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ABSTRACT: We are developing 1s3p resonant inelastic X-ray
scattering (RIXS) as a versatile spectroscopic tool to probe active
systems under working conditions. In order to establish detailed
reference materials for cobalt-based systems, we have applied 1s X-ray
absorption spectroscopy (XAS) and 1s3p RIXS to cobalt oxides (CoO,
Co,;0,) and sulfides (CoS and CoS,). We show that the Co®" ions in
Co;0, contain a large nonlocal peak intensity in the pre-edge and that
the resonant 3p final state of Co;0, is dominated by the two exchange-
split peaks of the tetrahedral Co®* site. In contrast, the 3p final state of
CoS and CoS, shows a single asymmetric peak due to the large screening
of the 3p-3d exchange interaction. While CoS has a single pre-edge peak,
CoS, contains an additional large nonlocal peak. This indicates that
although CoS, is often indicated as Co**(S,)*”, it has a very strong
sulfur-mediated cobalt—cobalt bonding, similar to the low-spin Co®" sites
in oxides. These electronic structure details reveal the significance of 1s3p
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RIXS spectroscopy for determining the symmetry, spin

and covalence of transition metal compounds, information that is largely inaccessible in conventional K edge XAS. The

experimental results are simulated with multiplet calculations that reveal

the partial screening of the 3p3d exchange interaction

and the presence of nonlocal transitions. We conclude that 1s3p RIXS combined with spectral simulations presents a valuable

tool to unravel the electronic properties of functional materials under working conditions.

1. INTRODUCTION

Recent developments in theoretical and experimental resonant
inelastic X-ray scattering (RIXS) studies have allowed the
application of this technique in various fields of chemistry,
including heterogeneous catalysis.”” The K-edge of 3d
transition metal jons relates to 1s — 4p excitations and reveals
information about the oxidation state and the neighboring
ligands. The pre-edge resulting from the 1s — 3d quadrupole
transition contains additional information, including the
symmetry around the transition metal ion and its spin
state.”* Due to the 1s core-hole lifetime, the K-edges are
broadened with a Lorentzian of approximately 1.5 eV and so
the high intensity of the main K-edge (1s — 4p) peak and its
large broadening creates a background around the pre-edge
structure. The origin of the pre-edge feature may be due to
three, interconnected, effects:

1. A direct 1s — 3d quadrupole transition that can be
calculated as a quadrupole transition from 3d" to
1s'3d"1,

2. If centro-symmetry is broken, the metal 4p states mix
with the 3d states, allowing dipole transitions into the
pre-edge that have more intensity than the correspond-
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ing quadrupole intensity. The dipole spectral intensity
can be up to 50X stronger than the quadrupole intensity.

3. If a short cobalt—oxygen—cobalt moiety is present
additional dipole transitions into the 3d-band can be
observed related to the overlap of cobalt 4p states with
cobalt 3d states of near-neighbors. Because these so-
called nonlocal states are less affected by the core hole in
the final state they appear at approximately 3 eV higher
incident energies.””

After the excitation of a 1s electron, the subsequent radiative
decay with the highest probability is a 1s2p (Ka) transition,
while the 1s3p (Kf) transitions are theoretically a factor 6—8
weaker.” At the pre-edge resonance, the Ka decay involves a
transition from the 1s'3d"*! to the 2p°3d"*! states, which is an
identical final state configuration as in the soft X-ray L, ;-edges.
Equivalently, K decay reaches the same 3p°3d"*" final states as
the M, ;-edges XAS. While 2p°3d™" final states are dominantly
split by the 2p spin—orbit splitting, the 3p°3d™*" states are split
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Figure 1. Main transitions and interactions involved in 1s2p and 1s3p RIXS processes for cobalt-containing compounds (left). A typical RIXS 2D
plane consisting of multiple emission slices measured at various incident energies (right). The RIXS slices are then interpolated to obtain a full RIXS

2d plane.

by the large 3p3d exchange interactions, which implies that the
KJ emission spectrum is sensitive to the intra-atomic exchange
interactions and as such to the local moment on the 3d states.”
In general, the 3d transition metal (TM) K3 emission spectrum
consists of the main emission line called the Kf, ;, a relatively
broad Kf#' peak, and very weak emission band Kf; (valence-to-
core emission). The KA’ line originates from the exchange
interaction between the electrons in the 3d shell and the hole in
the 3p shell due to the emission of the K, ; line. Consequently,
the energy separation between the Kf’ and Kp, ; lines and the
intensity ratio of the Kf’ to Kf3, ; lines depend on the number
of the unpaired 3d electrons. Due to the correlation between
the number of the unpaired 3d electrons to these band
structures some interaction is expected between the features of
the K’ line and the valence- and conduction-band structures of
3d transition metal elements.

