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ABSTRACT: The 2p3d resonant X-ray emission spectroscopic
(RXES) measurements on 8.4 and 5.0 nm cobalt and 3.6 nm
cobalt−nickel nanoparticles coated with oleate molecules are
provided. The spectra reveal low energy resonant Raman features
at 0.3 and 0.75 eV. In combination with time-dependent density
functional theory (TD-DFT) and ligand field multiplet (LFM)
calculations, these are ascribed to d−d excitations of cobalt ions in
a low symmetry ligand field. Two different chemical environments
of the ion may cause the transitions. In the first model cobalt ions
in the nanoparticle outer atomic layer, resulting from the
adsorbate binding, cause the excitations. These are transitions
from a mixture of 4B1g plus 4Eg to 4Eg at 0.3 eV. At 0.75 eV
transitions to 4B2g and

4A1g take place. In the alternative model the excitations occur in a cobalt molecular species that might
coexist with the nanoparticles. Here the transitions are from 4A2g to

4Eg and to 4Eg plus
4B2g at 0.3 and 0.75 eV, respectively. On

the basis of two-dimensional 2p3d RXES planes of the models and the differences between the three different nanoparticle
systems, we exclude the first model and conclude that the metallic particles indeed coexist with varying minor degrees of
molecular species. We observe however a second type of cobalt species, which is possibly related to surface-ligated cobalt ions.

■ INTRODUCTION

Direct measurement of the electronic structure of chemical
bonds formed at a surface is far from trivial but is important.1,2

In catalysis the electron configuration and dynamics within the
first atomic layers control to a large extent how molecules
adsorb, form bonds, and eventually desorb.3 Great progress in
understanding such processes was made by the application of
sensitive surface science techniques4,5 such as scanning
tunneling microscopy (STM).6 Despite this, it remains a
challenge to specifically probe the bond between a surface atom
and the atom within a molecule that binds with the surface.7 As
an analogy, little is known about the bond orbitals between
nanoparticles and surfactants (although many studies improved
our understanding of nanoparticle synthesis, size, morphology,
crystal structure, and elemental composition).
Considering the “surface−molecule bond challenge”, the

recent developments in resonant X-ray emission spectroscopy
(RXES)8−12 are interesting. In RXES (also known as resonant
inelastic X-ray scattering, RIXS) the studied material is
irradiated with X-rays to excite a core electron to empty
electronic states. The term “resonant” implies excitation at a
material-specific core electron binding energy, in contrast to
normal or “nonresonant” X-ray emission where photon

energies higher than the binding energy are used. The created
core hole is filled by an electron from a higher electron shell.
This can occur under emission of a photon, and the energies of
such photons are measured to form an RXES spectrum.
Nowadays, the state-of-the-art soft X-ray ADRESS beam-
line13,14 at the Swiss Light Source (SLS) permits world-record
energy resolution (<0.1 eV) 2p3d RXES spectra. In 2p3d RXES
a metal 2p core electron is transferred to an empty metal 3d
state. When recording the X-ray absorption over a range of
empty 3d states, one performs 2p or L2,3 X-ray absorption
spectroscopy (XAS). With 2p3d RXES the subsequent radiative
decay of 3d electrons to the 2p core hole is followed. The final
state can possess an excited 3d state, which is reflected in the
spectra by revealing element-selective and spectroscopically
allowed d−d excitations. 2p3d RXES therefore has strong
advantages over ultraviolet−visible (UV/vis) spectroscopy in
the study of valence states of 3d transition metal compounds.15

Since RXES is a “photon-in photon-out” technique, it is in
general not surface sensitive, but probes many atomic layers up
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to depths that depend on the photon attenuation length, which
is up to 200 nm at the cobalt 2p resonance.16 We have recently
reported however that, on a metallic substrate,17 d−d and other
resonant X-ray Raman features are nonobservable, and that this
can be used to specifically probe d−d excitations related to
metal ion surface species. On cobalt nanoparticles we showed
that surface oxidation of more than the first atomic layer is
revealed through d−d excitations characteristic for a highly
symmetric octahedral ligand field.18 Here we report extensive
2p3d RXES measurements on 8.4 and 5.0 nm metallic cobalt
and 3.6 nm metallic cobalt−nickel nanoparticles, coated with
oleates. We show that 2p3d RXES at several excitation energies
reveals a minority of molecular species to coexist with metallic
nanoparticles, and we discuss to what extent the technique is
sensitive to surface−adsorbate bonds.

