective manner via the creation of
a spin-polarized core-hole intermediate state [18]. Figure 1(b)
shows schematically the states involved in the M-edge RIXS
process for NiO. A 3p-core electron is resonantly promoted
via a dipole transition with linearly polarized radiation into
unoccupied states, creating the spin-orbit split 3p3/2 and 3p1/2

core-excited states. Their natural core-hole lifetimes allow
for ultrafast dynamics during the scattering duration time
with the subsequent RIXS radiative decay channel, leading to
low-energy excited states accompanying the resonant elastic-
scattering channel back to the ground state. In particular,
the core-excited intermediate states of the RIXS process are
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FIG. 1. (a) Experimental geometry used in M-edge x-ray absorption spectroscopy (XAS) and resonant inelastic x-ray scattering (RIXS).
The arrows depict the orientation of the AFM-coupled magnetic moments. (b) Schematic RIXS process in NiO. The overlapping M-edge
multiplets of the Ni 3p3/2 and Ni 3p1/2 core-excited intermediate states are shown as the gray band. The two RIXS photon energies across the
M-edge absorption resonance are indicated with red and blue dashed lines connecting to the XAS spectrum in panel (c). A selection of the
low-energy excited final states in RIXS relevant for M-edge RIXS is shown without the additional higher-energy crystal-field states. (c) XAS
spectrum in total-fluorescence-yield mode with the two RIXS photon energies in red and blue dashed lines. (d) Experimental M-edge RIXS
spectra.

crucial for spin-flip excitations. Creation of spin-orbit coupled
core holes of defined total angular momentum j (3p3/2 and
3p1/2 at the Ni-M edge) implies that spin s is not a good
quantum number of the core-excited states alone, and RIXS
across these resonances is accompanied with high probability
by spin-flip excitation pathways.

The first implementation of the local spin-flip excitation
into the crystal-field multiplet model describing RIXS was
established by de Groot et al. [19], and the model serves
since then as standard interpretation. The observables can be
further broken down by using a Heisenberg model and the
nearest-neighbor FM coupling of J1 ≈ −1 meV and next-
to-nearest-neighbor AFM coupling of J2 ≈ 19 meV [20].
This approach has been successfully applied to interpret RIXS
measurements at the Ni L3 edge and to extract the exchange
constant from the magnon dispersion relation [21]. Single
and double magnon modes were also determined with high-
resolution RIXS [21–24]. However, for Ni M-edge RIXS due
to the strong diffuse scattering, limited instrumental resolution
and low intensity, spin-flip excitations around ground state
were obscured by the elastic peak tailing [25].

Probing the crystal-field excitations with M-edge RIXS
is essential to better understand the electronic properties of
strongly correlated materials since it delivers an alternative
dynamic context due to the different scattering time defined by
the core-hole lifetime. The different intermediate states also
change the spectral weight in the final states. Therefore, new
information can be revealed by utilizing different thresholds.

In this article, we report unprecedented high-resolution
RIXS experiments at the Ni M edge to unambiguously de-
termine the energy of local spin-flip excitations and related
exchange parameters as well as the full set of crystal-field
parameters. By combining our experimental results with
crystal-field multiplet theory simulations, we find evidence
for a local expansion of the lattice, which occurs upon the
femtosecond excited-state lifetime.

II. EXPERIMENT

The M-edge RIXS experiments and supporting x-ray ab-
sorption XAS experiments were performed at BESSY II
(HZB Berlin) at the beamline UE112-PGM1 with the meV-
RIXS permanent end station [26]. A commercial (MaTecK)
polished NiO (100) single crystal with 10-nm surface rough-
ness and an orientational accuracy of <2◦ was investigated.
The incident photon energy was calibrated with a helium gas
cell where the 2,14 resonance at 64.138 eV was set as the
reference [27]. The measurements were carried out at room
temperature at 10−8-mbar pressure with a linearly horizon-
tally polarized beam.

Figure 1 depicts the experimental geometry [Fig. 1(a)] and
the schematics of relevant states involved in the Ni-M-edge
RIXS process [Fig. 1(b)] in relation to the experimental Ni-
M-edge RIXS results [Fig. 1(d)] obtained for the two photon
energies 66.2 eV (red) and 67.9 eV (blue) across the Ni-M-
edge x-ray absorption resonance [Fig. 1(c)]. Measurements
were conducted with the incident beam at 30° to the sample
normal at a fixed scattering angle of 90° on the horizontal
plane. XAS was recorded in total fluorescence yield mode
(FY), operating the RIXS spectrometer in 0th order scanning
the incident photon energy by 0.2-eV steps from 60 to 80 eV.
Overall beamline and spectrometer resolution was ≈33 meV
at these excitation energies. Each RIXS spectrum has 3–8-h
data-aquisition time.

