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ABSTRACT: X-ray spectroscopy using high-energy-resolution
fluorescence detection (HERFD) has critically increased the
information content in X-ray spectra. We extend this technique
to the tender X-ray range and present a study at the L3-edge of
molybdenum. We show how information on the oxidation state,
phase composition, and local environment in molybdenum-based
compounds can be obtained by analyzing the HERFD L3 X-ray
absorption near-edge structure (XANES). We demonstrate that
the chemical shift of the L3-edge HERFD spectra follows a
parabolic dependence on the oxidation state and show that a
qualitative analysis of high-resolution spectra can help to estimate parameters such as distortion of a ligand environment and radial
order of atoms around the absorber. In certain cases, the spectra allow disentangling the contributions from bond lengths and angles
to the distortion of the ligand polyhedron. Comparison of the high-resolution spectra with theoretical simulations shows that the
single-electron approximation is able to reproduce the spectral shape. The results of this work may be useful in every branch of
physics, inorganic and organometallic chemistry, catalysis, materials science, biochemistry, and mineralogy where observed changes
in performance or chemical properties of Mo-based compounds, accompanied by small changes in spectral shape, are to be related to
the details of electronic structure and local atomic environment.

■ INTRODUCTION

Molybdenum-based compounds find broad application in
many fields of science and technology, including catalysis1−4

and artificial water splitting,5−8 energy storage and conversion
devices,9−13 and the field of transistor electronics.14−17 Mo
also plays an important role in environmental science18−21 and
in biology, being involved in the nitrogen reduction
process.22,23 X-ray absorption spectroscopy (XAS) is one of
the most informative and versatile techniques used for
characterization of the oxidation state, symmetry of the local
environment, and interatomic distances and is applied widely
to Mo compounds. Currently, spectroscopy at the K-edge
dominates the spectroscopic investigations of these com-
pounds because hard X-rays do not require vacuum conditions
and allow use of different auxiliary devices of any design for in
situ and operando studies. The K-edge also possesses the
highest fluorescence yield as compared to any other edge, thus
facilitating studies on diluted systems. XAS at the L2,3-edges of
molybdenum is used less often by the scientific community;
however, it has many advantages, which were carefully pointed
out by G. N. George24 and S. J. George25 and co-workers. With
better spectral resolution (1.69 eV at the L3-edge vs 4.5 eV (K-
edge) core hole lifetime broadenings), different Mo species can
be resolved which are difficult to determine by other methods.

A crucial advantage of the L2,3-edge spectroscopy is that the
one-electron selection rules for p-electrons favor studying
orbitals of d character, responsible for bond formation for the
elements with an open 4d shell, by means of the dipole-allowed
2p → 4d transitions. In particular, the white lines of the L2,3

spectra often reveal a split structure due to crystal field effects.
Sensitivity of the white line shape to the crystal field, and,
therefore, to the symmetry of the local environment, was
successfully applied to the analysis of phase composition and
local coordination in many Mo-based compounds.10,24,26−42

Since EXAFS studies at these edges are impossible due to the
vicinity of the 2p1/2 and 2p3/2 levels, L2,3-edge spectroscopy
cannot fully replace the spectroscopic investigations at the K-
edge. Nice examples for a complementary K- and L-edge
analysis can be found in refs 18, 19, 21, and 43−45.
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All of the L2,3-edge XANES spectra of Mo published so far
were collected either in the total fluorescence or electron yield
modes. Another approach to the data collection which involves
an energy-dispersive spectrometer to choose a preferable decay
channel known as high-energy resolution fluorescence-detected
(HERFD) XAS46 has never been applied to the L2,3-edges of
molybdenum. This method has been gaining increasing
popularity over the past decade because of significantly
reduced spectral broadening as compared to different conven-
tional yield modes or the transmission measurements, and
improved signal-to-noise ratio (see Figure 1; the TFY