■ EXPERIMENTAL SECTION
Experimental and computational details are given in the
Supporting Information. All nanoparticle syntheses and
characterizations were performed under exclusion of air. Briefly,
the ε-Co particles were synthesized through the Puntes
method19 and the fcc Co0.65Ni0.35 particles were synthesized
through a cobalt carbonyl acetonation scheme.20 The nano-
crystals were washed and characterized by transmission electron
microscopy (TEM), energy dispersive X-ray spectroscopy
(EDX), and X-ray powder diffraction (XRD) before synchro-
tron X-ray measurements were performed.
For 2p XAS and 2p3d RXES the nanoparticles were drop-

casted on deoxygenated Si wafers.21,22 Total electron yield
(TEY) XAS spectra were acquired by measurement of the drain
current and sampled with 25 points eV−1. The RXES spectra
were measured using the high-resolution Super Advanced X-ray
Emission Spectrometer (SAXES) at the ADvanced RESonant
Spectroscopies (ADRESS; X03MA) beamline of the SLS.13,14 A
scattering geometry was used in which the angle between the
incoming light wave vector and the outgoing one was 90°. The
incoming light was polarized linear parallel (depolarized
geometry or linear horizontal, LH) to the scattering plane
with a grazing incident angle of 20°. Measuring at grazing
incidence minimizes self-absorption of the elastic peak.
Measuring at LH polarization suppresses the cross section of
the elastic peak with respect to the resonant features.23,24 By
positioning the beam at a non-cobalt amorphous reference and
varying the incoming energy from 770 to 780 eV with 0.5 eV
step−1, the elastic peak was used to calibrate the RXES detector.
The 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 2p3/2 XAS edge (∼780 eV) the
combined energy resolution of the RXES zero-loss peak was 88
meV full width at half-maximum (fwhm) for the nanoparticle
data and 196 meV fwhm for the cobalt oleate molecular
complex. These resolutions were the best obtainable resolutions
during the two different experiments at which the data were
acquired. A similar calibration procedure was followed for the
Ni 2p3d RXES spectra. The RXES spectra of the compounds
were sampled with 52 points eV−1 and summed over 4−10
partial spectra that were acquired for 10 min each. To compare
the spectra, they were normalized to the intensity of the
maximum (Figure 2) or to the intensity of the d−d excitations
at 0.3 and 0.75 eV (Figures 3a, 4c, 5, and 7). Spectra were not
normalized to the elastic line, because many parameters
influence its intensity including sample surface roughness and

experimental resolution. The pressure in the analysis chamber
was ∼10−8 mbar and the temperature was 20 ± 5 °C during all
measurements. For both XAS and RXES we did not notice any
evolution of the spectra during the experiment.

■ COMPUTATIONAL SECTION
Density Functional Theory (DFT). Geometry optimiza-

tion calculations were performed to determine the mode of
strongest ligand bonding on a cobalt surface.25−31 For the
calculations we used the ORCA software package.25,26

Time-Dependent DFT (TD-DFT). After we identified
ground state configurations of complexes, TD-DFT32 was
used to calculate part of the optical transitions in the 0−2.5 eV
regime for comparison with RXES spectra. Time-dependent
theory is based on the Runge−Gross theorem,33 the time-
dependent analogue of the Hohenberg−Kohn−Sham formal-
isms for the description of the ground state electron
density.25,34 Note that for this study only excitations of ≤1
eV were used for comparison with the RXES spectra since
excitations to higher lying states are frequently of Rydberg or
double excitation character for which TD-DFT has been
reported to fail.32,35,36

Ligand Field Multiplets (LFM).37 The 2p XAS and 2p3d
RXES spectra were simulated using the multiplet program
Charge Transfer Multiplet for XAS (CTM4XAS).38−41 Only
ligand field effects were included, since charge transfer (CT)
effects will only a little modify the 2p XAS and 2p3d RXES
spectra of CoII carboxylates, except for some additional
intensity at 4−5 eV in the RXES spectra acquired at excitation
energy e.15 This can be seen by comparing spectra measured at
energy e with those acquired at a−d. We ascribe the minor
effect of CT on the 2p3d RXES spectra to the localized nature
of the 2p to 3d excitation, plus, for CoII carboxylate types, the
relatively small extent of 3d-electron delocalization on the
oxygen atoms.15 The electronic structure parameter values used
in the spectral interpretation are given in Table 1. We

approximate cobalt to have a formal CoII valence in models
A and B (see Results for an explanation of the models). CoII

can be described effectively by a 2p63d7 ground state
configuration. For the 2p XAS spectra all electric dipole-
allowed electron transitions to a 2p53d8 intermediate state are
calculated, together with their oscillator strengths. The CoII

2p3d RXES spectra are simulated using 2p63d7 → 2p53d8 →

Table 1. Energetic Values (in eV) of the Ligand Field
Multiplet Parameters Used in Model A/Model B

initial state intermediate state final state

Co2+ config 2p63d7 2p53d8 2p63d8d
F2dd 9.284/8.820 9.917/9.421 9.284/8.820
F4dd 5.767/5.479 6.166/5.858 5.767/5.479
F2pd − 5.808/5.518 −
G1

pd − 4.318/4.102 −
G3

pd − 2.455/2.333 −
ζ3d 0.033/0.050 0.042/0.062 0.033/0.050
ζ2p − 9.748/9.748 −
10Dq −0.200/0.600 −0.200/0.600 −0.200/0.600
Ds −0.050/0.150 −0.050/0.150 −0.050/0.150
Dt −0.070/0.000 −0.070/0.000 −0.070/0.000
Γ (fwhm) − 0.400/0.400 0.020/0.020
G (fwhm) − 0.200/0.200 0.100/0.100
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2p63d8d transitions as described by the resonant term of the
Kramers−Heisenberg formula.42,43

