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ABSTRACT: Molybdenum oxides and sulfides were studied using resonant
inelastic X-ray scattering (RIXS). The 2p;/,3d Mo RIXS planes show a rich
structure with considerably more spectral information than in conventional X-
ray absorption near edge structure (XANES) spectroscopy. The spectra were
simulated using FEFF9 giving generally good agreement and detailed electronic
information can be derived. The reference materials serve as a starting point for
detailed electronic and geometric investigations of a broad range of compounds.
In particular, this can provide insights in the properties and performance of

unknown and changing materials like those in catalysis.

B INTRODUCTION

Resonant inelastic X-ray scattering (RIXS) is a powerful tool in
studying the electronic density of states while offering high
spectral resolution."” It directly probes the unoccupied and
occupied density of states, usually studied by X-ray absorption
spectroscopy (XAS) and X-ray emission spectroscopy (XES)
respectively. The intensities are measured as a function of
incident and emitted photon energies, in the X-ray absorption
near edge (XANES) region, identifying their interdependencies
and thereby uncovering additional features. It has already been
applied successfully for the 3d transition metal complexes,®
where it has been used to reveal much greater detail in the K
edge spectral shape* and thereby revealing information on, for
example, the metal oxidation state, the local symmetry and
crystal field splittings.® There are however far fewer studies on
4d or 5d metal systems."

In a RIXS experiment a secondary spectrometer with an
energy bandwidth similar to the lifetime broadening is used to
selectively measure the emission energy.’ This allows the
superior resolution seen in RIXS compared to normal XANES,
since the broadening of the spectra is governed by the final
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state lifetime, rather than the initial state lifetime. For the Mo
La RIXS as used in this work, emission spectra are recorded at
incident energies along the L; edge region. The transitions
involved are shown in Figure 1 as an energy level diagram. We
are looking at the absorption of a photon, of energy €2, which
promotes an electron from a 2p orbital to the 4d shell, creating
a 2p;,4d™" intermediate state. An electron from the 3d shell
then drops down to fill the core hole, emitting a photon of
energy @ as it does so, and leaving a 3d hole in the final state.
The spectra cover the M, and M; emission edges, so the
3d;,4d™" and 3ds,4d™' final states, respectively. The
difference between this final state and the initial state is the
overall energy transfer of the system. The data is generally
presented as a 2D contour plot, with the energy transfer plotted
against the incident energy so that both are relative to the
ground state.
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Figure 1. RIXS energy scheme for 2p3d RIXS. The vertical axis
represents the energy of the electron configuration. For simplicity only
the shells which are changing in configuration are shown.

There have been an increasing number of studies on 3d
transition metal RIXS”® but as yet there are no examples of 4d
transition metal RIXS in the literature, mainly due to the
relative inaccessibility of the energies involved. The L edges of
4d transition metals lie between 2000 and 4000 eV: These soft
X-rays require the use of vacuum or reduced/changed
atmosphere (e.g., He) sample chambers in order to carry out
experiments, since only a few centimeters of air absorb most of
the photons. The advantage with studying the L edge as
compared to K edge is that we are directly probing the 4d
valence shell. The spectra will be much sharper than a
conventional L-edge XANES spectrum due to the reduced
lifetime broadening of a 3d core hole compared to a 2p core
hole. The lifetime of the intermediate 2p;,, core hole broadens
the spectrum in the incident energy axis only. Broadening of
the spectra in the emission or energy transfer direction is due to
the final state lifetime, i.e. the lifetime of the 3d hole, which is
much shorter and only 0.16 eV for a 3d;,, and 0.14 eV for a
3ds/, core hole compared to 1.74 eV for a 2p;/, hole. We may
also see different features in the RIXS compared to the XANES
as this is a two-step process compared to a one step p to d
transition for L-edge XANES, so different symmetry operations
are active.