Overall the high-resolution spectral features we recorded
allow assignment of the established XAS and RIXS features
described by previous work [25]. Distinct XAS features in
Fig. 1(c) are the leading edge at 67 eV followed by the
peak at 71 eV previously assigned to the strong multiplet
effects rather than the M2,3 spin-orbit coupling [19,25,28,29].
For RIXS in Fig. 1(d), we follow the established notation:
(A) is the elastic peak consisting of nonresonant scattering
and resonant elastic scattering back to the 3A2g ground state.
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FIG. 2. Decomposition of the 3A2g to 3T2g d-d excitation ob-
served by Ni M-edge RIXS channels in the empirical two-peak
spin-flip model (without spin flip: purple dashed curve, spin flipped:
green dashed curve). Scattered incident photon energy (a) hν =
66.3 eV, (b) hν = 67.9 eV. See the text for the fitting parameters,
error bars, and constraints.

(B) is the 3T2g crystal-field excitation [15,30,31]. (C) is the
3T1g/

1Eg crystal-field excitation [32]. A constant dark-count
background was subtracted in the RIXS spectra, and the signal
intensity ratio between elastic and inelastic peaks (A:B) is
≈600:1.

III. RESULTS AND DISCUSSION

A. Two-peak spin-flip analysis

In Fig. 2 we show and analyze the fine structure of the
crystal-field excitations within peak B for two chosen RIXS
excitation energies 66.3 and 67.9 eV. As the first step, we
assume the flipped and unflipped spin configurations motivate
an empirical two-peak model of two Voigt functions with the
Gaussian width fixed to the experimental resolution (33 meV,
Supplemental Material Fig. S1) and the Lorentzian compo-
nents constrained equally for each incident energy. In this
approach, the two peaks represent the 3A2g to 3T2g (purple
dashed curve) and the spin-flipped (green dashed curve) RIXS
channels with peak distance and intensity to be determined
from the experiments. For hν = 66.3 eV [Fig. 2(a)] the
peak separation is 88.8 ±4.6 meV at a Lorentzian broaden-
ing of 121 ±8-meV FWHM, based on the average intensity
ratios and peak positions in our three independent measure-
ments (Supplemental Material Figs. S2 and S3 [33]). For

hν = 67.9 eV [Fig. 2(b)] a splitting of 89.2 ±3.5 meV at
a Lorentzian broadening of 145 ±18-meV FWHM is found.
Thus, we observe within error bar an equivalent energy split-
ting. Since the RIXS spectral signature under investigation
conserves the bandwidth of the scattered radiation of 33 meV,
the 3p natural lifetime broadening of 1.19 eV [34] does not
play a role in the line shape. Thus, the contributions from
Lorentzian broadening and their slight increase from hν =
66.3 over hν = 67.9 eV reflect the different weights of the
underlying final states and their lifetimes. This broadening
is also beyond the reported maximum 3d spin-orbit splitting
both in experiment [35] and in theoretical calculation [36],
whereas low-energy modes, such as phonons due to shake-up
effects cannot be excluded. Coupling of phonon shakeups to
electronic transitions, however, is considered mild at M-edge
charge neutral final states [37,38] and the energy (largest
phonon energy = 58 meV [21]) is of the wrong scale con-
sidering the evolution of the shoulder peak. Even though the
possibility of multiphonon progression cannot be excluded, its
presence is not obvious based on the experimental data, and
we consider it to be minor to no contribution to the spectral
weight.

B. Crystal-field multiplet analysis

Crystal-field multiplet theory calculations (CFTs) have
proven to describe XAS and RIXS spectra of localized elec-
tron systems, such as NiO with good accuracy [24,25,39].
Briefly summarized, the model accounts for the valence shell,
core-valence Coulomb interaction, spin-orbit interactions, and
an interaction of the valence with a point charge array with the
symmetry of the point group of the absorbing atomic site. Fur-
thermore, a magnetic environment about the absorbing atom
can be described using an effective magnetic field given by
the expression B = zJ/2, where z is the coordination number
(z = 6 for NiO) and J is the exchange coupling. The ground-
state electronic problem is solved with exact diagonalization.
Spectral simulations are then performed using first-order
perturbation theory for XAS and the Kramers-Heisenberg
formula for RIXS. See Ref. [40] for the equations and im-
plementation of CFT in the EDRIXS code used to produce
the results presented here. We present the essential results in
Figs. 3(a)–3(d).