Although the final state 2p63d8d configuration is formally
equal to 2p63d7, we use this notation to indicate that the final
state may have an unstable hole in the 3d states.
The radial parts of the Slater integrals describing direct

Coulomb and Coulomb exchange interaction of the cobalt ions
(F2dd, F

4
dd, F

2
pd, G

1
pd, and G3

pd) were not scaled in model A,
and all scaled to 95% of the free ion values in model B (this
corresponds to 80 and 76% of the HF values). Reduction of the
Slater integrals is done to effectively describe 3d electron
delocalization on ligands (the nephelauxetic effect44). The 3d
spin−orbit coupling, ζ3d, was reduced here to 50 and 75% of its
atomic HF value in models A and B, respectively. The reason
was previously discussed for CoII in CoO.24 For effective
descriptions of the ligand field the D4h point group symmetry is
used to simulate the effects of the carboxylate ligands with
parameters 10Dq, Ds, and Dt.10 The XAS transitions are finally
convoluted with a Lorentzian function Γ2p3/2 to account for
the 2p3/2 core hole lifetime broadening at the 2p3/2 XAS edge.
A second convolution is done with a Gaussian function G
(fwhm) to account for instrumental broadening. All XAS
spectra were calculated at 17 °C (290 K). The RXES spectra
are convoluted with Lorentzians accounting for the inter-
mediate (Γ2p3/2) and final (Γ3d) state lifetimes of the hole.
Gaussians accounting for monochromator- and spectrometer-
induced broadening were applied to convolute the spectra
further. RXES calculations took the interference effects between
X-ray absorption and emission into account and were all done
for the ground state, which formally relates to a situation at
−273.15 °C (0 K). In the Supporting Information, Figure S4,
the Boltzmann-distributed population of excited states at 17 °C
(290 K) is taken into account for model A. Although excited
states are accessible at room temperature, these do not
significantly affect the spectra, and the same was shown for
model B previously.15 The spectra were calculated with the
transition probabilities that correspond to the experimental LH
polarization.
From TD-DFT to LFM. For model A in Figure 4, the origin

and energies of the transitions as calculated by TD-DFT are
used as restrictions for the LFM calculations. For this purpose
the LFM multiplets, being many-electron states, were described
as the sum of single particle states using an orbital projection
method.45,46 The 3dn states were described in D4h symmetry
and decomposed into four different components (a, b1, b2, and
e), where αi indicates the fraction of each orbital character:

∑ αΨ = | ⟩
+ + +

a b b e
i k l m n

i
k l m n

;
1 1 2

Here k + l + m + n are equal to three 3d holes for the ground
state 2p63d7 configuration. To determine the single particle
fractions αi, the many state wave function of interest is
projected onto single particle wave functions defined by
combinations of empty a1, b1, b2, and e holes. This is carried
out by adding dummy 4s orbitals and making a monopole
transition from 3d74s24s0 to 3d74s14s1. The 4s states are
described without any correlations or interactions. The 3d−3d
interactions and 3d spin−orbit coupling of the final state
3d74s14s1 configuration is set to zero, and the states are split
purely by ligand field parameters. This provides transitions
from the “correlated 3dn ground state” to “pure ligand field 3dn

states”, connecting these alternate descriptive bases, where the

transition strengths yielding the αi give the contributing
configurations to the many state wave functions.

■ RESULTS
Figure 1a shows an artistic impression of the studied
nanoparticles. They are depicted in the presence of

trioctylphosphine oxide (TOPO) and oleic acid (OA), which
are used in their syntheses. TOPO acts as a kinetic growth
controller,47 while OA attaches to the cobalt nanoparticle
surface as the capping agent.48 Transmission electron
microscopy (TEM) images of the 8.4 nm ε-Co, 5.0 nm ε-Co,
and 3.6 nm fcc Co0.65Ni0.35 particles are shown in Figure 1b−d.
They are labeled systems I, II, and III throughout the text,
respectively. The sizes refer to diameters of the spherical
particles. Their respective polydispersities are 14, 14, and 21%
(defined as the standard deviation over particle average
diameter).
In Figure 2 the 2p3/2 XAS and 2p3d RXES spectra of systems

I−III are shown. All Co XAS spectra show weak fine structure.
This indicates that not all cobalt in the nanoparticle systems is
metallic, nor that all is oxidized. An ensemble of cobalt metal
atoms would exhibit a single 2p3/2 peak without fine structure,
while only oxidized cobalt ions would show much stronger fine
structure.24,49 This indicates the presence of either a single
cobalt species with an electronic structure in between that of a
metal and a metal oxide, which is impossible in the case of the
chemically nonhomogeneous nanoparticle systems, or, more
realistically, of multiple different cobalt species that combined
give rise to the observed fine structure. The nickel 2p3/2 XAS
spectrum in Figure 2d shows a single white line implying all
nickel to be metallic.
The corresponding 2p3d RXES spectra confirm the

qualitative insights deduced from XAS. Five cobalt RXES
spectra were acquired per nanoparticle batch at different
excitation energies, a−e, as indicated in Figure 2. The five
spectra are used to discriminate between spectral features that
occur at a fixed transfer energy or a fixed emission energy.
Transitions that are observed to occur at fixed transfer energy
are transitions to excited states intrinsic to the material and