There are L-edge molybdenum XANES studies in the
literature, particularly for the metal oxides,”'® and these provide
an interesting comparison to look for any additional effects in
the RIXS. The L-edge XANES spectra all show a characteristic
“white line” due to the dipole allowed 2p to 4d transition, and
the splitting of this peak can be directly related back to the
coordination geometry (for simple geometries).'™'?

Figure 2 shows examples of molybdenum L;-edge XANES
spectra'® and it can be seen that for the sodium molybdate,
with the central Mo atom in a tetrahedral environment, the
intensity ratio is approximately 2:3, whereas for the
molybdenum(III) oxide (octahedral) the intensity ratio is
reversed and the first peak is of greater intensity. This is
consistent with similar studies in the literature. This peak
results from the 2p to 4d transition so the splitting relates
directly to the crystal field splitting and the intensity ratios of
the two peaks give a measure for the orbital distribution and
thus geometry (Figure 3).

The charge transfer multiplet theory'>'® has been successful
in modeling the L-edge XAS of mainly 3d transition metals.
This theory models the metal complex using crystal field theory
and takes into account the multiplet effects present, i.e. the
interactions of the core hole and the valence electrons.
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Figure 2. Normalized fluorescence yield Mo L;-edge XANES taken
from Hu and Wachs.'"* Reprinted from ref 14. Copyright 1995
American Chemical Society.
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Figure 3. Energy level diagram showing d-orbital crystal field splitting
for octahedral and tetrahedral environments.

Moreover, charge transfer and electron transfer correlations
can be accounted for, when necessary. The Mo L-edge XANES
spectra of the 4d transition metal Mo systems Na,MoO, and
(NH,),MoS, have been simulated well using the multiplet
approach, despite these being very covalent systems.” An
extensive L, and L; edge XAS study on octahedral 3d and 4d
metals,"” including Mo, has demonstrated that for 4d transition
metals the 2p spin—orbit coupling is large and an Lj:L,
intensity ratio of ~2:1 is observed. It is shown that pd and
dd multiplet effects and 4d spin—orbit coupling are causing the
difference between L; and L,, with the L, being the least
affected by multiplet effects and thus most suitable for single
particle simulation techniques (like the FEFF technique as used
here, vide infra). Since our main goal is to develop RIXS as a
tool in (organometallic) catalysis, we aim to obtain insights in
the origin of the different features observed. This under-
standing, including their dependence on structure and
electronic properties, will help us to interpret the RIXS planes
of unknown and changing structures, thereby providing
propertPf-performance relationships on working catalysts. The
FEFF9'® approach, which allows the calculation of full
structural models in contrast to the point group calculation
with the multiplet theory, is therefore the chosen method here
to simulate the experimentally obtained Mo L; edge RIXS
spectra, although it is based on full potential approach and
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Figure 4. Experimental La; RIXS plot (a) for Na,MoO, with theoretical RIXS plot calculated using FEFF9 (b) and the CTM4XAS multiplet code

(c) for the same compound.

multiplet effects are not included. However, as shown in this
paper, recent and ongoing developments make FEFF into a
useful and reliable tool for the simulation of RIXS data.'® The
effect of multiplets for the RIXS experiments as performed in
this study is checked using the multiplet approach'>'® and
thereby the validity of the use of FEFF evaluated.

We present the theoretical spectra calculated using the real
space Green’s function (RSGF) code FEFF9'® for a range of
molybdenum Lo RIXS spectra. The specific code used in this
work includes a new theoretical treatment of RIXS based on a
real-space multiple-scattering Green’s function formalism, and
includes the effects of both intermediate and final state core-
hole interactions. Additional many-body effects can be included
via a convolution of the single particle spectrum with an
effective spectral function, however in the present article, we
have neglected these effects. This new method allows us to
simulate these spectra successfully for the first time using a
convolution of an effective XAS spectrum and the XES
spectrum of the complexes simply based on their crystal
structures. Detailed electronic information, i.e., d orbital
occupancy and energy splitting, has been derived for these
reference materials and the knowledge obtained on the
interpretation of the RIXS data will be extremely useful when
going to less defined materials. The number of peaks present,
their intensity ratios, and the splitting between them can reveal
structural and electronic information for unknown compounds,
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which is desirable for changing catalyst structures, where this
information cannot be obtained otherwise.