The CFT calculations were performed for the RIXS spectra
of the Ni2+ ion in Oh symmetry. The ground- and final-state
intra-d-shell Coulomb interaction parameters were F 2

dd =
12.234 and F 4

dd = 7.598 eV. The intermediate-state core-
valence interaction parameters were F 2

pd = 13.632, G1
pd =

16.900, and G3
pd = 10.277 eV. The 3d and 3p spin-orbit cou-

pling constants were ζd = 0.083 and ζp = 1.2 eV. Following
prior works, all Coulomb integrals were scaled to 70% of
the bare Hartree-Fock values [25]. The crystal-field splitting
10 Dq was set to 1.07 eV by comparison with experiment
at 66.3 eV. Finite temperature effects were considered by
simulating the XAS and RIXS spectra for an ensemble of
initial states with weights calculated from the Boltzmann dis-
tribution at 300 K.

The experimental fluorescence yield presented in Fig. 1(c)
is compared to theory in Fig. 3(a). The experimental line
shape is reproduced rather well in the region relevant to the
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FIG. 3. (a) Experimental vs theoretical fluorescence yields. (b) The full RIXS spectra calculated at the experimental excitation energies.
(c) A detailed view on the theoretical calculation for 66.3-eV excitation energy fitted to experiment as described in the text. The sticks represent
the individual transitions. (d) The same as (c) for 67.9 eV.

subsequent RIXS calculations. The spin-orbit splitting at the
M2,3 edge is similar in magnitude as the multiplet, crystal-field
splittings, and the core-hole lifetime broadening. Therefore,
the intermediate states of the RIXS process are superpositions
of several 3p53d9 configurations [39]. The intermediate-state
lifetime � for M-edge RIXS of transition metals is also known
to vary considerably across the edge [37]. However this effect
has a large impact only at higher excitation energies than con-
sidered here [37]. Thus, we used a fixed lifetime broadening
of 1 eV full width at half maximum (FWHM).

The full RIXS spectra calculated for 66.3 and 67.9 eV
excitation energies are presented in Fig. 3(b). The polarization
vectors of the incident and scattered light were aligned to
the crystal-field axes to reproduce the experimental geometry.
The presented spectra are averages over vertical and hori-
zontal outgoing polarization states. The RIXS spectrum for
each polarization state is an average over the exchange field
orientations applied to the spin in accordance with the AFM
domain structure [24,41]. Here we show results obtained with
an exchange splitting Eex = 80 meV. A final-state lifetime
broadening of 120-meV FWHM was used.

The structures near 0 eV energy loss in Fig. 3(b) cor-
respond to spin-flip transitions within the 3A2g ground-state
term. They correspond to �Sz = 1 and �Sz = 2 transitions
with respect to the local ground-state spin orientation de-
termined by the AFM coupling to next-to-nearest neighbor
Ni ions. These transitions have recently been observed in
a high-resolution L-edge RIXS experiment [24]. The 3T2g

states are found near 1 eV followed by 3T1g/
1Eg below 2 eV.

The positions of the states are in good agreement with the
previous work in Ref. [25], but there are differences in the
intensities. Their origin probably relates to the precise choice
of the theoretical excitation energy and Coulomb interaction
parameters.

Detailed comparisons to the experimental RIXS spectra of
the 3T2g transition at 66.3- and 67.9-eV excitation energies are
presented in Figs. 3(c) and 3(d), respectively. The black sticks
mark the locations of the individual transitions contributing to
the spectrum. The states contributing to the main and spin-flip
transitions are marked with the black arrows in Fig. 3(c).
Their energies are the same for Fig. 3(d). The weak side
peaks originate from the small but finite population of the first
excited state at 300 K. We note that the stick spectrum for
66.3 eV supports fitting the experiment with two peaks since
the �Sz = 2 lines contributes negligible intensity.

The 3T2g final state is split to nine sublevels in the pres-
ence of valence spin-orbit coupling and exchange splitting. To
obtain information on the magnitude of the AFM exchange
splitting, we performed CFT calculations using splittings of
60 to 140 meV in steps of 20 meV. The first group of three
final states correspond to �Sz = 0 transitions with respect to
the ground state. The following two groups of three final states
correspond to �Sz = 1 and �Sz = 2. It is important to note
that the �Sz values were extracted from a separate calculation
where the exchange field was applied perpendicular to the
polarization vector of the incident light and are exact only in
that case. A direct calculation showed that the final-state en-
ergies did not change when averaging over the AFM domain
structure, but the intensities did vary as expected.

