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ABSTRACT: We have performed 2p X-ray absorption (XAS)
and 2p3d resonant X-ray emission (RXES) experiments on a
CoO bulk single crystal as well as on 4.2 nm CoO
nanocrystals. The single crystal data were measured with
linearly polarized incident X-rays in the scattering and
perpendicular to the scattering plane. An unprecedented
total experimental resolution of 100 meV allowed the first X-
ray observation of the CoO *T ,(*F) manifold that occurs 120
meV above ground state. Detailed theoretical modeling was
performed to assess the tetragonal crystal field splitting, spin—
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orbit, and superexchange parameters for both the single crystal and the nanocrystals. We show that 2p XAS is mainly sensitive to
the octahedral field and 3d spin—orbit coupling, while the 4T1g(4F) manifold in 2p3d RXES probes the tetragonal distortion and
the superexchange interactions with high sensitivity. We observe that the nanocrystals have a reduced cubic crystal field splitting
and a broadened 4Tlg(“F) RXES manifold that we ascribe to a larger average Co—O distance and an increased magnetic exchange
in the nanocrystals. We demonstrate that further improvement of the RXES experimental resolution would not only allow for
better disentanglement of the tetragonal distortion, spin—orbit, and superexchange interactions, but it would also allow observing

anti-Stokes features in the RXES spectrum.

B INTRODUCTION

Transition metal oxides are strongly correlated materials with
partly filled d bands that lead to unique electronic and magnetic
material properties. The colossal magnetoresistance effect in
manganese oxides is, for example, widely applied in modern
computer data storage," while the cuprates are of interest for
their high-temperature superconductivity.” In order to under-
stand and control such behavior one ultimately wants to
describe the full electronic and magnetic structure of a solid
with one unified Hamiltonian H,,4 Here we revisit the
electronic structure description of cobalt(II) oxide, a prototype
material displaying a rich electronic behavior, using 2p3d
resonant X-ray emission spectroscopy (RXES) with an
unprecedented energy resolution better than 100 meV. Clear
differences between CoO nanocrystals and a single crystal were
reported.

To elaborate it is necessary to introduce the relationship
between a material’s electronic structure and (X-ray) spectra.

This is gi\;en by the Hamiltonian H,etrum = Hyolid + Hiadiation *+
Hieraction- The radiation field Hamiltonian H, g, describes

the quantization of light. It has a negligible influence on the
spectra’ and is neglected in this work. The interaction
Hamiltonian Hjeraion can be related via the Lippmann—
Schwinger equation to the transition operator T, the matrix
element given in Fermi’s Golden Rule.” Together with H,q it
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allows for an adequate interpretation of photon-matter spectra.
In XAS and RXES spectra which probe localized final states,
H, j;q can be approximated by the electronic structure definition
of a single atom, H,,,,,’ mainly because the core hole excited
state projects the delocalized ground state on a single atom.
The full description of H,, depends on many terms, but in
XAS and RXES the spectral resolution is to a large extent
determined by the lifetime broadening of the electron hole in
the final state of the processes,4 which restricts the level of
detail with which H,,,, needs to be defined. For 2p XAS and
2p3d RXES the final state hole is in the 2p and 3d levels,
respectively, and the broadening of the spectra is approximately
<0.4 eV° for the first row transition metals in 2p XAS and,
based on this work, <0.1 eV full-width at half-maximum
(fwhm) for 2p3d RXES of cobalt(II) in cobalt monoxide. As a
consequence, H,. . is sufficiently defined by the intra-atomic
electron Coulomb exchange interactions, the intra-atomic
spin—orbit coupling of the 2p core hole and the 3d electrons,
and the interatomic effects described by point charge potentials
and caused by neighboring atoms.® The relevant potentials are

crystal and magnetic superexchange fields accounting for
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electrostatic interactions and the spin—spin coupling. Other
interatomic interactions that may need to be considered are
metal-to-ligand charge transfer, metal-to-metal charge fluctua-
tions,” and lattice phonons or molecular vibrations.

For cobalt(II) monoxide the intra-atomic interactions should
be combined with its other material properties. CoO has a
cubic NaCl crystal structure in which the Co®" ions have an
octahedral symmetry (0,).% It is paramagnetic above its Néel
temperature Ty of ca. 290 K.”'% Below this temperature the
material becomes antiferromagnetic and a tetragonal distortion
(D,;, symmetry) has been observed.'’ The ground state has an
[Ar]3d’ configuration and it is considered to be an insulator of
an intermediate type, between a Mott—Hubbard and charge-
transfer type.'” Part of the 3d orbitals are nonbonding or
weakly bonding and energetically located in the band gap
between the oxygen 2p-orbital-rich valence and the metal 4s,p-
orbital-rich conduction band, while the latter also contains
antibonding 3d orbitals."* This allows for the occurrence of
crystal field or d—d transitions as observable by optical
absorption spectroscopy in the 1.5—5 eV range.'* In CoO
the crystal field is relatively weak, resulting in a high-spin 3d’
configuration, implying that the t,, spin-down orbitals are partly
filled and therefore allow for low-energy d—d excitations. Both
infrared (IR)"'® and 2p X-ray absorption spectroscopy'”'®
have revealed that 3d spin—orbit ({34) coupling is not
quenched and have anticipated that this causes the 4T1g(4F)
ground state configuration of CoO in octahedral symmetry to
be split in substates over an energy range <150 meV. The
tetragonal distortion that occurs below Ty and the super-
exchange coupling of the antiferromagnetic material induce a
further splitting of these energy levels. Furthermore, multiple
experiments have shown the existence of (surface) phonons in
this energy regime.lé’lg’zo Fine structure at energies <150 meV
in the infrared spectra'>'® was interpreted as resulting from 3d
spin—orbit coupling, tetragonal distortions, and superexchange
interactions, leading to predictions of the strengths of these
effects. In contrast to this, 2p X-ray absorption spectroscopy
alone cannot determine the strength of these interactions
adequately, since often crystal field multiplet calculations using
different parameter values can lead to the same 2p XAS spectral
shape. Here we will add 2p3d RXES investigations, a useful tool
for the electronic structure of metal oxides,”'~>* and present
the first X-ray observation of the low-energy manifold derived
from the “T ,(“F) ground state in CoO. Previously published
2p3d RXES studies of CoO had a spectral resolution of ~0.5
eV>® and ~0.25 eV*¢ (against <0.1 eV here) and did not allow
for the observation of such fine structure. The results are
interpreted with crystal field atomic multiplet calculations. The
combined effects of the tetragonal distortion, the 3d spin—orbit
coupling, and the superexchange interaction on the calculated
2p XAS and the 2p3d RXES spectra are studied and compared
with the benchmark infrared studies. Finally, the present
resolution allows for the first observation of differences in the
RXES spectra of bulk and nanocrystalline CoO. It is observed
that the nanocrystals exhibit a smaller effective crystal field
splitting and a broader 4Tlg(4F) RXES manifold as compared to
the single crystal, which we ascribe respectively to an increase
of the average Co—O distance in the nanocrystals and to an
increased average superexchange interaction due to the
relatively large surface-to-volume ratio of the nanocrystals.