spectrum was collected simultaneously with the HERFD
spectrum using a standard photodiode).47−49 As applied to
the L-edges of molybdenum, the HERFD method helps to
resolve the fine structure of the white lines, including direct
observation of crystal-field-split 4d states and the shapes of the
split manifolds. The structure of the XANES spectra following
the white line corresponding to excitations into the continuum
of states can also be revealed in greater detail. As will be shown
below, qualitative analysis of the Mo L3-edge XANES
measured with high resolution can provide valuable
information on the symmetry of the ligand environment,
changes in the average Mo−ligand bond lengths, and the radial
atomic distribution around the absorber. Using the HERFD
method under operando conditions can provide insights into

the mechanism of chemical reactions, catalysts, or electronic
device functioning, or into parameters of chemical bonding of
an unknown compound, inaccessible with usual methods of
data collection.
If the structure of a compound under investigation is known,

the interpretation of the experimental spectra can be
performed on the basis of theoretical calculations. Only few
publications show simulated Mo L2,3 spectra. de Groot et al.
and George et al. presented the L-spectra of selected
molybdenum references calculated using the multiplet
approach.25,50 Bjornsson et al.28 simulated L3-edge XANES
of FeMo protein and several model complexes using the
ORCA code. Finally, the FEFF9 code was used to simulate the
white lines and continuum excitations in a series of Mo
reference compounds51 and catalysts.52 When it comes to
calculations of the XAS at the L-edges of 4d compounds on the
basis of single-electron codes, the most debatable question is
the strength of multiplet effects at these edges.28,53,54 For Ru
molecular complexes, these effects were suggested to be small,
and good results were obtained with single-electron codes.54,55

There are no similar works for molybdenum compounds yet.
Consequently, it is important to establish applicability of
single-electron codes to reproduce the experimental Mo L3-
edge spectra, and the high-energy resolution achieved in this
work allows for a more detailed comparison with calculations.
We furthermore studied the effect of a core hole potential on

the L3 XANES spectra in Mo compounds in our calculations.
In ruthenates, the effect of the core hole in the calculations was
found to depend on the type of compounds.53 There are no
similar published works for the compounds of molybdenum. It
is important to answer this question because in the case of a
weak influence of the core hole potential and negligible
multiplet effects the HERFD-XANES at the L3-edge can be
approximated by the orbital momentum projected ground state
density of states which greatly facilitates theoretical modeling.
This paper is organized as follows: First, we provide the

details of the experiment. Then, we present the experimental
HERFD spectra of several reference molybdenum compounds
and discuss what information can be extracted from a
qualitative analysis of the white lines and the spectral features
following them. Next, the results of the ab initio calculations of
XANES spectra using Wien2k code56 of selected compounds
are presented, and examples of the analysis of the experimental
spectra on the basis of theoretical simulations are given; the
role of core hole potential and that of multiplet effects are also
discussed in this subsection. Finally, we present the results of
calculations carried out by means of the FDMNES code57 to

Figure 1. L3-Edge XANES of MoO3 obtained by means of total
fluorescence yield (TFY) and an Lα1-detected HERFD spectrum.

Table 1. Parameters of the Local Environment and Oxidation State of Molybdenum in the Investigated Compounds

compound
site symmetry around Mo

atom environment bond lengths (Å)
formal oxidation state of Mo (valence electron

configuration)

Mo metal Oh 8 Mo 8 × 2.726 0 (4d55s1)
Mo2(OAc)4 C1 4 O 2.107, 2.109, 2.121, 2.137 2+ (4d4)

1 Mo 2.093
2H-MoS2 D3h 6 S 6 × 2.417 4+ (4d2)
MoO2 C1 6 O 1.968, 1.970, 1.984, 1.990, 2.075, 2.077

4+ (4d2)
1 Mo 2.512

MoO3 Cs 6 O 1.671, 1.734, 2 × 1.948, 2.251, 2.332

6+ (4d0)
Li2MoO4 C1 4 O 1.76, 1.763, 1.765, 1.77
Na2MoO4 Td 4 O 4 × 1.771
CaMoO4 S4 4 O 4 × 1.775
ZrMo2O8 C1 4 O 1.676, 1.733, 1.808, 1.813
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demonstrate its capabilities as applied to the molybdenum L3-
edge to the potential users; we also discuss the role of the
population of the 4d orbitals on the crystal field splitting using
this code.