The 1s3p RIXS experiment involves a photon-in—photon-
out process in which the incident energy and emitted energy
are varied, yielding a two-dimensional spectral surface. To
represent the results, the excitation energy (E,,) is set as the
horizontal axis, while the vertical axis is either set as the
emission energy (E,,,) or as the energy loss energy (E;, — E ).

Figure 1 is an illustration of the 1s2p and 1s3p RIXS
processes for 3d cobalt compounds. At 7709 eV the Is to 3d
quadrupole transition is visible. The vertical axis represents the
energy loss (E;, — E,,) and effectively shows the 3p final state
binding energy at approximately 60 eV. In addition, the onset
of the main K edge is expected at slightly higher energy (~7714
eV) and its 1s3p fluorescence at 65 eV. The vertical lines
(indicated K and Ka) indicate the actual emission measure-
ments that are taken at fixed excitation energies. We note that
the pre-edge feature (related to the 3d-states) is separated by
~4 eV from the edge intensity. Thus, by measuring a vertical
slice at the pre-edge energy, the 1s'3d"*" to 3p°3d™*! resonant
features are probed. Moreover, the diagonal line in a RIXS
energy loss map yields the so-called High Energy Resolution
Fluorescence Detection (HERFD) spectrum, which in a first
approximation is similar to a sharpened version of the K edge
absorption spectrum.®’

In this study we have performed 1s3p RIXS measurements
on two cobalt oxides (i.e., CoO and Co;0,) and two cobalt

sulfides (i.e,, CoS and CoS,) that serve as reference materials
for the evolution of cobalt species within the industrially
relevant cobalt(nickel)-molybdenum-sulfide (Co(Ni)MoS)
hydro-desulphurization (HDS) catalyst system, known to
remove sulfur impurities from crude oil-derived hydrocarbon
feedstocks.'”

The local structure, symmetry, and spin state of the Co;0,,
Co0O, CoS, and CoS, samples are summarized in Figure 2. We
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Figure 2. Local structures, proposed symmetries and corresponding
crystal field diagrams for Co;0, (which is a mixed valence material
with Co** T high-spin), and a Co®* O, low-spin, high-spin O, CoO,
high-spin CoS and low-spin D;; CoS,.

note here that an additional sulfur in CoS,, which distorts the
symmetry from octahedral in CoS to Dj; causes the spin to
change from high to low spin. There have been several studies
in the literature reporting relevant information regarding the
properties of cobalt oxide compounds.''™"* Furthermore, the
oxygen mediated d—d interactions are also reported to affect
the electronic properties of several transition metal oxides.

2. EXPERIMENTAL SECTION

2.1. Materials. CoO was obtained from SPL.EU crystals as
a single crystal of CoO (001), while Co;0, was supplied from
Sigma-Aldrich (99.99% trace metal basis). Cobalt sulfides were
supplied from Alfa-Aesar as CoS (99.5% on metal basis) and
CoS, (99.5% on metal basis).
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2.2, X-ray Experiments. The experiments with cobalt
oxides were performed at the Taiwan beamline BL12XU at the
Spring-8 synchrotron facilities.'> The optical system consists of
four major elements, a high heat-load Si (111) double-crystal
premonochromator, a cylindrical collimating mirror, a channel-
cut high-resolution monochromator, and a toroidal focusing
mirror. The incident energy was selected using the Si (400)
reflection during the measurements at the Co K-edge. After the
monochromator, the beam is delivered to the Pt-coated
focusing mirror and focused both vertically and horizontally
to ~80 (V) X 120 (H) um? at the sample position. The sample,
crystal analyzer and a photon detector were arranged in a
horizontal Rowland geometry. The Co Kf (1s3p) RIXS spectra
were recorded at a scattering angle of 90° in the horizontal
plane using a 1 m radius spherically bent Ge (444) analyzer.
The total energy resolution of the monochromator (photon-in)
and the spectrometer (photon-out) is approximately 0.4 eV.
The intensity was normalized to the incident flux. The RIXS
data are shown as a contour map in a plane of incident and
transferred photon energies, where the vertical axis represents
the energy difference between the incident and emitted
energies (energy loss). The variations of the color on the
plot correspond to the different scattering intensities.