B EXPERIMENTAL SECTION

Materials. CoO Single Crystal. The (001) surface exposed
cobalt(I) oxide single crystal was prepared by a flame fusion
process and obtained from Surface Preparation Laboratory.

e-Co Nanoparticles. Trioctylphosphine oxide (TOPO;
99%), 1,2-dichlorobenzene (anhydrous, 99%), 2-propanol
(anhydrous, 99%), and cyclohexane (anhydrous, 99.5%) were
purchased from Sigma-Aldrich. Dicobalt octacarbonyl
(Co,(CO)g; hexane stabilized, 95%), oleic acid (OA; 97%),
and acetone (anhydrous, 99.8%) were obtained from Acros
Organics. Nitric acid (pro analysis, 65%), hydrochloric acid
(fuming, 37%), and hydrogen peroxide (stabilized, for syn-
thesis, 30%) were obtained from Merck. Sulfuric acid (>95%)
was obtained from Fischer Chemical. All chemicals were used
as received.

CoO Powder. Cobalt(II) oxide (79%) was purchased from
Sigma-Aldrich and used as received.

TEM, XRD, and XAS/RXES Tools. Carbon-coated formvar
copper grids (200 mesh) for TEM measurements were
obtained from Agar Scientific. An airtight XRD specimen
holder with dome-like X-ray transparent cap for environ-
mentally sensitive materials (A100B33; sample reception 2S
mm diameter, 1 mm depth) was obtained from Bruker AXS. p-
Type Boron-doped silicon (100)(111) surface terminated
wafers (525 pm thick; cut in 7 X 7 mm? squares; resistivity
~5 Q cm) were obtained from CrysTec GmbH. Hydrofluoric
acid (pro analysis, 48—51%) was obtained from Acros Organics.
Plastic tweezers (style KR) were obtained from Rubis
Switzerland. Sticky carbon tape was obtained from NEM
Nisshin Em.Co.Ltd. Silver epoxy paste (E4110 kit) was
obtained from Epoxy Technology.

£-Co/CoO Nanoparticle Preparation and Size-Selec-
tive Precipitation. The CoO nanocrystals are passivated &-
Co/CoO nanoparticles, prepared by exposing e-Co nano-
particles to air.

e-Co Nanoparticle Synthesis. For e-Co nanoparticles, 0.45 g
(1.32 mmol) of Co,(CO)g was dissolved in 3 mL of anhydrous
1,2-dichlorobezene in an airtight flask. In a separate airtight
flask 0.10 g (0.26 mmol) of TOPO and 0.18 g (0.64 mmol) of
OA were dissolved in 2 mL of dry 1,2-dichlorobezene. The
metal precursor and ligand solutions were prepared under
magnetic stirring inside a nitrogen-atmosphere glovebox (H,0/
O, levels <2 ppm). In a nitrogen-atmosphere Schlenk line
outside the glovebox, a three-necked round-bottomed flask was
evacuated and flushed with N, gas three times. Subsequently,
10 mL of dry 1,2-dichlorobezene was injected into the flask
through a septum and heated until reflux temperature (186 °C;
boiling point 1,2-dichlorobezene). Next, the 2 mL of OA- and
TOPO-containing solvent and the metal precursor solution
were injected, in this order, from airtight vials in the hot 1,2-
dichlorobezene. Upon injection the metal precursor solution
changed instantaneously from yellow to black. Mixtures were
refluxed for 30 min, allowed to cool to room temperature, and
transferred back to the glovebox before further analysis.

Note that glassware was cleaned with Piranha etch (3/1 v/v
sulfuric acid/hydrogen peroxide), Aqua regia (3/1 v/v nitric/
hydrochloric acid), excessive deionized water, and anhydrous
acetone prior to synthesis.

Size-selective precipitation of the magnetic &-Co nano-
particles was done by use of a 1.3 T magnet. For this purpose,
typically 1 mL of a raw nanoparticle dispersion was submitted
to four size-selective steps with use of increasing amounts of
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anhydrous 2-propanol as an antisolvent (0.5, 1, 2, and 4 mL in
the first, second, third, and fourth steps). In the first step the
solution was put on the magnet to destabilize the largest
nanoparticles. The sediment was kept and redissolved in 1 mL
of anhydrous cyclohexane for further analysis. To the
supernatant the extra amount of 2-propanol was added and
the mixture was put on the magnet again. This was repeated
until four size-selected batches were obtained in 1 mL of
cyclohexane.

e-Co/CoO Nanoparticles. In order to obtain cobalt
monoxide passivated nanoparticles, or &-Co/CoO core/shell
nanoparticles, the metallic £-Co nanoparticles were exposed to
air as described by Wiedwald et al.*” Time-dependent powder
X-ray diffractograms on 10.6 nm &-Co nanoparticles were used
to analyze the oxidation of such particles as shown in Figure S1
in the Supporting Information.

Transmission Electron Microscopy (TEM) and X-ray
Powder Diffraction (XRD). Carbon-coated formvar Cu-grids
were dipped in nanoparticle dispersions and imaged on a
Tecnai 12 (FEI) operating at 120 kV, equipped with a SIS
CCD camera Megaview II. ITEM software (Olympus) was
used to measure size distributions based on at least 200
particles.

XRD diffraction patterns were acquired on a Bruker D8
advance diffractometer. Cobalt Ka, , X-ray tubes (4 = 1.790 A)
operating at 30 kV were used, with currents of 45 and 10 mA,
respectively. Typically, data points were acquired between 40°
< 20 < 110° every 0.2° with 13 s step™". XRD samples of the
metallic e-Co nanoparticles were prepared inside a glovebox
and enclosed in an airtight and X-ray transparent box to probe
the nonoxidized, as prepared nanoparticles. After the measure-
ments in the inert atmosphere, the &-Co nanoparticles were
measured without protective cap and exposed to air.

Sample Preparation for X-ray Absorption Spectros-
copy (XAS) and Resonant X-ray Emission Spectroscopy
(RXES) Measurements. The &-Co/CoO nanoparticle dis-
persions were dripped onto silicon wafers for the XAS and
RXES measurements. Prior to this the silicon substrates were
treated to remove oxygen species from the wafer surface and to
passivate the silicon wafers with atomic hydrogen. The wafers
were immersed respectively in acetone, 2-propanol, and
deionized water and given an ultrasonic treatment for 10 min
each. The substrates were then etched, following Thorton and
Williams,®® for 10 min with a 1/5/4 v/v/v solution of HF/
ethanol/water. Subsequently, the wafers were rinsed with
deionized water to remove physisorbed surfaces species,”
before drop casting the nanoparticle solutions on the wafers.
The wafers were attached with sticky carbon tape to an
aluminum holder designed to fit into the experimental
synchrotron setup. Silver epoxy paste was applied between
the substrate and the transfer tool to improve conductivity. The
holder was introduced to the load lock chamber of the
ADRESS beamline, which was subsequently pumped down to
~107% mbar before the sample was transferred to the analysis
chamber for XAS and RXES measurements.