Figure 1. (a) Schematic representations and TEM images of the (b)
8.4 nm ε-Co, (c) 5.0 nm ε-Co, and (d) 3.6 nm fcc Co0.65Ni0.35
nanoparticles.
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require the same amount of energy irrespective of the excitation
energy. These are called resonant Raman features.12,43 Peaks
that occur at fixed emission energy originate from X-ray
fluorescence .50 It is observed three times in independent
nanoparticle batches in the cobalt RXES spectra in Figure 2a−c
that two resonant Raman features at 0.3 and 0.75 eV are
evident. Resonant Raman features are also evident around 2
eV.51 Cobalt nanoparticle oxidation to CoO, as observed to
happen for identical nanoparticles, cannot explain the observed
peaks as this would yield no RXES peaks between 0.1 and 1 eV
and a strong peak around 1 eV.24 This means that virtually no
cobalt species are present with 6-fold oxygen coordination as in
CoO. The features do also not belong to metallic cobalt,
because we experimentally observe metal spectra to be typically
dominated by X-ray fluorescence only.18,52 The nickel 2p3d
RXES spectra in Figure 2d of the Co0.65Ni0.35 alloy nano-
particles demonstrate this: a weak elastic peak, X-ray
fluorescence, and no resonant Raman features are observed.
The spectra in Figure 2d confirm the XAS assignment of the
nickel being present as a formal metal. It is not surprising that
the nickel is found to be metallic as (a) the cobalt oleate bond
is stronger than that of nickel oleate, (b) cobalt is more readily
oxidized than nickel, and (c) identical particles were
characterized to consist of fcc cobalt−nickel alloys with likely
an outer cobalt layer.20

The resonant Raman features at 0.3 and 0.75 eV, which we
reproductively observed in the cobalt 2p3d RXES spectra as
duplicated in Figure 3a, are features of considerable interest.
Their energies are higher than typical phonon energies (<0.2
eV) and are too low for typical d−d (1−2 eV) or charge

transfer (>3 eV) excitations as seen in transition metal oxides.12

Moreover, they are unlikely to be collective magnetic
excitations such as magnons since the peaks only appear in
cobalt and not in nickel RXES of the Co0.65Ni0.35 alloys. We find
the peaks to be well-explained by low energy d−d excitations
resulting from cobalt ions in two different low symmetry ligand
fields. These are shown in Figure 3b. In model A the peaks are
caused by surface metal ions ligated by an adsorbate. In model
B the excitations stem from metal ions coordinated by ligands
in a molecular complex.15 A third possibility would be that
maximally the first atomic layer of the nanoparticles has
interstitial oxygen in the cobalt lattice. In that case surface
cobalt ions would possess a low symmetric ligand field, too. It is
however unlikely that exactly this situation occurred in all three
samples I−III that we protected from the atmosphere during all
stages of sample handling. Moreover, even if we consider this
situation, the cobalt ion symmetry would be similar as
considered in model B with a maximum of four planar oxygen
atoms around the surface cobalt ions. We therefore do not
further discuss this model and elaborate below on models A
and B.
Figure 4 addresses model A. The observed absence of

resonant X-ray Raman features on a pure metal, together with
the low ligand coordination number of a ligated surface metal
ion, and thus a weak ionic ligand field, raises the expectation
that metal ions that have part of their electrons localized in a
surface bond might reveal low energy d−d excitations.
For model A the mode of the strongest carboxylate binding

on a cobalt surface was first determined from configuration
optimization DFT calculations.26 Figure 4a shows the stable

Figure 2. Experimental cobalt 2p3/2 XAS (top) and cobalt 2p3d RXES (bottom) spectra of the (a) 8.4 nm ε-Co, (b) 5.0 nm ε-Co, and (c) 3.6 nm fcc
Co0.65Ni0.35 nanoparticles. (d) Similar spectra taken at the nickel edges on the Co0.65Ni0.35 particles. The RXES excitation energies are indicated in the
XAS spectra with arrows and letters a−e at the cobalt edge and f and g at the nickel edge.
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geometry of acetate, used to mimic oleate, bonded to a cobalt
surface. It consists of two oxygen atoms on top of two cobalt
atoms. The bonding mode is similar in both cobalt cluster
acetate systems possessing a total charge of, respectively, +1
and −1. Prior to geometry optimization it was determined with
DFT that the bond dissociation energy of cobalt with oleate
was higher than that with OA or TOPO (the synthesis
surfactants). The calculations also revealed that cobalt(II)−
oleate bonds are favorable over cobalt(0)−oleate bonds. All
these results are in line with experimental observations.4,47,48