The cobalt sulfide reference samples were measured at the
GALAXIES beamline at the SOLEIL synchrotron.'® Both the
cobalt sulfide samples were kept under a nitrogen atmosphere
during the measurements. The incident energy is selected by a
Si (111) double crystal monochromator, using the third order
harmonic with an energy resolution of 200 meV. The beam is
focused both vertically and horizontally to ~30 (V) x 80 (H)
um® at the sample position using a toroidal mirror located
downstream. The spectra were recorded at 45° in the vertical
plane using the beamline RIXS spectrometer and a spherically
bent Ge (111) analyzer. The total energy resolution of the
beamline and the spectrometer is ~0.4 eV. The intensity was
normalized to the incident flux. The RIXS 2D maps were
obtained in the excitation range of 7700—7750 eV with steps of
0.25 eV, and 57.5 to 75 €V for the RIXS energy loss, with steps
of 0.25 eV. The emission spectrometer energy resolution was
measured by taking the full width at half-maximum (fwhm) of
the elastic peak at 7720 eV. Radiation damage studies were
performed at ambient conditions by measuring three XAS
spectra to check for any shifts in the edge jump energy, and the
pre-edge intensity and energy shift. Additionally, six RIXS
spectra were measured to reconfirm the results obtained with
XAS. For all the reference spectra, there was no change in the
measured spectra for a 3 h experiment, confirming the absence
of radiation damage.

2.3. Theory. We have applied crystal-field multiplet theory
and charge-transfer multiplet theory to calculate the 1s XAS
pre-edge and 1s3p RIXS spectral shapes. The pre-edge in the K-
edge XAS of Co*" in CoO and CoS has been calculated as the
quadrupole transition from 3d” to 1s'3d® in octahedral
symmetry. In the case of Co;0,, for the tetrahedral Co*, the
dipole channel from 3d’ to 1s'3d’4p' has been added to the
direct quadrupole transitions to the corresponding charge
transfer multiplet calculations.'’~** In all cases, the 1s3p X-ray
emission channel is calculated as the transition from 1s'3d® to
3p°3d® and to generate the 1s3p RIXS plane, the excitation and
decay are coupled using the Kramers-Heisenberg equation.””

To perform these calculations, we have made use of the
CTM4XAS and CTMA4RIXS graphical user interfaces with the
exception of the charge transfer calculation involving dipole—

quadrupole mixing, which has been performed separately.”*
The parameters used here for CoO were taken from previous
studies.” The Slater integrals were set to 90% of their atomic
values to account for charge transfer effects and the crystal field
(10 Dq) was set to 1.05 eV (for CoO) for the initial state and
0.9 eV for the intermediate and final states to compensate for
the effects from the 1s and 3p core holes.

3. RESULTS AND DISCUSSION

3.1. Cobalt Oxides 1s3p RIXS Planes. Figure 3 shows the
experimental Co K/ RIXS energy loss (EL) maps over the pre-
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Figure 3. Experimental Co 1s3p RIXS plane of (A) CoO and (B)
Co;0,.

edge region of CoO and Co;0,. As was shown by Kurian et al.
for Co0,'" the comparison with the conventional X-ray
absorption spectrum shows how the pre-edge structure is
better separated from the main edge in the RIXS spectrum.