XAS and RXES Measurements and Spectral Analysis.
Total electron yield (TEY) Co L, ;- and O K-edge XAS spectra
were collected by measuring the drain current of the samples.
Total fluorescence yield (TFY) spectra were acquired by using
a photodiode close by the samples. The XAS spectra were
sampled with SO points eV~'. The incident energy scale was
calibrated measuring the cobalt 2p XAS spectra of the cobalt
monoxide powder and comparing it with literature values.*’

The RXES spectra were measured with use of the high-
resolution Super Advanced X-ray Emission Spectrometer
(SAXES) at the ADRESS beamline of the Swiss Light
Source.>** A scattering geometry was used in which the
angle between the incoming light vector and the outgoing one
was 90°. The incoming light is polarized either linear parallel
(depolarized geometry or linear horizontal; LH) or linear
perpendicular (polarized geometry or linear vertical; LV) to the
scattering plane with a grazing incident angle of 20°. By
positioning the beam at a noncobalt-containing and amorphous
reference and varying the incoming energy from 765 to 785 eV
in steps of 1 eV step™’, the elastic peak was used to calibrate the
RXES detector. For this purpose the elastic peaks were fitted
with Gaussian functions and the maxima of the fits were plotted
against detector-channels. The plot was fitted with a linear
curve to determine the energy-channel response function. At
the Co L;-edge (~780 eV) the combined energy resolution of
the RXES zero-loss peak was 80 and 96 meV fwhm for the
nanocrystal and the single crystal data, respectively. In order to
obtain resonant spectra the incident energy was tuned to and
over the cobalt L;-edge. Spectra were sampled with 100 points
eV~! and summed over 4—10 partial spectra that were acquired
for 10 min each. The pressure in the analysis chamber was
lower than 1 X 107 mbar during all measurements. For the
CoO single crystal all measurements were carried out at 10 K
and it was aligned with the surface normal (001) in the
scattering plane. The measurements on the CoO powder and
the CoO nanocrystals were measured at 291 + 5 K.

Crystal Field Multiplet Calculations for XAS and RXES.
Calculations based on the Cowan—Butler—Thole code as
developed by Thole et al.**** were used for interpreting the
experimental core-hole X-ray spectra. The code enables the
origin of the 2p XAS**° and 2p3d RXES transitions to be
explained by using atomic multiplets (the 3d—3d and 2p—3d
Coulomb interactions, the spin—orbit coupling on every open
shell of the absorbing atom), crystal and superexchange fields,
and charge transfer processes which can be significant at the
transition metal L-edge. Note that the interactions occurring at
these edges are not well described by modern density
functional theory (DFT) methods, while DFT codes would
be better suited for the interpretation of other edges (for
example, 1s XAS). A freeware interface version of the multiplet
code is available under the name Charge Transfer Multiplets for
XAS and RXES (CTM4XAS).>*’

For the current calculations of CoO the charge transfer
effects have not been taken into account, since the states at the
start of the L; XAS edge as well as the lowest lying final 2p3d
RXES states are only little affected by charge transfer effects.*®
The omission of charge transfer effects limits the number of
semiempirical parameters: the charge transfer energy A, the
Hubbard Coulomb repulsion between the 3d electrons Uy, the
core hole potential U,y and the electron hopping parameters
can be neglected. The values of the remaining electronic
structure parameters used in the interpretation are summarized
in Table 1.

Crystal Field Multiplet Calculations for XAS. For our
calculations we approximate cobalt to have a formal Co®"
valence that can be described effectively by a 2p®3d’
configuration. For simulation of the Co L,;-edge all photon-
excited dipole-allowed electron transitions from a 2p°3d” initial
ground state to a 2p°3d™" excited state are taken into account.
Since we consider in RXES the decay process from this excited
state, we denominate the 2p°3d™*" state to be the intermediate
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Table 1. Energetic Values of the Electronic Structure
Parameters of CoO Used in the Crystal Field Multiplet
Calculations®

initial state intermediate state final state
Co** configuration 2p°3d’ 2p°3d® 2p°3d*d
Py 8356 8.925 8.356
Fty 5.190 5.550 5.190
P 5227
e 3.886
G 2210
Caq 0.046 0.058 0.046
S 9.748
10Dq 1.050 0.900 1.050
Ds 0.020 0.020 0.020
M 0.010 0.010 0.010
T (fwhm) 0.400 (L,)/0.800 L,)  0.020
G (fwhm) 0.100 0.100

“All energies are in eV.

state in this work. The ground state is affected by 3d spin—orbit
coupling, 3d—3d interactions, magnetic superexchange inter-
actions, and crystal field effects. The excited state is furthermore
affected by 2p spin—orbit coupling and 2p—3d repulsions. Here
the C, point group symmetry is used to describe the crystal
field with empirical parameters 10Dq, Ds, and superexchange
M as indicated in Table 1.> Note that the empirical crystal field
parameter Dt is 0 eV in all our calculations. The Slater—
Condon parameters, used to describe the Coulomb repulsion
and exchange interactions, are decreased to 90% of their atomic
values (which corresponds to 72% of their Hartree—Fock
values) in order to implicitly correct for the effects of charge
transfer.’® The 3d spin—orbit coupling is reduced to 70% of its
atomic Hartree—Fock value. The calculations provide the 2p to
3d core level excitations and their oscillator strengths. The
discrete transitions are broadened with a Lorentzian function I'
to account for the 2p core hole lifetime broadening. A Gaussian
function G, which broadening is set as the experimental
resolution, further broadens the spectra. Note that the
calculations do not yield absolute energy positions and the
resulting spectra are shifted in energy for comparison with the
experimental spectra. All XAS spectra were calculated at a
temperature of 300 K.

The different states of the initial state configuration 2p®3d’
have been labeled in Table 2 in O, symmetry without 3d spin—
orbit coupling, using the following method: starting from the
electrostatic matrices given by Griffith®® for the different terms
of the 3d* configuration, electrostatic matrices were constructed
gor ezach aerm of the 3d” configuration (ZEg, 2T1g, 2T2g, 4T1g,
Ay Agy AZgJ4T2g) , using the appropriate changes of phase for
the off-diagonal terms and by adding the appropriate crystal
field energy to the diagonal part. Then, each matrix
(respectively with sizes of 4 X 4, 5 X 5,5 X 5,2X2,1X 1,
1x1,1x 1,1 X 1) was numerically diagonalized, yielding the
value of the energy (eigenvalue) and the label of each eigenstate
for the 3d’ configuration. We used the same Racah parameters
(A, B, C) and crystal field parameter 10Dq as in the multiplet
calculation performed in O; symmetry without 3d spin—orbit
coupling, namely 24.61, 0.112, 0.412, and 1.0S eV respectively.
The values of A, B, and C were obtained from those of F'yy
F*34 F'4q by using the relations given by Cowan:>® A = Fyy —
F'44/9, B = (9F%y — 5F*44)/441, and C = SF*;,/63.

15221

Crystal Field Multiplet Calculations for RXES. The inelastic
scattering function F(Q,®) is described by the resonant term of
the Kramers—Heisenberg formula®*”*® that defines the
interference between the X-ray induced electron excitation
and subsequent decay processes:

F(Q, w) = Z Z

j i

(1T Tlg)
E, + hQ — E; +il;

Ff/27t
X 2 2
(E, + hQ — E; — ho)” + T,°/4

where Ig), li), and If) indicate the ground, intermediate, and
final state of the probed matter and E, E, and E; are the
energies. Here 7Q and 7w are the energies of the incident and
emitted photon. T, and T, are operators describing the
radiative transitions by absorbed and emitted photons, and T’
gives the spectral Lorentzian broadening due to the finite time
of the core-hole existence in the intermediate state. The second
term implies that energy should be conserved in the overall
RXES process and that a further Lorentzian broadening I’
occurs due the lifetime of the hole in the final state. The RXES
spectra for Co* can be simulated with the crystal field multiplet
calculations for the g = 2p®3d’ — i = 2p°3d® — f = 2p®3d’d
transitions. Although the final state 2p®3d®d is formally equal to
2p®3d’” we use this notation to indicate that the final state still
can have a hole in the 3d band, only in an elastic scattering
event, where AQ = Aw, the final state has no 3d hole (other
than the three 3d holes as can be found in the ground state). In
the calculations the spectra were broadened by a Lorentzian
function accounting for both the intermediate and final state
lifetime of the hole and with Gaussian functions accounting for
the incident and analyzer experimental resolution. All RXES
calculations took the interference effects between the X-ray
absorption and emission into account. The shown RXES
calculations were all done for the ground state only, which
formally relates to a situation at 0 K, except for the Boltzmann-
weighted calculations at 300 K as shown in Figure 9. In order to
simulate the LH polarized spectra the ¢ contribution of the
light was taken incident on the sample together with the 7
contribution being detected (in the CTM4XAS program this
corresponds to “parallel” incident light plus outgoing “left” light
summed with “parallel” incident plus outgoing “right” light).
For LV polarized spectra the combination m,—7,, was
calculated.