B EXPERIMENTAL SECTION

Molybdenum(IV) oxide, molybdenum(VI) oxide,
molybdenum(IV) sulfide, and sodium molybdate were
purchased from Sigma-Aldrich.

The 2p3d RIXS spectra were recorded at ID26 of the
European Synchrotron Radiation Facility (ESRF), Grenoble,
France, across the molybdenum L; edge. A cryogenically cooled
fixed-exit beamline monochromator consisting of a pair of Si
crystals in the (111) reflection was used (AE/E = 1.4 X 107%).
The incoming flux was 10" photons/s. Higher harmonics were
suppressed by Si mirrors working under grazing incidence
condition.

A complete in-vacuum curved-crystal X-ray emission
spectrometer'” in Johansson geometry was used in collecting
these spectra. The first order reflection of a Si(111) crystal was
employed in the spectrometer. The sample was positioned
inside the Rowland circle rendering a dispersive geometry. A
CCD camera was used to collect the spectra. The full RIXS
plane consists of 69 consecutive 2p3d RIXS spectra recorded
over an incident energy range of 2518 to 2535 eV with a step
size of 0.25 eV. The acquisition time for a single RIXS spectrum
was 60 s. The maximum count rate was 600 counts/s and
occurred at the peak of the Mo Lal emission line, excited at
2525 eV (first resonance). The high spatial resolution of the

DOI: 10.1021/jp509376q
J. Phys. Chem. C 2015, 119, 24192426


http://dx.doi.org/10.1021/jp509376q

The Journal of Physical Chemistry C

detector yields an absolute spectrometer energy bandwidth of
0.35 eV at the Mo L edge.”

The energy calibration of the spectrometer emission energy
was done relative to the La line measured on a Mo foil, using
the absolute nominal crystal 2d lattice spacing and crystal
detector distance. For the excitation energy axis the nominal
values given by the monochromator were considered.
Alternatively, the elastic scattering peak can be used for a
relative calibration between spectrometer and monochromator.
Between the two approaches a shift of up to ~1 eV in the
emission (final state) energy was observed. Although the
possible shift is of course systematic and the same for all
samples studies here, it has to be taken into account when
comparing these results to other experiments.

FEFF9 was used to model the experimental RIXS spectra and
to determine the density of states. FEFF calculations were
carried out using a self-consistent field approximation of 8 A
and a full multiple scattering radius of 10 A around the central
Mo atom. Both dipole and quadrupole contributions were
included in the calculations. A ground state potential model and
a RPA screened core hole were used. The EXCHANGE card
was used to reduce the spectral broadening to match the
experiment. Crystal structures from the literature were used.
Core-hole broadenings for the M, and M; edges were taken
from the literature.” A ratio of 9:1 was used for the L, edge
spin orbit coupling, i.e., 2p3,, — 3ds/, =9, 2p3/, = 3d;, = 1, as
expected based on transition probabilities. In case different Mo
sites are present in the structure, the simulated data represent
an average of all.

Multiplet calculations were performed using the CTM4XAS
program, with parameters as indicated in the text.*'

B RESULTS

Figure 4 shows the experimental La RIXS spectrum for
Na,MoO, as a contour plot (a) alongside the theoretical plot
for the same compound as calculated by FEFF9 (b) and the
CTM4XAS multiplet code (c).

The main peak is split in 2 along the diagonal, with maxima
at 2524.75 eV incident energy and 231.66 eV energy transfer
and at 2527.00 eV incident energy and 233.5 eV energy
transfer. This corresponds to the ligand field splitting of the 4d
orbitals. The structure is approximately repeated along a second
diagonal shifted with respect to the first by ~3 eV toward larger
energy transfer. The two diagonals are due to the 3d spin—orbit
coupling where the stronger spectral features (at lower energy
transfer energy) arise from the 3ds,, final state. Theoretically
the intensity ratio of the 3d spin orbit coupling is calculated as
9:1, with the second diagonal much lower in intensity as in the
experiment.