■ EXPERIMENTAL SECTION
Sample Preparation and Characterization. Samples of MoO3,

Li2MoO4, Na2MoO4, and CaMoO4 were commercial reagents of
analytical grade or higher. Prior to use, they were calcined in air:
Li2MoO4, Na2MoO4, and CaMoO4 at 400 °C and MoO3 at 600 °C.
The high-temperature trigonal form of ZrMo2O8 was prepared by
solid-state reactions from the corresponding reagent-grade oxides.
2H-Molybdenite MoS2 was an ore concentrate with the only
crystalline impurity being quartz. Samples of MoO2 and
Mo2(OAc)4 were commercial reagents of analytical grade purchased
from Sigma-Aldrich. The sample of metallic Mo was a high-quality
foil, purchased from Sigma-Aldrich as well. The phase purity of all of
the substances was confirmed by powder X-ray diffraction (XRD)
using an ARL X’TRA diffractometer and the ICDD’s Powder
Diffraction File database. The structural parameters of the compounds
are presented in Table 1 and Table S1 of the Supporting Information.
Finely ground sample powders were then mixed with boron nitride

in 1:1 volume proportion to form 13 mm diameter pellets. No special
measures were taken to avoid the self-absorption effect, so the relative
intensities of the observed spectral features may differ from those
recorded in transmission or total electron yield (TEY) modes or from
nanoparticles or single-layered samples. We note that, in many
experiments, e.g., carried out in situ or operando, the particle size
corresponds to the thick limit, which for most of the concentrated Mo
compounds starts at 2.5 μm (the size of one absorption length for
photons of 2.5 keV energy in such compounds). We note that
discernible (i.e., >10%) self-absorption effects start already at particle
sizes of 100 nm.
HERFD-XANES Measurements. Spectra of the X-ray absorption

near-edge structure at the L3-edge of molybdenum were collected in
high-energy-resolution fluorescence-detected (HERFD) mode.46 The
experiments were carried out at beamline ID26 of the European
Synchrotron Radiation Facility (Grenoble, France). The incident
energy was tuned through the L3-edge using the (111) reflection of a
pair of cryogenically cooled Si crystals. A metallic foil of Mo was used
for incident beam energy calibration. The beam footprint on the
sample measured 0.1 × 0.7 mm2, and the total flux was 1013 photons/s
using the fundamental of three undulators (L = 1.6 m) with 35 mm
period. The spectra were obtained with the sample in a vacuum on
the TEXS spectrometer, installed on the ID26 beamline of the ESRF
synchrotron; the design and performance of the setup are reported
elsewhere.58 For the measurements presented in this work, five
Si(111) crystal analyzers with the best bandwidths were picked. The
count rate at the top of an absorption spectrum varied from 175.5 ×
103 for Mo foil to 24.7 × 103 c/s for Mo2(OAc)4. The spectra were
normalized to variations of the incoming flux that was recorded by
detecting the scattering from a Kapton foil with a photodiode and
then were normalized to the same area under the curves within 40 eV
above the absorption edge for the purpose of comparison. All of the
compounds were checked for radiation damage by making five
consecutive XAS scans of 10 s each in the region of the main
absorption edge from the same spot on the sample; none of the
compounds were found to be radiation-sensitive.
The HERFD-XANES spectra were recorded by monitoring the

intensity at the top of the Lα1 emission line (the 3d5/2 → 2p3/2
transition). The relationship between the spectra obtained in the
HERFD and conventional XAS modes was discussed elsewhere.48,59 It
was concluded that a HERFD spectrum is a good approximation to
the linear absorption coefficient if all absorption features are arranged
along diagonals in the full resonant inelastic X-ray scattering (RIXS)
plane plotted in the excitation energy vs energy transfer axes. Figure 2
shows the Lα RIXS plane of ZrMo2O8, typical of the molybdenum
compounds investigated in this work. All of the spectral features are
running along two diagonal lines corresponding to the 2p3/2

6 3d5/2
5 (full

line) and 2p3/2
6 3d3/2

5 (dashed line) final states, split by the 3d spin−
orbit coupling. As no off-diagonal resonances are observed on the
plane, we conclude that the presented molybdenum L3-edge HERFD
spectra are a good approximation to XAS.