The CoO pre-edge shows two energy loss features at 58.5
and 62.0 eV for the incident energy of 7709 eV. As we will
show below, these peaks are due to the exchange splitting in the
3p*3d’ final state. Co;0, is a mixed-valence system that consists
of high-spin tetrahedral Co*" and low-spin octahedral Co®"
sites. The RIXS map shows two energy loss peaks at 59 and 62
eV for the 77094 eV incident energy.26 These peaks are
equivalent to the situation in CoO and we assign them to be
due to the strong exchange splitting in the final state of the
high-spin tetrahedral Co**. In addition, the Co* energy loss
feature is expected to be at 62 eV merged with that of Co®"
emission. Furthermore, there is also a third peak visible in
Co;0, at an excitation energy of 7712.7 eV. The energy
difference of 2.3 eV is too large to be related to the difference
between Co*" and Co®" sites. Instead, this feature can be
assigned to a nonlocal peak often observed in low-spin Co®"
systems, and has been explained in detail elsewhere for the case
of LiCo0,.”” This nonlocal peak relates to a dipole transition
from a 1s core electron to a Co®" 4p orbital that interacts with a
cobalt-based 3d orbital via the bridging oxygen 2p contribution.
We note also that the local peak is often much lower in
intensity than the nonlocal.”**’

3.2. Cobalt Sulfides 1s3p RIXS Planes. Figure 4 shows
the experimental Co K/ RIXS energy loss (EL) maps over the
pre-edge region of CoS and CoS,. The CoS pre-edge shows a
single peak at 7709 eV excitation energy and 62 eV energy loss.
CoS is an octahedral Co** system like CoO. However, in
contrast to CoO, CoS has only one visible structure in the pre-
edge region of the 1s3p RIXS plane. CoS, is also a formally
divalent sulfide. The RIXS map shows two pre-edge peaks at,
respectively, 7710 and 7712 eV, diagonally offset. Similar to the
case of Co;0,, these two peaks can be related to the local and
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Figure 4. Experimental RIXS 2D contour maps of the CoS (A) and
CoS, (B), measured under ex situ conditions. To prevent oxidation of
the sulfide compounds, they were measured under argon atmosphere.

nonlocal transitions. This implies that the S,”” states link
together two neighboring cobalt ions, allowing good overlap
between cobalt 4p orbitals with cobalt 3d orbitals at
neighboring sites.””

3.3. 1s3p RIXS Energy Loss Cuts and the Nonresonant
1s3p XES Spectra. To allow a closer comparison with
theoretical simulations, we focus on the RIXS energy loss cuts
through the 2D RIXS plane at the pre-edge maxima. We
compare these energy loss cuts with nonresonant XES spectra
and also with multiplet calculations.

Figure 5 shows the vertical energy loss cuts through the RIXS
plane at the maxima of the pre-edge region for CoO and
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Figure 5. Co 1s3p resonant X-ray emission spectra obtained at the
pre-edge peak incident energies of Co;0, at 7709.4 (Co** T,, black)
and 7712.2 eV (nonlocal Co** Oy, red) and of CoO at 7709.0 eV
(Co*" Oy, purple).

Co0;0,. We have used these energy loss cuts to make a
comparison with multiplet calculations. Both the divalent cobalt
ions in CoO and Co;0, contain two peaks split by ~2.5 eV.
The nonlocal Co*" peak at 7712 eV excitation energy has its
main X-ray emission peak at 7649 eV. However, due to their
shorter 3p final state lifetime, the low intensity features between
7625 and 7640 eV are broadened.'”

Figure 6 shows the experimental and calculated cobalt 1s3p
RIXS energy loss cuts of CoO. The calculations, have been
performed for transitions originated from the 3d’ ground state
via the 1s'3d® intermediate states into the 3p°3d°® final states.
The energy loss cut through the 2D RIXS plane at the main
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Figure 6. Co 1s3p RIXS energy loss cut of the CoO sample (black) is
compared with the calculated multiplet spectrum (red).

pre-edge peak reproduces the two main emission peaks at
7651.8 and 7647.6 eV. Due to the energy-dependent lifetime
broadening, all features at higher energies are only visible as
broad structures.’® The calculations for Co** O, have been
performed with Slater integral reduction factors of 1.0 (Fg44), 0.9
(Fpa), and 0.9 (G,q) in combination with a crystal field
parameter 10 Dq of 1.0 for the initial and 0.95 eV for the
intermediate and final states. Due to the energy dependence of
lifetime in case of Kf (1s3p) transition the experimental
spectrum differs from the multiplet calculated result at lower
emission energies. In addition, the diagonal of the obtained
1s3p energy loss RIXS plane yields the so-called HERFD
spectrum which resembles a high resolution K-edge spectrum.