The main peaks along the diagonal can be compared to the
L; absorption edge spectrum as shown in Figure 2. In the
XANES spectrum, the intensity is higher for the lower energy
peak; this is evident in the RIXS plots also, when taking into
account both the area of the peak and the intensity. In the RIXS
plot the peaks are fully separated, in contrast to the overlapping
peaks in the normal L edge experiment, and their positions and
intensities can thus be better identified. The long tails in the
horizontal direction and the sharp tails in the vertical direction
indicates that the lifetime broadening in the 3d final state is
much reduced compared to the 2p intermediate state. As a
consequence the peak positions can be determined with more
accuracy. A very important consequence for applications is that
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the sharper structures will make it easier to separate systems
with multiple sites/symmetries/valences.

Along the energy transfer axis we see the spin orbit coupling
of the 3d band, the lower energy transfer peaks are due to 3ds/,
emission, the higher energy transfer peaks are due to emission
from 3d;,,; both are due to 2p;,, to 4d absorption. So we can
assign the peak at 2524.75 eV incident energy and 231.66 eV
energy transfer to the 2p;/, to 4d; 3ds,, to 2p;,, transitions.
The peak at 2524.75 eV incident energy and 234.80 eV energy
transfer is again caused by 2p;,, to 4d absorption, but with
3d;/, to 2p;/, emission. The energy transfer difference between
these two features is approximately 3.12 eV, which corresponds
to the spin—orbit coupling of the 3d band, generally found
around 3.2 eV.** The peak at 2527.00 eV incident energy and
233.54 eV energy transfer is again caused by the 2p;/, to 4d and
3d;,, to 2p;, transitions, but it is at higher energies due to the
splitting of the 4d band. We see another peak at the same
incident energy but at ~3 eV higher in energy transfer, again
due to 3d spin orbit coupling.

The plots show that the higher energy transfer transitions are
less intense than the peaks at lower energy transfer; this is
mainly due to the smaller transition probability of M, (0.09)
compared to M; (0.89). The lifetime broadening of M,
compared to M is 0.16 eV compared to 0.14 eV, so that
effect will be minimal—this is accounted for in the theoretical
calculations.

The RIXS is simulated well using the FEFF9 approach. The
problem is that the peak intensity ratios along the diagonal are
different compared to the experiment. The density of states as
calculated and from which the RIXS plane is simulated is shown
in Figure 5. A degree of hybridization can be seen between the
unoccupied molybdenum d-orbitals and the unoccupied oxygen
p-orbitals, as well as a small Mo p contribution.
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Figure S. Density of states plot for Na,MoO, as calculated by FEFF9.

We have also calculated the 2p3d transitions with the
CTM4XAS multiplet code, using linear polarized X-rays and 90
deg horizontal scattering, a crystal field of —2.1 eV. Figure 4c
shows the result for the L; edge. The two crystal field split
states are visible at 2525.2 and 2527.5 eV. The crystal field
splitting is maintained in the 3d°4d" final state and the two final
state crystal field split states are visible at 232 and 234.3 eV.
The effects of the 3d spin—orbit coupling automatically appear
(in the correct ratio of 9:1) for multiplet calculations and the
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Figure 6. Experimental La RIXS plot (left) for MoO; with theoretical RIXS plot calculated using FEFF (right) for the same compound.

spin—orbit shoulders are visible at 235 and 237 eV. Apart from
this spin—orbit effect, the only visible multiplet effect in the 2D
image is the splitting of the peak at (2527.5, 234) eV, which is
caused by the 3d4d multiplet interaction in the final state,
where we have used values that are 50% of the atomic values
(based on previous L edge work suggesting that Mo*" and
Mo® have 50% reduced Slater integrals'”). With the present
resolution, this splitting is not visible in experiment, which
suggests that the 3d4d multiplet effects are further reduced. A
small broadening of the second peak in energy transfer is
visible, which could be a sign of multiplet effects, where we note
that an alternative interpretation could be that there are band
effects that give a broadening of this peak (see the constant
incident energy line scans extracted at 2525 and 2527 eV
respectively, Figure S1). An interesting result, which we are not
able to explain, is that the CTMA4XAS calculation under-
estimates the first peak with respect to experiment, while the
FEFF calculation overestimates the intensity of the first peak.