B RESULTS AND DISCUSSION

XAS, RXES, and Multiplet Interpretation of CoO. The
experimental cobalt L,; XAS spectra of a CoO reference
powder are shown in Figure 1. Both total electron yield (TEY)
and total fluorescence yield (TFY) spectra were acquired.
These were used to determine the electronic structure
parameter values of CoO as given in Table 1 of the
Experimental Section for the crystal field multiplet calculations.
The crystal field value 10Dq of the ground and final state are
set to 1.05 and 0.9 eV respectively. The reduced value of the
final state accounts for the crystal field potential reduction due
to the 2p core hole.*' The atomic interactions have been scaled
to 90% of their atomic values to effectively include the
screening effects of the solid.>> A small tetragonal distortion is
introduced by using a Ds value of 0.02 eV and the 3d spin—
orbit coupling is reduced to 70% of its atomic value.
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Figure 1. Experimental TEY (dots) and TFY (crosses) cobalt L, ; XAS
spectra of a CoO reference powder. The solid line shows the CoO
crystal field multiplet calculation.

Superexchange interactions are taken into account with a
molecular field of 10 meV. The calculation reproduces the
experimental spectra adequately.

Next the XAS and RXES spectra of the cobalt oxide single
crystal and nanocrystals were acquired. Figure 2 shows a TEM

Figure 2. TEM image of 4.2 + 0.5 nm &-Co/CoO nanoparticles (the
+ sign indicates the standard deviation in the particle diameter).

image of the studied CoO nanocrystals as further characterized
in Figure S1 of the Supporting Information. The particles are
spherical and monodisperse with an average diameter of 4.2 nm
and a polydispersity of 12% (defined as the standard deviation
over the average of the particle diameter). Using geometric
considerations and a fcc CoO crystal structure with unit cell
dimensions a = b = ¢ = 0426 nm we estimate that
approximately 15% of the atoms is part of the surface of the
nanocrystals.”> More details on the estimation can be found in
the Supporting Information.

Figure 3 shows the cobalt L, ; XAS edge and five cobalt 2p3d
RXES spectra of the materials. The shown RXES spectra were
acquired in the linear horizontal (LH) polarized geometry and
the spectra were taken at fixed excitation energies (denoted a—e
in the remainder of the text) for both the nanocrystals and the
single crystal. A difference is that the nanocrystals data were
acquired at 291 & S K, while single crystal data were taken at 10
K. The XAS spectrum of the CoO nanoparticles is almost
identical with the CoO powder spectrum, while that of the
CoO single crystal has an altered fine structure. This XAS
spectrum is a TFY spectrum and the unusual branching ratio of
~1, the ratio between the L; and L, XAS edge, indicates that
this spectrum is suffering from saturation/self-absorption
effects.*> However, it is shown in order to indicate the
excitation energies of the RXES spectra, which themselves are
not visibly affected by self-absorption effects. The resonant X-
ray emission spectra are depicted in the bottom panels of
Figure 3, parts a and b. 2p3d RXES at the cobalt L-edge probes
among other things the 3d—3d, charge transfer (ligand-to-metal
or metal-to-ligand), and charge fluctuation (metal-to-metal)
excitations. The energies of the spectroscopic features in the
RXES spectra at excitation energy ¢ and d are listed in Table 2.
Most spectral features are intense d—d excitations since these
are allowed in RXES. The main d—d excitations are interpreted
on a full RXES calculation, including the splitting of these states
due to the more subtle tetragonal distortion, 3d spin—orbit
coupling, and superexchange as will be discussed later. In the
final two columns of Table 2 the d—d excitations are
interpreted based on a calculation that only includes the
CoO atomic multiplet octahedral field parameters. Although
this is an incomplete representation, and valence spin—orbit
coupling will also mix the states, we have labeled most d—d

b nanocrystals c single crystal
& A iC bz by ~
°1 oM XAS . AXAS
- - .,‘! d - e
E.- _JM k‘e Py Teee—— E i i S o
2 775 780 i 785 { viréo 795 800 g 775 780 : 785 V?éo 795 800
ner e
£ o RXES, 51 PRta o) RXES
£ £

T T T T T T T T T T

0 ® 8 -7 6 -5 -4 -3
Energy loss (eV)

T T T T T

140 8 8 -7

6 -5 -4 -3
Energy loss (eV)

Figure 3. Cobalt L, ; XAS (top panels) and 2p3d RXES spectra (bottom panels) for (a) CoO nanocrystals at 291 K and (b) a CoO single crystal at
10 K. The RXES spectra were acquired at five fixed excitation energies labeled a—e and this denomination will be used in the remainder of the text.
The shown spectra were all acquired in the linear horizontal (LH) polarized geometry. The dashed, curved lines in the RXES panels indicate the
position of transitions caused by resonant X-ray fluorescence and resonating charge-transfer transitions as discussed in the text.
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Table 2. Energies of the Experimental CoO Spectroscopic RXES Features in Nanocrystals and a Single Crystal at Excitation
Energies ¢ and d, Together with Energies at c for the Crystal Field Multiplet Interpretation As Discussed in the Text?

calculated energies and
assignment” in O, without

spectroscopic feature  nanocrystals at ¢ nanocrystals at d  single crystal at ¢ single crystal at d =~ RXES calculation at ¢ Caa
shoulder 0.10 0.13 0.08 0.10 0.07 0 “T,(*F)
peak 092 0.88 0.98 0.93 0.98 091 + T, ('F) +
0.98 ’E,(°G)
shoulder 1.87 1.85 1.96 1.97 1.89 + 1.83 + ’T,(°G) +
2.00 1.86 + Ty(G) +
1.96 “As0(*F)
peak + shoulder 213 1.99 228 + 2.04 242 241 + T (CH) +
2.36 245 ‘T, (*P)
peak 2.50 2.20 2.61 2.60 *A,(°G)
peak 2.8 2.90 2.98 2.93 2.87 + Ty +
3.03 Ty
peak 3.1 327 323 3.09 3.24 ’E,
peak 3.5 3.78 3.70 3.67 3.61 + Ty +
3.76 + Ty +
3.85 ’E,
peak 4.1 429 4.58 4.50 Ty, (’F)
peak 4.5 477 4.90 482 + T\, (F) +
4.83 *Ay(°F)
7.04 ’E, (D)
7.11 Ty (D)

“All energies are in eV. The states are indicated with O, symmetry labels and their atomic multiplet origin is shown between brackets. It must be
noted that the symmetry labeled states intermix and that the atomic labeling is used mainly for a convenient terminology. Symmetry labeled states
that are not directly linked to their atomic origin are the leg(zP), 2Tlg(ZH), ZEg(ZH), 2ng(zH), 2ng(zaD), and 2Eg(zaD) levels since these doublet
states mix strongly.
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e 202 . g /L/\x . . . '
o S 40 35 30 25 -20 45 -0 05 00
5 & 1,04
S £i T(F)
= ~oed T(P) LT, .('F) /‘c
(] v 4 “F '
£ 0,4 A,('F) ¢ it
= 0,2 i f :
0,04 -
- B 0,2 Jrrrrrrrrr e -
775 776 777 778 779 780 781 40 -35 30 25 -20 15 05 00
Incident energy (eV) Energy loss (eV)