The calculated average transition intensities were then used
to fit the experimental spectra with the following procedure:
For each exchange splitting value, the intensity ratios of the
transitions are fixed to the calculated values. The position
of the first transition is allowed to vary, and the energy
differences to the remaining transitions are fixed to the calcu-
lation. The transitions are represented with Voigt functions of
33-meV FWHM Gaussian part accounting for the exper-
imental resolution and the Lorentzian final-state lifetime
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broadening is assumed constant for all transitions and varied
alongside the exchange splitting.

The outlined procedure was found to give results consistent
with the experiment for an exchange splitting of 60–100 meV
and final-state broadening of 100–140-meV FWHM. Overall
the agreement is excellent, and the incident energy evolution
of the RIXS line shape is well accounted for. We note that
using the energy shift determined in Fig. 3(c) to fit Fig. 3(d)
causes the agreement to worsen slightly. This is due to the first
two �Sz = 0 transitions being too intense in the calculation.

The physical origin of this is in the core-valence exchange
interaction, i.e., in the precise values of G1

pd and G3
pd . Reduc-

ing the screening to 0.8 for G1
pd and G3

pd deemphasizes the
transitions at the low-energy edge of the peak. After apply-
ing the final-state broadening, the essential effect of this is,
however, an overall shift of the lines. The line shape itself is
not affected in an essential way, justifying the adopted fitting
procedure. We note that Ref. [24] also observed the sensitivity
of the spin-flip transitions to the magnitudes of G1

pd and G3
pd

but focused on the low-energy transitions.
We also found by direct calculation that the line shape

was not changed appreciably by small variations on the or-
der 0.1 eV in the excitation energy or the intermediate-state
broadening, but they had more effect on the transition in-
tensities. The approximation of constant final-state lifetime
broadening on the other hand can have a considerable effect
on the line shape. A calculation of the excited-state lifetimes
taking strong electronic correlations and phonon-assisted de-
cay of the final state is beyond the state of the art. The
agreement with experiment is, nevertheless, convincing. Thus,
we conclude that the presented comparison of crystal-field
calculations and experiment support a reduction of the AFM
exchange coupling from the ground-state value of 120 meV to
the range of 60–100 meV in the 3T2g state.

C. Excited-state exchange interaction: electronic
effects vs structural dynamics

At the 3T2g excited final state, the orbital occupations
also change as holes are introduced into the t2g states. This
modifies the Ni-O hopping integrals, and to some extent the
Coulomb interaction energy on the Ni site and the Ni-O charge
transfer. All of which are parameters relevant to the inter-
atomic exchange energy [42]. Therefore, a modification of
the exchange energy due to the electronic configuration is ex-
pected when considering either the ground or the excited state.
The t2g hopping integral is roughly 60% of the eg hopping
in NiO [43]. We provide below an estimate of the magnitude
of the electronic effect. Assuming that we have one eg and
one t2g active electron in the final state, the effective hopping
integral t reduces by a factor of 1/5. As J is proportional to t2,
the excited-state value is reduced to (4/5)2 or ≈64%, which
is in line with the experimental result of reduced exchange
energy. It would be interesting to see if thorough analytical
or numerical calculations agree with the estimate provided
here.

On the other hand, unlike INS which has no core-hole
involved, previous L-edge experiments show systematically a
smaller magnon energy near the 3A2g ground state [22,24] and,
thus, with no modification of the electronic occupancy. This

TABLE I. List of exchange energy and exchange constant from
different measuring techniques. Different quanta magnons are abbre-
viated as M. The exchange constant J2 is listed as reported with its
according model. (2PSF: 2-peak spin-flip analysis and CFT).

Method Exchange energy (meV) J2 (meV)

M-edge RIXS (this paper) 89 ±4 (2PSF) 14.8 ±0.6
60–100 (CFT)

Optical Raman 2M ≈ 194 [44] 18.3 [44]
4M ≈ 347 [45]

Electron tunneling 2M ≈ 186 mV [46]
Inelastic neutron scattering ≈114 [20] 19.01 [20]
M-edge RIXS 125 ±15 [25]
Spectroscopic ellipsometry ≈100 [16]
L-edge RIXS ≈105 [24]

95 [22]
≈100 [21] 18 [21]

implies that core-excited-state-driven structural dynamics can
be involved. A precise quantification of the contributions of
electronic redistribution and nuclear dynamics is beyond the
scope of this paper. The extracted excited-state exchange en-
ergy Eex = 89 meV is to be considered representing a sum
of the two effects. Below we discuss the limiting case of
considering only lattice effects.