Figure 7 shows the Co;0, 1s3p RIXS spectrum in
comparison with the corresponding multiplet calculations of
the transitions of Co®" in tetrahedral symmetry. The theoretical
calculations for Co®* O, have been performed with Slater
integral reduction values of 1.0 (Fyy), 0.9 (F,q), and 0.9 (Gyg).
Furthermore, a crystal field parameter 10 Dq of —0.6 eV was
used to simulate the tetrahedral symmetry.
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Figure 7. Co 1s3p RIXS energy loss cut of the Co;0, sample (black)
is compared with the calculated multiplet spectrum. The experimental
RIXS spectrum was obtained by plotting the slice (7709.4 eV incident
energy), which has dominantly a Co®" T character.
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In the case of Co RIXS, a core electron is excited to empty
3d states and in tetrahedral symmetry also to 4p states
hybridized to 3d states. For the quadrupole transition, the X-ray
absorption sum rule applies and the intensity ratio of Co®*/
Co?" is different from nonresonant XES. The total quadrupole
intensity is given by the number of 3d holes multiplied by the
number of ions present, which yields a relative value of 8 (2
ions times 4 holes) for Co®* and 3 (1 ion times 3 holes) is for
Co". However, as a consequence of p—d orbital mixing, the
intensity of tetrahedral Co®' is increased with a factor of
approximately four. This implies that the overall Co®"/Co**
intensity ratio is approximately 8:12. By analyzing the pre-edge
RIXS feature we can assign the two features at 7709.4 eV of
incident energy for 66% to the Co*" Ty ion. From Figure 7, the
slice at 7709.4 eV was selected and compared to a Co*" T,
simulation.

To calculate the RIXS of CoS a ligand field splitting of 10 Dq
= 0.4 eV was assumed with Slater integrals scaled down to 70%
(Fyq), and 50% (for Foq and G4) from their atomic values to
account for the increased covalence of CoS with respect to the
oxides. The RIXS spectrum was obtained from the CTM4RIXS
program by selecting a Lorentzian broadening of 1.0 eV for the
intermediate state and 0.4 for the final state, while keeping a
resolution of 0.3 eV for both the incident and emitted energies.

It can be observed from Figure 8 that, although CoS is a
high-spin Co®* system, the strong reduction of the Slater
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Figure 8. Co 1s3p RIXS energy loss cut of the CoS sample (black) is
compared with the calculated multiplet spectrum.

integrals effectively creates a single peak with an asymmetric tail
ranging over some 15 eV. This is different from the high-spin
Co** oxide system. The main difference between CoS and CoO
is the significant increase of covalence. The present calculations
only involved crystal field multiplet effects with reduced Slater
integrals. A similar spectral shape can be obtained from charge
transfer multiplet calculations, but the lack of fine structure and
the increased number of charge transfer parameters imply that
it is not well justified to use a specific charge transfer multiplet
result.”>* A consequence of this increased covalence in CoS is
that the 1s3p RIXS cannot be used to distinguish high-spin and
low-spin ground states. Note that because CoS, is dominated
by nonlocal effects we cannot directly compare the energy loss
cuts to a calculation

3.4. Fitting of the Two-Dimensional RIXS Planes. To
obtain integrated intensities of the spectral features in the RIXS

2D maps of CoO and Co;0,, shown in Figure 9, we have
performed a two-dimensional surface fitting procedure that
involved the methodology implemented in Blueprint XAS to
reduce bias and to evaluate the uncertainties in the fit
parameters.’>** The empirical model used contains a baseline
surface, an edge jump in the incident-energy direction, two
(CoO) or three (Co;0,) two-dimensional pre-edge peaks, and
three two-dimensional Kf peaks in each case. A series of 100
fits have been attempted and a series of good fits based on sum
of squared errors was selected for the quantification of the pre-
edge features in each case. The average for the intensities and
their respective standard deviation values are summarized in
Table 1. The average of fits for each RIXS map is shown in
Figure 9.