Figure 4. (a) Crystal field multiplet 2p3d cobalt two-dimensional RXES plane simulation of cobalt(II) in CoO. The white dotted line corresponds to
the excitation energy a and ¢ as shown in Figure 3. (b) The experimental, linear horizontal polarized spectra of the CoO single crystal at these
energies are shown (dots + line) together with the crystal field multiplet spectra with the same polarization (solid lines).

excitations with octahedral symmetry labels in order to account 4T1g(4P) states.***> This yields for the nanocrystals and the
for a rough energetic classification.** In Table 2 it is important single crystal an average 10Dq of 0.96 and 1.01 eV, respectively,
to note that the broadening of the elastic peak at 0 eV, with a although the situation is further complicated by peak shifting as
maximum around approximately 100 meV, is visible for most a result of the tetragonal distortion, 3d spin—orbit coupling,
excitation energies and caused by the 4T1g(4F) ground state and superexchange. It must also be noted that the exact
manifold. The peak around 1 eV is due to excitations to the position of the peaks with respect to the peak at 0 eV is not
4ng(4F ) states, the shoulder around 1.9 eV due to transitions to constant for varying excitation energies as shown in Table 2.
the 4A2g(4F) states, and the manifold of peaks around 2—2.5 eV Overall the experimentally determined 10Dq values of ~1 eV
due to transitions to, among others, the 4Tlg(“P) states. In a are close to the value of 1.05 €V as used for the 3d” state in the
pure octahedral symmetry the crystal field value 10Dq would be crystal field calculations (given in Table 1). The Racah
given as the energy difference between the *T,(*F) and the parameter B can be estimated from B = (9F%; — SF'y)/441
A, (‘F) states, and not by the energy difference between = 900 cm™.,* and in pure octahedral symmetry the energy

4T1g(4F ) and 4ng(‘*F) as 4T1g(4F) is hybridized with the difference between the *F and *P levels is given by 10Dq = 15B.
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For 10Dq = 1.05 eV the parameter indeed results in B = 900
cm™!, which gives a nephelauxetic ratio # = 0.93 (the free ion
value of B = 971 em™ for Co?*).*® Furthermore, next to
excitations that occur at a fixed energy loss, such as transitions
to d—d and phonon excitations that are present in the final
state, peaks occur at a varying energy loss but at fixed emission
energy."” Fixed emission energy peaks originate from emission
to a final state that maintains part of the excitation as present in
the intermediate state. Examples are a charge transfer
excitation, or an electron excited to a “free” state as present
in the intermediate state, which are maintained in the final state.
For example, a charge transfer excitation to a band in the
intermediate state can have a fixed emission energy over the
width of this band.*** It was suggested”>*® that the structure
appearing at an energy loss of ~8 eV in the RXES spectrum of
CoO recorded at energy e is mostly due to charge-transfer
transitions based on calculations which include these effects.
This peak is not calculated in the present crystal field multiplet
simulations.

Figure 4 shows the crystal field multiplet calculated cobalt
2p3d RXES spectra using the same parameters as given in
Table 1 and used for the 2p XAS calculation in Figure 1. A
calculation for the 2p®3d” — 2p°3d® — 2p®3d®d transitions
yields the full RXES plane as shown in Figure 4a. This two-
dimensional plot shows the lost or transferred energy as a
function of the excitation energy over the cobalt L; XAS edge.
Figure 4b shows the experimental RXES spectra acquired on
the CoO single crystal at excitation energies 4 and c, along with
the calculated CoO spectra at the same excitation energy. The
energies and origins of the relevant transitions are also given in
Table 2. Around 2.2 eV the calculations do not reproduce the
experimental spectra well. This is because (a) charge transfer
excitations and (b) X-ray fluorescence from the low-energy side
of the Lj-edge are not calculated here. The former occur
around this energy in Co00,"* and the latter contribute for these
energies at excitation energy c. Furthermore the peaks above
2.5 eV are not further interpreted in this work since the focus in
the current study is on the *T,(*F) ground state manifold. It
must be noted, however, that due to the occurrence of much
more intense charge transfer excitations in this regime in optical
absorption spectroscopy, RXES actually allows for a unique
study of these excitations. We also note that the first peak,
which we put at 0 €V in our analysis, is complex. In the
experiment elastic scattering channels that are not material-
specific are present. This peak is shown in Figure S2a in the
Supporting Information acquired on a carbon reference sample
at excitation energy a together with an experimental spectrum
at the same excitation energy for cobalt monoxide. The cobalt
monoxide spectrum shows a peak and a shoulder. Calculations
of the material specific contributions are shown in Figure S2b
in the Supporting Information for excitation energy a—e and
reveal that the peak maximum is energy dependent and that it
occurs at low energy (nonzero) loss values. The shoulder of the
experimental cobalt monoxide peak is thus interpreted as
originating from tetragonal distortions, 3d spin—orbit coupling,
and superexchange interactions within the cobalt monoxide as
will be discussed later. The energy of the entangled nonmaterial
specific elastic line and low energy material specific transitions
are calibrated with respect to the elastic line on the carbon
reference sample. The good match between the experiment and
theory for the energies of the other d—d excitations validates
this approach and overall the spectra are well simulated by the
calculations.

Upper Limit of the Cobalt 3d Hole Lifetime Broad-
ening in CoO. Comparisons of the experimental and
theoretical RXES spectra are here used to estimate the upper
limit of the lifetime broadening due to the 3d hole in the RXES
final state. Figure 5 shows the linear horizontal polarized
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Figure S. Experimental linear horizontal polarized RXES spectrum at
excitation energy ¢ acquired on the CoO single crystal (dots + line;
top) and theoretical crystal field multiplet spectra at the same
excitation energy c. Several final state Lorentzian (I',,) and Gaussian
(G) functions were chosen, with varying fwhm, to broaden the
theoretical spectra (the intermediate and final state Gaussian functions
are varied simultaneously). The fwhm values are indicated in eV.

experimental spectrum taken at excitation energy ¢ on the CoO
single crystal and several theoretical spectra with different
broadenings. The fwhm of the final state Lorentzian and
Gaussian functions that are used to account for the 3d hole
lifetime and the experimental setup broadening, respectively,
are varied systematically. The intermediate and final state
Gaussian functions are varied simultaneously with the same
value. The Lorentzian accounting for the intermediate state
broadening is determined by the 2p core hole lifetime and is
fixed at 0.4 eV in all calculations. The final state Lorentzian and
Gaussian broadenings must be <0.1 eV to allow enough fine
structure to occur in the simulations in order to reproduce the
experiment. The calculations in the rest of this work were
allowed to be slightly more detailed than the experiment and a
final state Lorentzian function with a 0.02 eV fwhm and
Gaussian functions with a 0.1 eV fwhm were chosen. The upper
limit of the lifetime broadening of the 3d hole final state in
CoO is thus determined to be 0.1 eV, but it must be noted that
the 3d hole lifetime is probably dependent on the crystal
symmetry and might thus be different for Co*" in other
compounds.