By assuming no such electronic effects on the superex-
change interaction, the exchange constants can be extracted
from the intersite AFM interaction by applying the Heisen-
berg model. The underlying interaction is then parametrized
with the interatomic exchange constants J1 (nearest neighbor)
and J2 (second-nearest neighbor) [47,48]. For simplifica-
tion, J1 (≈ −1 meV), which is small compared to J2 (≈
19 meV) [20], is neglected and the exchange energy can be
expressed as Eex = 6J2 [13,22,49].

In Table I, we compare our Ni M-edge RIXS empirically
derived J2 = 14.8-meV value to values extracted by other
methods. In general, the single- and multimagnon energies
from low-energy loss features are in good agreement with
inelastic neutron scattering, optical Raman, ellipsometry, and
electron tunneling. We note in this context that both the Ni
M-edge and L-edge RIXS studies are trending to values on the
lower side, e.g., Betto et al. observed lower magnon energies
than INS near the zone boundary [21]. The L-edge RIXS
result [24] probes the magnon energy close to the ground state
and via a different core-excited intermediate state (2p vs 3p
core hole). We also note that the prior M-edge result [25] is the
deviating case, and this is likely explained by the limitation in
resolution. A possible underlying cause is the strong correla-
tion between the local Ni-O bond length with the exchange
constant [50,51]. Since the RIXS process involves a transient
core-excited state, a structural force is exerted on the lattice
during the scattering duration time. Thus, the d-d excited
final state may have inherited a small structural distortion.
In that sense, our experiments prove that the RIXS process
gives access intrinsically to the effect of such distortions
present during the excited state on the physical constants, such
as the exchange constant. Based on the extrapolation of the
correlation between J2 and the lattice parameter [52], which
is derived from pressure-dependent Raman experiments and
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assuming no changes in the electronic properties in the excited
states, we derive for the Ni M-edge measured 3T2g state of
NiO a maximum limit ≈2% locally expanded average Ni-O
distance of ≈ 2.13 Å over the ground-state equilibrium dis-
tance of 2.09 Å. It is also apparent that thermal expansion due
to beam heating is not the main contribution since it requires
a hypothetical increase of, at least, ≈2000 K to bring about
the same magnitude of an effect [53]. This is three orders
of magnitude above the absorbed energy from synchrotron
radiation in the probed sample volume.

RIXS is a photon-scattering process which generally has
a lifetime at the femtosecond scale defined by the core-
hole lifetime. At the L3 edge the core-hole lifetime of Ni is
�= 0.2–0.5 eV [54] whereas at the M3 edge the value is
�= 1.19 eV [34]. In a periodic lattice, the ground-state
core levels are equally symmetry adapted as the valence
states. After x-ray absorption, dynamic relaxation sets in,
leading to local symmetry reduction. The core-excited state
reflects a balance of symmetry adapted, itinerant, and lo-
calized atomic impurity states, which are a superposition of
various structural and vibronic excitations. This signature of
dynamics during the scattering duration (core-hole lifetime)
is captured in the RIXS spectral shape [18]. In addition,
the d-d excited final state brings also a distortion with its
even longer valence-hole lifetime, based on our empirical
and theoretical models (�= 0.12 eV). In sum, we, thus, at-

tribute these dynamic localization aspects, together with the
electronic redistribution to the lower 3T2g excited-state ex-
change energy.

IV. SUMMARY AND CONCLUSION

To summarize, nickel M-edge RIXS at NiO with energy
resolution far below the intrinsic broadening mechanisms
is a powerful tool to extract quantitative values for crucial
electronic structure parameters in a functional oxide. The
spin-flip satellite of the d-d excited 3T2g final state of a bulk
single-crystal NiO has been observed. Full crystal-field theory
calculations are in excellent agreement with the measured
spectra in support of the given assignment with dominant
�Sz = 0 and �Sz = 1 contributions. We extract an exchange
energy of 89 meV and exchange constant J2 = 14.8 meV.
Compared to other probes, such as optical, L-edge x-ray, or
inelastic neutron-scattering approaches, we observe a smaller
exchange constant, which is attributed to contribution from
both electronic effects and structural dynamics. With pure
electronic effects, the estimate based on the reduction in the
effective hopping integral delivers a reduction to ≈64% in
exchange energy. With the assumption of no electronic effects,
we derive an effective ≈2% local Ni-O bond elongation dur-
ing the nickel M-edge scattering duration time.
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