Because the present data does mainly show the 4d crystal
field and the 3d spin—orbit coupling, while the 3d4d multiplet
effect does not seem visible, we have for the other experiments
only compared them with FEFF calculations.

In Figure 6, we present the experimental and calculated La
RIXS spectra for MoOj; as 2D contour plots. The main peak
occurs at 2525.25 eV incident energy and 231.90 eV energy
transfer. The second peak consists of two features, both along
the diagonal. One is at 2527.25 eV incident energy and 233.65
eV energy transfer, the other at 2529.00 eV incident energy and
235.52 eV energy transfer. These can both be attributed to the
2ps), to 4d; 3ds), to 2p;, transitions, with 4d splitting. There
are off diagonal peaks which are ~3 eV higher in the energy
transfer direction than the main peaks. These are due to 3d,
to 2p;,, emission. We see extra splitting in the main peaks
because the Mo atom is not in a perfect octahedral
environment, so there is hybridization of orbitals causing
extra transitions. For lower symmetries there will be more
splitting of the 4d band due to increased orbital hybridization.

The experimental and theoretical plots for molybdenum (VT)
oxide again show generally good correlation in the number,
relative position and splitting of peaks. For example the
splitting of the peaks between 234 and 236 eV energy transfer is
reproduced in the RIXS plot calculated by FEFF. The off-
diagonal peaks are also both present and the positions as well as
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intensity ratios are in good agreement. The origin of all peaks
can be derived using the density of states calculations, as shown
in Figure 7. Significant hybridization of the Mo d and O p
unoccupied orbitals is also observed, for all features present.
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Figure 7. Density of states for MoO; as calculated by FEFF9.

In Figure 8, the experimental and theoretical La RIXS
spectra for MoO, as 2D contour plots are shown. MoO, has a
distorted rutile bulk structure so the molybdenum atoms are in
distorted octahedral geometry. It has an unusual feature for a
molybdenum oxide; a short metal—metal bond (~2.5 A).>* The
main peak along the diagonal is split, due to 4d splitting, with
the peak of one feature at 2522.75 eV incident energy and
229.62 eV energy transfer (2ps, to 4d; 3ds, to 2p;/,) and the
other at 2525.50 eV incident energy and 23226 eV energy
transfer (2p;/, to 4d; 3ds/, to 2p;/,). There are low intensity
off-diagonal peaks approximately 3—3.3 eV above main peaks in
energy transfer, which corresponds to the 3d spin orbit
coupling.

The density of states is shown in Figure 9 and shows
hybridization between the Mo d and O p unoccupied orbitals,
for all orbitals probed.

The central molybdenum atom in MoS, is surrounded by six
sulfur atoms in a trigonal prismatic geometry.”* The overall
structure is hexagonal. Figure 10 shows the experimental La
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RIXS spectra for MoS, as a contour plot. The main peak is split
into two features; one at 2523.0 eV incident energy and 229.76
eV energy transfer, and the other at 2524.00 eV incident energy
and 230.58 eV energy transfer (both are 2ps,, to 4d; 3ds, to

2ps, transitions with 4d splitting). There are additional peaks
approximately 3 eV higher in the energy transfer direction,
these are due to 3d spin orbit coupling. They are weaker than in
the other spectra. The density of states is shown in Figure 11,
which agrees well with DOS schemas reported in literature.*