The Influence of Tetragonal Distortion, 3d Spin—Orbit
Coupling, and Magnetic Excitations. Due to the
unprecedented spectral resolution of the ADRESS beamline,
being <100 meV at the Co L-edge, we see additional structure
in the elastic peak at 0 eV of the RXES spectra as shown in
Figure 3. Figure 6a shows the electronic structure description of
this ground state manifold considering atomic multiplet, crystal
field, 3d spin—orbit coupling, and magnetic superexchange
effects. In spherical symmetry (SO;) the 28-fold degenerate ‘F
multiplet state is the ground state. In an octahedral field (10Dq
= 1.05 eV) this manifold is branched and the 12-fold
degenerate 4T1g(4F) state forms the ground state. Application
of the tetragonal distortion (Ds = 0.02 eV) lowers the
symmetry and branches the state to *A, and *E states. This
gives rise to the *E excited states within 100 meV of the *A,
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Figure 6. (a) Branching of the Co* energy levels in spherical SO, symmetry due to atomic multiplet effects (left), an octahedral O crystal field
(middle), a tetragonal Dy, distortion, the 3d spin—orbit {34 coupling and the superexchange M. (b) Current branching scheme and alternative
branching scheme, where the 3d spin—orbit coupling is considered first, lead to the same final states. For T > Ty the splitting might end after
inclusion of the 3d spin—orbit coupling since the presence of a tetragonal distortion and superexchange interaction are reported to occur below Ty.
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Figure 7. Theoretical calculation of multiple electronic interaction on (a) the 2p XAS and (b, c) the 2p3d RXES spectra of CoO. The Gaussian
functions accounting for experimental broadening have a fwhm of (b) 100 and (c) S meV. The solid line shows the spectrum of a Co** ion in
spherical SO; symmetry, the dashed line in octahedral O; symmetry, the long dotted line shows the effect of including a small tetragonal D,
distortion, the dot—dash line includes 3d spin—orbit {34 coupling and the short dotted line shows the effect of including the magnetic superexchange

interaction M.

ground state. The states split further to I'y and I'; states”® under
the influence of the 3d spin—orbit coupling (46 meV) and the
superexchange (10 meV), giving rise to a series of levels within
120 meV above the ground state. Since the CoO single crystal
data were taken below Ty (at 10 K) the presence of the three
effects is likely since tetragonal distortions and superexchange
have been observed in the antiferromagnetic CoO phase.'' The
nanocrystals data were acquired around Ty (291 = S K) and
the presence of a tetragonal distortion and superexchange is
unclear. Figure 6b shows the current branching scheme and an
alternative branching of the *T,,(*F) state if 3d spin—orbit
coupling is considered before the tetragonal distortion. The
splitting due to the 3d spin—orbit coupling alone also gives rise
to peaks within the first 100—150 meV of the ground state
being the E'(J = 1/2), G(J=3/2), GJ=5/2), and E"(J = 5/2)
states."® This approach clearly shows that the splitting of the
ground state can be influenced by all three effects, where we
add that further phonon-induced splitting is not considered
here.

We further note that if the 12 I'y and I'; states are analyzed as
consisting of multiple single particle states, the tng3 e, 2 tzng
state makes up 90% of the manifold, the other 10% divided
over a range of other contributions that are mixed by the 3d
spin—orbit coupling. Due to the tetragonal distortion there is
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an imbalance between the t,, > e, states and the t,, > b,, states.
The combined effect of the 3d spin—orbit coupling, the
tetragonal distortion, and the superexchange leads to a lowest
energy configuration that contains 50% the a;* b;' b," hole state
and 41% the a,* b,' e hole state. The remaining 10% are
divided over a number of other states. The first excited state has
similar character and the second excited state is more pure in its
a,' b! b, hole character. This analysis shows that the I's and
I'; states are a complex mixture of three-hole states that cannot
be simplified within a single particle interpretation.

Figure 7 shows the effect of the crystal field, 3d spin—orbit
coupling, and superexchange on the structure and position of
the 2p XAS spectra and the ground state RXES manifold in the
calculations. These same effects are applied in Figure 7a—c, but
in the RXES spectra shown in parts b and ¢ of Figure 7 the
Gaussian broadening functions have a fwhm of 100 and 5 meV,
respectively (the final state Lorentzian function has a fwhm of
20 meV). The broadening in Figure 7b is representative for the
current resolution at the ADRESS beamline, while the
resolution in Figure 7c shows what would be possibly
observable with a 20 times increased experimental resolution,
provided the lifetime broadening is correct. In a perfect
spherical or octahedral field the elastic RXES peak has its
maximum at 0 eV exactly, if the 3d spin—orbit coupling and
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Figure 8. Experimental RXES spectra at excitation energy c in the CoO single crystal (solid dots) and nanocrystals (open dots). The 4ng(“F)-based
peak at 0.98 eV is shifted down to 0.92 eV in the nanocrystals (indicated by the arrow). The elastic peak at 0 eV is broadened to a larger extent in the
nanocrystals as indicated by the asterisk. Note that the single crystal data were acquired at 10 K and the nanocrystal data at 291 + S K. (b) Calculated
RXES spectra at the same energy for the single crystal (black solid line; shown in top and bottom panels) and for the two nanocrystal calculations A
(dashed line; top) and B (dotted line; bottom) as discussed in the text.

superexchange are both zero. The difference between a
spherical and octahedral field is large in the 2p XAS spectra
shown in Figure 7a. Inclusion of a small tetragonal distortion
has little influence on the XAS spectrum, but broadens and
shifts the quasi-elastic RXES peak to higher loss energies due to
the above-described splitting of the ground state. The
disappearance of the pure elastic peak at 0 eV is known for
systems with a D, symmetry studied with linear horizontally
polarized light as, for example, shown for the copper ion in
La,Cu0,.>" This splitting is observable with a better theoretical
resolution as shown in Figure 7c. Inclusion of the 3d spin—orbit
coupling has some effect on the 2p XAS spectrum, while the
superexchange at the current strength has a small effect. Both
effects broaden the elastic RXES peak even further and shift it
to higher transferred energy due to the further splitting of the
ground state level as visible in Figure 7b,c. Overall, 2p XAS is
sensitive to some of the presented effects, but the 2p3d RXES
spectra are much more sensitive to them. To comprehend this
one must realize that only the elastic peak of the RXES
spectrum at one excitation energy has been considered in this
comparison. If the full spectra at different excitation energies
are considered RXES contains a multitude of information to
determine the strength of the electronic structure parameters.
With the current resolution, however, the exact strengths of
these interactions are hard to determine from RXES alone,
since the combination of tetragonal distortion, 3d spin—orbit
coupling, and superexchange effects make it difficult to
disentangle the 4T1g(4F)-derived manifold around 0 eV.

CoO Single Crystal versus Nanocrystals. The RXES
spectra of the £-Co/CoO nanoparticles and the CoO single
crystal are clearly different and the energies of their
spectroscopic features were given in Table 2. Here the spectra
acquired at excitation energy ¢ are shown in Figure 8a and
compared in detail. The d—d excitations around 1 and 2—-2.5
eV are shifted to lower energies in the case of the nanocrystals.
The 4ng(“F)-branchecl peak has its maximum at 0.98 eV in
case of the single crystal, but it occurs at 0.92 eV for the
nanocrystals. This indicates that the effective crystal field is
smaller in the nanoparticles and if the influence of tetragonal,
spin—orbit, and superexchange effects is neglected we get
experimental 10Dq values of 0.96 and 1.01 eV for the
nanocrystals and single crystal, respectively, as discussed earlier.