Using the determined geometry, TD-DFT calculations were
performed and the results are given in Figure 4b. A frequency-
dependent mean polarizability α(ω) describes the reordering of
electron states when a time-dependent electric field with
frequency ω(t) is applied that mimics the photon radiation
field.33 This allows the calculation of electron absorption
transitions within a single particle framework. As such it can
equally predict and explain low energy, single-electron RXES
d−d excitations. In order for TD-DFT to explain RXES instead
of UV/vis spectra of multimetallic species, we used a single ion
model of the relevant bond. A cobalt(II) methanolate species,
with a fixed Co−O−C bond angle mimicking that of dicobalt
carboxylate (fixed at 120° vs 116°), gives TD-DFT transitions
at 0.31, 0.48, 0.75, and 0.80 eV. As a reference, the transitions
of cobalt(II) trimethylphosphine oxide, used to mimic a
possible cobalt(II) trioctylphosphine oxide bond, and of a
cobalt(II) oxide bond are shown. These transitions do not

match the experimental RXES peaks at 0.3 and 0.75 eV, which
suggests that they are not significantly present in systems I−III.
Effects of multiple metal ions, metal valence, and bond angle on
TD-DFT results are given in the Supporting Information,
Figure S2.
Subsequently Mulliken population analysis is used to

determine the contribution of atomic orbitals to the molecular
orbitals (MOs) in the bond. The TD-DFT transitions at 0.31
and 0.48 eV are from 3dx2−y2-rich or 3dxy,yz-rich to 3dxy-rich
MOs, respectively. The transitions at 0.75 and 0.80 eV are from
3dxz,yz-rich to 3dyz,xz-rich or 3dz2-rich MOs, respectively. The
3dx2−y2-rich, 3dxz,yz-rich, and 3dxy-rich MOs consist of 98, 91,
and 89% of their 3d atomic orbitals, and they can be considered
weak or nonbonding. The first two transitions occur between
these states. The TD-DFT and Mulliken analyses now provide
restrictions for the input values of the LFM calculations as
shown in Figure 4c. LFM theory takes many-electron states
into account that are not included in DFT/TD-DFT. The first
restrictions are the origin and energies of the four low energy
TD-DFT transitions as given in Table 2. The main atomic
orbital character is shown of the MOs between which the
transitions occur. As a second restriction, the energy difference
between 3dx2−y2 and 3dxy orbitals is −10Dq in the first
approximation, since LFM calculations are performed in
tetragonal D4h symmetry.

10 10Dq should thus be approximately
−0.3 eV. More details on the use of cobalt(II) methanolate as a
mimic for the oleate nanoparticle bond and on the restrictions
obtained from TD-DFT for LFM calculations can be found in
the Supporting Information, Figure S3.
To determine the other ligand field parameters Ds and Dt, an

orbital projection method (OPM) is used.45,46 These LFM
calculations allow the description of many-electron states as
fractions of single-particle states. As such, LFM parameters
were identified that (1) yield states at energies of the TD-DFT
transitions and (2) yield many-electron states that consist
mainly of single-electron fractions that match the Mulliken
determined atomic orbital character. To this end Ds and Dt are
systematically varied independently in steps of 0.01 eV around
initial guess values obtained from simple one-electron rules in
the appropriate symmetry (here D4h).

10 The LFM parameters
are 10Dq = −0.2 eV, Ds = −0.05 eV, and Dt = −0.07 eV, as
given in Table 1. The energies of the resulting states and their
main single particle fractions are given in Table 2. The ground
state is mainly a mixture of eb2a1 and b2a1b1 electron hole states
at 0 and 0.025 eV. An excited state at 0.26 eV exists with mainly
ea1b1 hole state character. This yields transitions from 3dx2−y2-
rich or 3dxz,yz-rich to 3dxy-rich states at 0.26 and 0.24 eV,
respectively. At 0.51 and 0.71 eV eeb2 and eeb1 electron hole
states exist, respectively. This yields a transition from 3dxz,yz-rich
to 3dz2-rich states at 0.51 eV. LFM calculations in D4h symmetry
do not yield the third TD-DFT transition from 3dxz,yz-rich to
3dxz,yz-rich states, because 3dxz and 3dyz are in this symmetry
formally degenerate. The LFM calculations do however reveal a
double electron−double hole transition at 0.71 eV: from 3dx2−y2
+ 3dyz,xz to 3dxy + 3dz2. Overall, acceptable agreement between
the energies of the TD-DFT and LFM transitions is found,
providing a firm basis for the choice of the ligand field
parameters used in model A. The resulting LFM cobalt 2p3d
RXES calculation at excitation energy d is shown in Figure 4c
under the experimental spectra acquired on the nanoparticles.
The convoluted simulation accounts well for the peaks at 0.3
and 0.75 eV.