B DISCUSSION

The RIXS spectra as obtained in this study show the clear
advantage over normal L edge XANES studies in their ability to
completely resolve the features present, as well as revealing new
features in the RIXS planes. The features at lower energy
transfer, corresponding to a 3ds/, final state core—hole, are
intense features. The higher energy transfer peaks, correspond-
ing to a 3ds/, final state core—hole, are weak for all samples.
This is mostly due to the different transition probability of M,
compared to M emission, as mentioned (9:1 theoretically).
The intensity ratio however varies across our four compounds.
For example in the tetrahedral d° Na,MoO, we see more
intense and better-resolved off-diagonal peaks than the other
three compounds. This is mostly due to the counting statistics,
where in tetrahedral compounds there are six electrons in the
higher energy t,, orbitals compared to four electrons in the
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Figure 10. Experimental La RIXS plot (left) for MoS, with theoretical RIXS plot calculated using FEFF (right) for the same compound.
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lower energy e; see Figure 2. For octahedral compounds this is
exactly the reverse.

The intensity ratio between the two main white line features
in the diagonal of the RIXS plane, as also seen in an L edge
absorption experiment, albeit less-resolved, is not the perfect
and predicted 2:3 or 3:2 as based upon ideal tetrahedral and
octahedral geometry (Figure 2). The main reason for this, as
reproduced by the simulations and shown in the DOS plots, is
the orbital hybridization with ligands, ie., overlap of ligand
orbitals with the metal 4d, thereby changing the density of
states structure and intensity. For the tetrahedral complex the
ligand O p orbital only hybridized with the first main feature,
i.e., the first d orbital, and not with the second, whereas for the
other (distorted) octahedral complexes, hybridization with all
Mo d orbitals was observed at different intensities per orbital.

In Table 1 some important features of the RIXS spectra are
summarized. A clear trend can be seen with the position of the
first peak, which is clearly ~2523 eV incident energy and ~232
eV energy transfer for the Mo(IV) compounds, and ~253S and
~230 eV for the Mo(VI) compounds. The RIXS, compared to
the L edge absorption edge, allows a more reliable oxidation
state determination since the features are now fully resolved.
Clearly the difference in ligand type is small for the set of
samples discussed here, with either oxygen or sulfur.

The 3d splitting is the spin—orbit coupling and this is very
similar for all complexes, it being the 3d spin—orbit coupling
which is fully shielded in the 4d transition metal. The 4d
splitting reflects the sample geometry and is sample and
geometry dependent. The 4d splitting for the tetrahedral
complex is clearly lower than the distorted octahedral
complexes, which is expected. The crystal field splitting for a
tetrahedral complex will be ~*/sth of the size of the crystal field
splitting for an octahedral complex, for atomic systems
assuming perfect symmetry, but the distortion of the octahedral

geometry here will affect the ratio, as well as ligand
hybridization, influencing the electron density of the molecular

orbitals.

B CONCLUSIONS

As can be seen from the experimental 2p3d RIXS plots, we can
obtain greater spectral resolution compared to the L;
fluorescence yield XANES and as a consequence can provide
more accurate electronic structure information, e.g., orbital
splitting and population. It also reveals additional off diagonal
features that are not visible with XANES, giving insights in the
geometry of the complex. The spectra can be simulated using
FEFF9, with good agreement in number and relative positions
of peaks, since the multiplet effects have little influence on
these spectra.

These same techniques can be applied to a wide range of
materials in order to obtain detailed electronic and geometric
information under in situ and operando conditions. For
unknown structures and changing materials the RIXS planes
can be used as a direct measure for accurate oxidation states,
geometry and crystal field splitting, thereby giving insights in
possible ligands present. For the Mo La RIXS specifically, due
to the relatively low X-ray energies used, special experimental
cells have to be developed to allow these measurements in
reduced atmosphere chambers.
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Energy transfer line scans of the experimental L,; RIXS plot for
Na,MoO, (Figure S1). This material is available free of charge
via the Internet at http://pubs.acs.org.
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