15226

Furthermore, the shoulder of the elastic peak at approximately
100 meV is more pronounced in the case of the nanoparticles.

The origin of the observed differences is addressed in Figure
8b, as well as in Figure S3 in the Supporting Information. The
surface of the nanocrystals contains approximately 15% of the
cobalt ions as discussed in the Supporting Information. Cobalt
ions in the surface of a CoO nanocrystal will likely have a
coordination number <6 and a lower site symmetry than their
octahedral symmetry in the CoO bulk phase. Two sets of
crystal field multiplet RXES calculations were made at
excitation energy ¢ for Co®" ions possessing a lower symmetry
and these are shown in Figure S3 in the Supporting
Information. In the first set the value of the parameter Ds
was increased from 0.02 to 0.05, 0.1, and 0.2 eV. In the second
set the value of Ds was increased and fixed to 0.05 eV, while the
value of the parameter 10Dq was lowered, both in the initial
and intermediate transition RXES state. The increase of Ds and
lowering of 10Dq lowered the Co** ion symmetry from
octahedral to tetragonal. In order to mimic the nanocrystal
spectra 15% of the low-symmetry spectra, representing cobalt
ions in the nanoparticle surface, were added to 85% of the
single crystal bulk calculations. From the comparison of these
spectra with the experimental ones, the best match using this
approach is found for the low-symmetry calculation with Ds =
0.05 eV and 10Dqia/ 10D Gintermediate = 0.9/0.75 €V. The
corresponding spectrum is in the top panel of Figure 8b
indicated as CoO nanocrystal A. Alternatively, both exper-
imental differences between the single and nanocrystals, as
shown in Figure 8a, can be explained by an increased
superexchange coupling M that has been shown to occur for
CoO surfaces,™ noting that the nanocrystals have a much larger
surface area per volume than the single crystal. One could also
hypothesize that a larger Co—O average distance in the CoO
nanoparticles would yield a weaker crystal field and result in the
lowering of the d—d excitation energies, but this does not
explain the broadened “T(“F) ground state manifold. A
calculation that uses the same electronic structure parameters as
shown in Table 1, but with an increased value of M of 40 meV
and a decreased value of 10Dq;ya1/ 10D Gintermediate Of 1.0/0.85
eV, is shown as the CoO nanocrystal calculation B in the lower
panel of Figure 8b. The latter calculation mimics the
experimental nanocrystal spectrum better and based on this
we ascribed the observed differences for the single crystal and
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Figure 9. (a) Experimental linear horizontal polarized RXES spectrum at excitation energy c in the CoO single crystal (dots + line; top) together
with the calculated spectra at this energy and polarization of the ground state and the first four excited states (indicated as ES1—4). Their spectral
weight at 300 K is indicated between brackets and applies equally to panel b. The Boltzmann weighted spectrum is shown. (b) The same calculations
as shown in panel a, but now broadened with Gaussian functions having a fwhm of 5 meV instead of 100 meV. The excited states exhibit spectral
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Figure 10. (a) Experimental RXES spectra (dots + line) acquired on the CoO single crystal with linear horizontal (LH) and linear vertical (LV)
polarized light. The crystal field multiplet calculations for the separate LH and LV polarizations are shown. (b) Experimental RXES spectra acquired
on the CoO single crystal at excitation energy a—e with LH (solid line) and LV (dots) polarized light.

nanocrystals to an effectively larger average Co—O distance and
to a possibly increased magnetic exchange. It should be noted
that in these calculations more complicated effects, including a
possible nonstoichiometry between Co and O in the surface,
the type of surface defect states, and their influence on the
RXES spectra are not considered. Dedicated surface science, X-
ray scattering, and high-resolution spectromicroscopic>>>*
experiments might be designed to study the nanocrystal eftects
in more detail. In the next section we discuss what the
additional effects on the RXES spectra could be of the different
temperatures at which the spectra were acquired (10 K for the
single crystal versus 291 + S K for the nanocrystals).
Temperature Dependency of CoO RXES Spectra. The
CoO RXES spectral shape is a function of the temperature-
dependent occupation of excited states and phonon modes.
The consequence of having 12 excited states within the first
100—150 meV above the ground state is that spectra acquired
at room temperature will likely have non-negligible spectral
weight from these excited states. Here, the energies of the first
12 states were calculated and weighted according to a
Boltzmann function (occupied fraction p; = exp[—AE,/k,T)/
Y exp(—AE;/k,T], with k;, being the Boltzmann constant),
using a temperature of 300 K. It was found that the first five
states, including the ground state, account for 93% of the
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spectral weight. At 10 K the ground state is populated for
99.9998%. The RXES spectra of the excited states at excitation
energy ¢ are shown in Figure 9a, together with their Boltzmann
weighted spectrum at 300 K. The ground state and Boltzmann
weighted spectrum are highly similar and both mimic the
experimental spectrum well. Figure 9b shows the effect of
inclusion of the excited states on the spectral shape of the
ground state *T;,(*F) manifold. Both Gaussian broadening
functions used have a fwhm of 5 meV (the intermediate and
final state Lorentzian functions have a fwhm of 0.4 and 0.02 eV,
respectively). With this 20 times improved experimental
resolution, as compared to the current situation, the Boltzmann
weighted spectrum at 300 K does appear different from the
ground state spectrum alone. Also, at higher excited states the
4T1g(4F) states occur at lower loss energies and an anti-Stokes
feature is present. At high temperatures and with improved
experimental resolution it might be possible to measure such
contributions in the CoO RXES spectra in future experiments.

The effects of temperature-dependent phonon modes should
also be considered, although the localized character of the CFM
model does not allow their inclusion in the calculations. It is
known from infrared'® and neutron scattering'® studies that
transverse and longitudinal optical modes exist around 42 and
65—70 meV and that these split in multiple states with an
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energy difference of 2 meV below the Néel temperature Ty of
ca. 290 K. Electron energy loss spectroscopy (EELS)
experiments™ on CoO(100) planes have revealed phonon
modes at 65 meV (plus weak modes above 100 meV) and
relatively less intense surface modes at 45 and 50 meV. The low
energy of the phonon modes make them experimentally
unresolvable and they contribute thus to the intensity of the
elastic peak and the shoulder attributed here to the 12 “T ,(*F)
states. In general the overall phonon scattering intensity is
minimized at the L-edge compared to the K-edge.” The
phonon transition probability is expected to be smaller than
resonant elastic scattering events or pure d—d excitations that
are fully dipole allowed in RXES. Upon increasing temperatures
phonon modes become more intense and increasingly mix with
electronic excitations."® This will tend to shift the overall peak
at 0 eV to somewhat higher energies, counteracting the effect of
populating more excited states as discussed above.

In the CoO nanocrystal data, which were acquired at 291 + 5
K as compared to the single crystal data acquired at 10 K, the
4T1g(4F) manifold was broader and occurring at higher energy
losses than in the single crystal data. In the previous section we
attributed the broadening of the 4T1g(4F) manifold to an
increased magnetic exchange. The here presented discussion on
the population of anti-Stokes peaks and phonon-mixing upon
increasing the temperature leaves room for an additional
explanation of the observed 4T1g(4F) manifold. We conclude
that it would be a very interesting experiment to perform
temperature-dependent RXES experiments with the highest
possible energy resolution to reveal the interplay between
phonons, spin—orbit, and (magnetic) exchange interactions in
more detail.