Figure 3. (a) Cobalt 2p3d RXES spectra of nanoparticle systems I−III
at excitation energy d all show resonant Raman peaks at 0.3 and 0.75
eV. (b) Schematic representation of two atomic environments which
may give rise to these features: surface metal ions ligated by an
adsorbate (model A) and a metal ion in a molecular complex (model
B).
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Figure 4d finally summarizes the model A calculations. The
left panel shows a DFT MO diagram for the cobalt(II)
methanolate bond. It shows the bonding and antibonding MOs
between the cobalt 4s and 4p levels with ligand 2s and 2p
orbitals. It also shows cobalt 3d nonbonding states and
(anti)bonding MOs with two of the ligand oxygen 2p orbitals.
The right panel in Figure 4d gives the density functional
energies in the first three columns and the multiplet energies in
the last two columns. The first column shows the energies of
the partly filled spin-down populated frontier orbitals, where
the cobalt 3dx2−y2-derived MO is set at 0 eV. The second
column gives the energy differences between the occupied and
empty 3d orbitals. These energies would relate to d−d
transitions if one would assume that the other orbitals would
not reorder in such a process. The TD-DFT results in the third
column explicitly give the energies of the reordered MOs. This
shifts the transitions to lower energies. The fourth column gives

the LFM results. The consequence of the LFM multielectron
character is that the fourth TD-DFT transition is shifted down
from 0.80 to 0.51 eV and that a new transition at 0.71 eV
occurs. This is a two electron−two hole excitation, or double
excitation, and is indicated with an asterisk (∗). The final
energy scheme is again the LFM calculation, but now with
inclusion of the 3d spin−orbit coupling, which was used for the
RXES calculation shown in Figure 4c.
In model B the low energy d−d excitations stem from metal

ions coordinated by ligands in a molecular complex. This model
is treated in Figure 5. Next to the 2p3d cobalt RXES spectrum
of the nanoparticles, an experimental spectrum of a molecular
cobalt(II) dioleate is shown.15 It is clear that this spectrum
resembles the nanoparticle spectra. This leads to the alternative
hypothesis that molecular species, dissolved from the nano-
particles, could in principle be the origin of the observed d−d
excitations at ∼0.3 and ∼0.75 eV. We reported the LFM
calculations for this cobalt(II) ion in the oleate in tetragonal
D4h symmetry.15 In short, an excitation at 0.29 eV is found,
caused by a 4Eg(

4F) ← 4A2g(
4F) transition.53 A second

transition at 0.79 eV is found to be a 4Eg(
4F) + 4B2g(

4F) ←
4A2g(

4F) transition.

■ DISCUSSION

In both models A and B the 2p3d RXES excitations at 0.3 and
0.75 eV are interpreted to be low energy d−d excitations due to
a low symmetry ligand field. In model A this concerned a
ligated surface metal ion; in model B this was a cobalt ion in a
planar 4-fold oxygen ligation environment of a molecular

Figure 4. Electronic structure calculations used in model A. (a) The stable cobalt carboxylate geometry calculated by DFT. (b) Electron transitions
between the MOs in the different cobalt(II)−ligand bonds as calculated by TD-DFT. (c) Experimental 2p3d cobalt RXES spectra (scatter plots) of
nanoparticle systems I−III acquired at excitation energy d (778.4 eV) together with the corresponding LFM RXES calculation (red line) of model A.
The corresponding symmetry labeled states are shown to the right. The red dashed spectrum at 0 eV was taken off the sample to reveal background
X-ray scattering. (d) MO diagram of the bond (left) and the energies of the electron transitions as calculated by DFT, TD-DFT, and LFM (right).

Table 2. Mulliken and OPM Characters of the Transitions in
Model A and Their Energetic Values (in eV) Found by TD-
DFT and LFM

Mulliken char of
transitionsa

TD-DFT
energy

OPM char of
transitionsa

LFM
energy

1 3dx2−y2 to 3dxy 0.31 3dx2−y2 to 3dxy 0.26
2 3dxz,yz to 3dxy 0.48 3dxz,yz to 3dxy 0.24
3 3dxz,yz to 3dyz,xz 0.75 3dxz,yz to 3dz2 0.51
4 3dxz,yz to 3dz2 0.80 3dx2−y2 + 3dxz,yz to 3dxy

+ 3dz2
0.71

aMain atomic orbital character of states is indicated.
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complex. An important conclusion is thus that the energies at
which low symmetry d−d excitations occur can be similar for
different symmetries. The orbital character of the transitions in
the different low symmetric environments is however different.
We can use this to extend our discussion by considering the
XAS spectra and the RXES spectra acquired at the other
excitation energies than energy d, on nanoparticle systems I−
III. We note here that one earlier study has suggested that 2p3d
RXES could reveal ligand−adsorbate interactions on cobalt
nanoparticles.54 This was however based on spectral features,
including nanoparticle size dependent peaks, that we never
observed and we therefore limit our discussion to our own
experimental and theoretical data.
An often practiced method in XAS spectroscopic studies is to