Table 1 shows that CoO contains two peaks at almost the
same excitation energy (shift of 0.6 eV) and split by 3.6 eV in
the emission energy. Although the first peak has a higher
intensity in the energy loss cut (Figure 6), their integrated
intensities are similar in magnitude due to the large
broadenings of the second peak. In the case of Co;0, two
similar peaks appear but with increased intensity due to the
tetrahedral-symmetry-induced p—d mixing. In addition, the
62.0 eV energy transfer feature contains additional intensity due
to the overlapping Co®* quadrupole peak. The third peak at
7712 eV excitation energy is the Co®" nonlocal peak.

4. CONCLUDING REMARKS

We have identified the electronic properties of cobalt oxide and
sulfide compounds by means of 1s3p RIXS. High resolution
RIXS applied to cobalt oxide and sulfide compounds revealed
details of the pre-edge features, which are not visible in
conventional XAS spectroscopy. The results were simulated by
multiplet calculations with the associated parameters for the
symmetry, crystal field, and Slater Integral reduction.

The CoO 1s3p RIXS plane consists of two features at the
7709.0 €V incident energy related to Co** (O,). Instead, the
Co;0, 1s3p RIXS plane consists of two features at 7709.6 eV
incident energy related mainly to Co®" (T;) and a third feature
at the 7712 eV incident energy that was assigned as a nonlocal
transition at the Co** (Oy) site. The Co®" quadrupole peak is
not visible as a separate feature and is buried under the Co*"
(Ty) spectrum. It can be concluded that the nonlocal peak is
also clearly visible in the spectra of Co;0,, similar to other low-
spin trivalent cobalt oxides, such as LaCoO; and LiCoQ,.””**

An interesting result for the cobalt sulfides is that, in contrast
to CoS, CoS, shows a strong nonlocal peak, indicating
significant sulfur-mediated cobalt—cobalt overlap, similar to
the case of the low-spin trivalent oxides. This indicates that
though the cobalt ions in CoS, are indicated as Co**, they have
a much stronger sulfur-mediated cobalt—cobalt overlap as
compared with CoS.

Another important result for the cobalt sulfides is that, due to
the strong covalency, the 3p3d exchange interaction is strongly
screened, implying that the 3p final state contains only a single
asymmetric peak, in contrast to the double peak structure in
high-spin oxides. A consequence is that the 1s3p XES spectra
cannot distinguish high-spin and low-spin systems from a
qualitative analysis of the spectral shape.

This study has shown that 1s3p RIXS is a valuable tool to
determine the valence and covalence and estimate the spin state
of cobalt oxides and sulfides, with the exception that for sulfides
the large covalence does not allow a distinction between high-
spin and low-spin. The obtained knowledge can be used to
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Figure 9. Average of fits to the experimental two-dimensional 1s3p-RIXS maps of (A) CoO and (B) Co;0,. Pre-edge features (peaks 1 and 2) and

nonlocal feature (peak 3) are indicated for reference in Table 1.

Table 1. Average Values for the Fit Intensities and
Corresponding Standard Deviations for the Pre-Edge
Features in the 1s3p RIXS 2D Maps of Co;0, and CoO“

incident energy HWHM HWHM
ener loss (incident;  (energy loss; integrated
(eV%y (eV) eV) eV) intensity
Co;0,
peak 1 7709.5 59.2 0.68 0.66 (0.001) 321
(<0.1)  (<0.1)  (<0.001) (0.02)
peak 2 7709.7 62.0 091 199 (0.01)  13.04
(<0.1) (<0.1)  (0.001) (0.11)
peak 3 77122 62.4 123 (0.01) 145 (0.02)  5.81
(<0.1) (<0.1) (0.11)
CoO
peak 1 7709.0 57.5 071 075 (<0.001)  1.57
(<0.1) (<0.1)  (0.002) (0.02)
peak 2 7709.6 61.1 123 (0.04) 218 (004) 177
(<0.1) (<0.1) (0.09)

“Standard deviations are given in parentheses.

understand and describe the properties of cobalt materials in
the field of, for example, catalysis and allows us to study
functional materials under in situ conditions.
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