Polarization Dependency of CoO RXES Spectra. Figure
10a shows the polarization dependence of the experimental
RXES spectra taken from the CoO single crystal at excitation
energy c. The calculations with LH and LV combinations
reproduce the experimental CoO single crystal spectra. In
general, the experimental linear vertical polarized spectra show
a larger spectral weight at the high-energy-loss end of the 2 eV
manifold as compared to the linear horizontal polarized spectra.
This is reproduced by the calculations. Also the intensity ratio
between the elastic peak at approximately 0 eV and the peak at
approximately 1 eV is well reproduced by the calculations for
both the vertical and horizontal linear polarizations. The full
2p3d crystal field multiplet calculated cobalt 2p3d RXES plane
for the LV polarized geometry is given in Figure S4 of the
Supporting Information. Figure 10b shows part of the
experimental spectra at excitation energies a—e acquired in
the linear vertical and linear horizontal polarized geometry. The
ground state manifold is a function of the scattering geometry
(momentum dispersion dependent), of the light polarization,
and of the excitation energy. The experimental spectra in Figure
10b reveal this dependence on light polarization and excitation
energy, since the broadness of the RXES peaks and the relative
energy difference between them varies as a function of these
degrees of freedom.

Discussion on the 2p3d RXES and Crystal Field
Multiplet Obtained Parameters. The crystal field multiplet
input values found in this study describe the electronic
structure of cobalt(I) oxide and are benchmarked here against
literature results. CoO 2p3d RXES spectra were acquired
previously by Magnuson et al.>® and Chiuzbiian et al” and
interpreted by using multiplet calculations that included charge
transfer excitations (which has not been done here). The 10Dq

values used in grevious interpretations including charge transfer
(0.5-0.7 eV)'>** are lower compared to values from infrared
and optical spectroscopy studies'> ™" that apply crystal field
theory without charge transfer and compared to the value used
in this study. In models without charge transfer the 10Dq
parameter has to compensate for the metal—ligand hybrid-
ization effects, which typically increases 10Dq by approximately
0.3 eV for divalent metal oxides (see, for example, Hu et al.>*).
An additional effect on the 10Dq value in X-ray studies is that
the core hole decreases 10Dq.*' In the case of CoO, 10Dq is
1.05 eV in the initial and 0.9 eV in the intermediate state when
the 2p core hole is present.

The 4T1g(4F) ground state manifold of CoO was interpreted
here on the basis of a tetragonal distortion, 3d spin—orbit
coupling, and magnetic excitations. We used Ds = 0.02 eV, 3d
{34 = 0.046 eV, and M = 0.01 eV to account for these effects.
The splitting of this state has been measured as early as 1959
with infrared spectroscopy and with a better resolution as
presented here and interpreted on the basis of 3d spin—orbit
coupling.'® The states have recently been revisited by infrared
spectroscopy and interpreted on the basis of a tetragonal
distortion, 3d spin—orbit coupling, and magnetic excitations.'®
The tetragonal distortion crystal field parameter D was
determined to be —47.8 cm™), the spin—orbit coupling A was
—151.1 cm™’, and the superexchange constant ] was 17.5 cm™.
If we transfer our parameters to the model as used by Kant et
al. (as far as possible), we find similar values of D = —44.3 cm™/,
A=—124cm™, and J = 134 cm 110193657 Ag stated before,
the 3d spin—orbit coupling value was reduced in this study to
70% of its free Co®" ion value. For 3d transition metal ions with
a3d!, 3d% high-spin 3d%, or high-spin 3d’ configuration reduced
3d spin—orbit coupling values have been observed previously,
for example, in CrO, and Fe,SiO, where the 3d spin—orbit
coupling is quenched.> For several Co?*-bearing compounds
there is experimental evidence that the 3d spin—orbit coupling
is signiﬁcantlz' reduced. In CoCl, its value is, for example, 4 =
—140 cm™,* as compared to the free ion value of 4 = —180
cm™! according to Newman et al.”® or 1 = =177 cm™ as used
here. For Co*" in CoO some previous calculations have used
unquenched 3d spin—orbit coupling values, but other studies
also found reduced 3d spin—orbit coupling values that
correspond to 40%'® or ~80%' of the ionic value. The reason
that previous L, ; XAS calculations for CoO used ionic values is
that L, ; XAS does not discriminate very well between the ionic
value and 70% of that value (as illustrated, for example, in
Figure 7a). The high-resolution 2p3d RXES data, however,
allow for the determination of the reduction of the 3d spin—
orbit coupling, because the 12 excited “T ,(*F) states would
possess an energy that is too high if an unquenched ionic 3d
spin—orbit coupling is used. We attribute the physical meaning
of the reduction of the 3d spin—orbit coupling to (1) the effect
of the symmetry reduction from octahedral symmetry, (2) the
effect of charge transfer, and (3) the effects due to translation
symmetry (band effects). These combined effects can be
simulated with a reduced 3d spin—orbit coupling in the crystal
field multiplet calculations. Overall the here presented
interpretation does reproduce the experimental 2p XAS and
2p3d RXES results well, and furthermore it is also able to
explain 1s XAS spectra and 1s2p RXES spectra of CoO as
described by Kurian et al.>®

Finally, the current experimental resolution of the RXES
spectra thus clearly shows the presence of an approximately 0.1
eV broad ground state manifold, but it does not allow yet for a
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careful disentanglement of its origin. In this light, our results
should be regarded as the first observation of these states with
RXES and a tentative indication of the factors that play a role in
their splitting.

B SUMMARY AND CONCLUSIONS

CoO nanocrystal and single crystal 2p XAS data were
experimentally acquired together with 2p3d RXES data. The
RXES data have a record spectral resolution compared to other
CoO RXES data, and allow a peak fwhm of approximately 0.1
eV. The data were interpreted with 2p XAS and 2p3d RXES
crystal field multiplet calculations with an optical 10Dq value of
1.05 eV and it was found that the ground state levels at 0 eV are
broadened by tetragonal distortions, 3d spin—orbit coupling,
and magnetic superexchange interactions. The parameters
accounting for these effects had strengths of Ds = 0.02 eV,
{34 = 0.046 eV, and M = 0.01 eV, respectively. The upper limit
of the natural line width resulting from the finite 3d hole
lifetime was determined to be <0.1 eV, implying that the
resolution in the present data is still setup limited. The
calculations address the origin of the different observed d—d
excitations and these were labeled according to their symmetry.
From this interpretation we are able to determine experimental
10Dq values of 0.96 and 1.01 eV for the nanocrystals and the
single crystal respectively assuming a perfect octahedral
symmetry (which is not the case). We further showed that
2p XAS is sensitive to the octahedral field and 3d spin—orbit
coupling, while the 4T1g(4F) manifold in RXES is more
sensitive to the tetragonal distortion and superexchange
interactions. Differences in the nanocrystals and single crystal
data were shown to be an effective smaller crystal field splitting
and stronger broadening of the 4T1g(4F) RXES manifold for the
nanocrystals. Calculations were made to address the differences,
which could best be accounted for if the parameter M was
increased to 0.04 eV and the parameters 10Dgq;,, and
10D qpermediate Were decreased to 1.0 and 0.85 eV, respectively.
An improved experimental resolution would not only allow for
a better disentanglement of the strengths of the interactions
leading to the 4T1g(4F) manifold broadening, but it would also
allow the observance of anti-Stokes related RXES features.
Finally, it was reported that the calculations reproduced
polarization-dependent measurements of CoO adequately.

In conclusion, this work presents the first RXES observation
and interpretation of the crystal field, spin—orbit, and
superexchange broadened ground state of single crystal and
nanocrystalline cobalt(II) oxide.
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