sum weighted spectra of different constituents that make up a
spectrum. We checked whether such an approach could
discriminate between models A and B as an explanation of
the observed peaks. Figure 6 shows the experimental 2p3/2 XAS
spectra of the 3.6 nm fcc Co0.65Ni0.35 and the 5.0 and 8.4 nm ε-
Co nanoparticles. It also shows a reference cobalt metal XAS
spectrum taken from Chen et al.55 The LFM calculated 2p3/2
XAS spectra obtained with the parameters of models A and B
are displayed. We estimate (see Supporting Information) the
atomic surface fraction to be 20% for the Co0.65Ni0.35
nanoparticles in case the alloy composition extends to the
outer atomic shell, or maximally 40% if the outer atomic shell
consists fully of cobalt. For the ε-Co 5.0 and 8.4 nm particles
we estimate the surface fractions to be 15 and 10%, respectively.
We make now weighted sums of the metal spectra with 10, 20,
30 and 40% of the LFM spectra calculated in models A and B,
to see which of the spectra fit the experimental spectra best. For
model A this would thus represent a situation in which 10−40%
of the cobalt ions are in the surface; for model B this would
represent a situation where 10−40% of the cobalt ions are
dissolved from the nanoparticles. Figure 6 shows that the
weighted spectra of both models qualitatively match with
experimental XAS spectra. We therefore consider such an
approach to be inadequate to discriminate between the two
models. Note in this context that an advantage of 2p3d RXES is

that weighing with a metallic signal is unnecessary for the
resonant Raman part of the spectra, since formal metals in
practice do not reveal such features.
The resonant behavior of the nanoparticles, the molecular

cobalt oleate, and the theoretical models do however shed more
light on the physical origin of the RXES peaks at 0.3 and 0.75
eV. Figure 7a shows the experimental spectra. The spectra are
normalized to the d−d transitions at 0.3 and 0.75 eV. The
similarity between the nanoparticles and the molecular cobalt
oleate data is clear. This suggests that next to the cobalt bearing
nanoparticles some molecular cobalt oleate is likely present in
the samples. Important differences between the experimental
spectra however also exist. Most apparent is the additional
intensity around 4−5 eV in the data acquired at energy e for the
nanoparticles compared to the molecular species. This is
normal X-ray fluorescence from formal cobalt metal in the
nanoparticles. The dashed line in the spectra also indicates
where it is expected to occur in the spectra measured at a−d
based on the incident X-ray energies. For these spectra
additional fluorescence intensity is equally present, albeit
relative to the d-states less due to exciting on L3-edge
resonance. Metal fluorescence also explains the increased
intensity around 0.3 eV in the spectra acquired at energy a.
RXES cross sections for different d-states and metal
fluorescence are unknown, and RXES spectra are experimen-
tally difficult to quantify, because they depend on many
variables, including the excitation energy. From the relative
intensities of the d−d and fluorescence features one can
therefore not quantify the percentage of ionic versus metal
cobalt, or the amount of molecular species versus nanoparticles.
However, the nanoparticle systems were thoroughly washed
before measurements and molecular coexisting species should
be present in minimal amounts, most likely resulting from
leaching. The counting times for the nickel RXES metal spectra
were significantly longer than for the cobalt RXES spectra of
the Co0.65Ni0.35 nanoparticles, indicating that cross sections for
ionic species that generate d−d excitations are considerably

Figure 5. Experimental 2p3d cobalt RXES spectra of the cobalt
bearing nanoparticles (black, red, blue) and of molecular cobalt oleate
(green) acquired at excitation energy d (778.4 eV; scatter plots). The
corresponding LFM calculation of model B is also shown (gray line)
with the symmetry labeled states to the right. The gray dashed
spectrum at 0 eV was taken off the sample to reveal background X-ray
scattering.

Figure 6. Experimental 2p3/2 XAS spectra of the studied nanoparticle
systems (top). Reference cobalt metal spectrum together with LFM
calculated 2p3/2 XAS spectra of models A and B (bottom). Weighted
LFM and metal spectra (middle). The 10, 20, 30 and 40% refer to the
fraction of the LFM spectrum in the weighted spectrum.
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higher than for metal fluorescence, which implies that minimal
amounts of coexisting molecular species are indeed likely to
dominate the spectral intensity of a large amount of formal
metal atoms present in the cores of the metal nanoparticles. In
any case, we can say that the stronger the relative intensity of
fluorescence versus d−d excitations within one spectrum
acquired at energy e, the larger the relative part of formal
metal atoms in a nanoparticle system. Based on this, it is
concluded that systems II and III contain less molecular oleate
species and are purer nanoparticle systems than system I. In
addition, based on particle size arguments, one would expect
the 8.4 nm particles of system I to contain the most formal
metal, followed by the 5.0 and 3.6 nm particles, respectively.
This implies that the relative amount of molecular species is
even higher in this system. Also, the spectra in system I match
the experimental molecular cobalt oleate data best at all
excitation energies. In addition, for the 5.0 nm cobalt
nanoparticles of system II the XAS spectrum most resembles
a white line as expected for a metal, which confirms that this is
the purest nanoparticle system. In this respect it is interesting
that, at 0.3 eV in the spectra acquired at excitation energies b
and c, the spectral intensity for systems II and III is low
compared to the peak at 0.75 eV. This shows that a second,
nonmetallic cobalt species is present that generates a different
d−d profile from the molecular reference.
The complete calculated LFM RXES planes for all excitation

energies over the cobalt 2p3/2 XAS edge for both models A and
B are given on the right side of Figure 7b. Note that LFM
calculations do not calculate the elastic peak and normal
fluorescence and therefore fail to calculate additional intensities
from the formal metal parts of the nanoparticles. From these
planes the resemblance between the models is clear, as well as
their differences, especially around 776.8 and 780.3 eV. Cross

sections of the planes at the excitation energies a−e yield the
theoretical 2p3d RXES spectra as displayed adjacent to the
experimental spectra. The comparison with experiment shows
that the surface species model A fails for energies a and e, as
one peak is predicted around 0.6 eV at energy a and a very
strong peak is predicted around 3 eV for energy e. Model B
does a better job in reproducing the spectra and only fails when
predicting an intense peak around 2.1 eV at energy a. This
confirms again that much of the experimental RXES spectra can
be explained by a model B type cobalt ion coordination
environment, probably mainly due to the presence of leached
molecular cobalt oleate. However, especially for system II,
which is the purest nanoparticle sample, model B cannot
explain the drop in intensity at energies b and c for the
excitation at 0.3 eV in the experimental spectra. Model A also
cannot explain this trend, despite our novel approach to
correlate TD-DFT to LFM calculations in order to limit the
number of possible LFM interpretations.56−63 In this context it
should be mentioned that comparing RXES spectra at one
excitation energy, as shown here for the spectra at energy d,
may be used to effectively discriminate high and low symmetric
ion coordination environments from each other,15 but that it
requires two-dimensional RXES planes, or at least a few spectra
acquired at multiple energies, to discriminate different low
symmetric coordination environments. Full two-dimensional
(2D) RXES planes possess thus a large fingerprinting capacity
for characterization. We further note that in future measure-
ments clean surface science samples with a single molecular
adsorbate layer may be used to conclude whether the d−d
excitation profile observed on 5.0 nm particles is indeed from
ligated cobalt surface species, in which case 2p3d RXES would
be able to uniquely measure the bond between a metal surface
species and the binding atom of an adsorbate. Here we chose

Figure 7. (a) Experimental 2p3d RXES spectra acquired at excitation energies a−e for systems I−III (black, red, blue, respectively) and molecular
cobalt(II) dioleate (green). The dashed line in the second panel indicates the energy at which normal fluorescence occurs. (b) LFM 2p3d RXES
spectra (left) at excitation energies a−e for models A (red) and B (gray) and LFM 2p3d RXES planes (right) in which the cross sections at energies
a−e are indicated by black dotted lines.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp4039368 | J. Phys. Chem. C 2013, 117, 14398−1440714405



however first to study nanoparticles because (1) they possess a
relatively high surface to bulk ratio and thus many surface
species and (2) the X-ray probe is negligibly affected by
saturation and self-absorption effects since the particles are
optically thin.

■ CONCLUSIONS
We reported an extensive set of high resolution (fwhm < 0.1
eV) cobalt and nickel 2p3d RXES spectra on 8.4 nm ε-Co, 5.0
nm ε-Co, and 3.6 nm Co0.65Ni0.35 nanoparticles. All batches
show peaks of previously unknown origin at 0.3 and 0.75 eV in
the cobalt RXES spectra. The nickel RXES spectra of the alloy
particles show only X-ray fluorescence, indicating that it is fully
metallic. The low energy cobalt RXES peaks are interpreted to
be low energy cobalt d−d excitations due to cobalt ions in a low
symmetry ligand field. Two models were investigated that could
possibly explain the peaks. In model A, a novel correlation
between TD-DFT and LFM theory was used to show that the
peaks could stem from surface metal ions coordinated by
carboxylate ligands. In model B, the peaks originate from a
cobalt molecular species that might coexist with the nano-
particles. Using the three different nanoparticle batches and 2D
LFM RXES planes, it is concluded that model A fails to explain
the spectra and that varying minor degrees of molecular cobalt
oleate are indeed present in the wet chemically prepared
nanoparticle systems. This is surprising as the nanoparticle
systems were thoroughly washed prior to measurements, but it
shows that minority species of, probably leached, metal ions
dominate the 2p3d RXES spectra of further formally metallic
systems. It is also shown however that a decrease in the relative
amount of molecular species reveals a different d−d intensity
profile in the purest nanoparticle system (II), unrelated to
molecular cobalt oleate and possibly related to surface-ligated
cobalt ions. Albeit the chemical heterogeneity of the systems,
2p3d RXES revealed the particles to be metallic, to coexist with
varying minor degrees of molecular species, and that a second
cobalt species is present. The 2p3d RXES should equally allow
the study of applied complex chemical systems as present in, for
example, heterogeneous catalysts and batteries.
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