The origin of the improved experimental broadening characteristic
of the HERFD approach was discussed in refs 48 and 60. The overall
HERFD energy broadening in our measurements was calculated using
the algorithm proposed in ref 48 and is equal to 1.06 eV assuming the
Si(111) monochromator resolution to be 0.35 eV at 2.5 keV and the
emission spectrometer energy bandwidth to be 1 eV; the widths of the
L3 and M5 levels were taken from ref 61.

The centroids of the first and second peaks of the white lines of
MoO3, Li2MoO4, Na2MoO4, CaMoO4, and ZrMo2O8 were found by
means of peak fitting with Gaussian functions and are shown in Figure
S1.

Calculations. The Wien2k program package was used for the
calculations of the electronic structure and XANES spectra in the
ground and excited (2p3/2

5 core hole configuration of a Mo atom)
states of 2H-MoS2, MoO2, and CaMoO4. The Wien2k package was
chosen because it is based on the full-potential (linearized)
augmented plane-wave + local orbitals method, one of the most
accurate schemes for band structure calculations, and the treatment of
the core hole potential in this code was proved to be successful in a
number of works (see, for example, refs 62−64). We also tested a real-
space code for XANES simulationsFDMNESwhich can be
applied to both periodic solids and molecules: the spectra of metallic
molybdenum, molybdenum disulfide, and calcium molybdate were
simulated using this package. The details of the calculations and of
alignment of the experimental and calculated spectra in each figure are
presented in the Supporting Information.

■ RESULTS AND DISCUSSION
Semiquantitative Analysis of the Experimental L3-

Edge HERFD Spectra. The structural parameters relevant to
the local coordination of molybdenum in the compounds
under investigation are given in Table 1. Experimental spectra
of molybdenum compounds are presented in Figure 3.
The position of the first inflection point (FIP) of the white

line shows a monotonic, nonlinear dependence on the formal
oxidation state of the Mo ions (Figure 4). The same qualitative
pattern was observed by Hedman et al.65 Nonlinear shifts of

Figure 2. 2p3/23d RIXS plane of ZrMo2O8. The solid and dashed
diagonal lines follow the 3d5/2 and 3d3/2 spectral features, respectively.
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the Mo 3d5/2 level with increasing oxidation state were also
observed in the XPS experiment.66 The observed magnitudes
of the edge shifts are similar to those measured for the L2,3-
edge of chromium compounds67 (chromium is isoelectric to
molybdenum). de Groot et al. calculated an alike parabolic
dependence for Mo valences from 0 to 6+.50 In the
calculations, the bonding was considered as purely ionic,
giving much larger shifts between oxidation states. One can
expect considerable deviations from the calculated dependence
at higher Mo valences due to the increasingly covalent
character of the bonds.68 However, the rather accurate
description by a parabolic fit for both experiment and theory
may suggest that covalency does not change much with
oxidation state. The zoomed region of the 6+ compounds
allows one to conclude that within the experimental error the
positions of the FIPs in these compounds depend neither on
the number of surrounding ligands nor on the distortion of the
O tetrahedron. Thus, according to our results, the
experimentally observed shifts of the FIP for a given
compound can be attributed to changes in the oxidation
state of Mo atoms when coordinated to O, not to changes of a
local symmetry.
The characteristic feature of the Mo XANES spectra is a

strong white line, corresponding to the 2p3/2
6 4dn → 2p3/2

5 4d(n+1)

transition, and a peak A marked with an arrow for some spectra
in Figure 3. The white lines are often split into two peaks
reflecting the crystal field potential acting on the 4d orbitals
resulting in t2g and eg manifolds for 6-coordinated Mo atoms
and t2 and e for 4-coordinated ones. (In the discussion, we use
the same designations for distorted MoO4 and MoO6 units for
simplicity.) As was demonstrated in the early work by Bare et
al., 4-coordinated Mo ions show a characteristic splitting
varying from 1.8 to 2.1 eV, and for the sites with six ligands in
the first coordination shell, the splitting lies within the 3−4.5
eV range.29 To quantify the magnitude of the white line
splitting in Mo L3 XANES spectra, the analysis of the second
derivative of the absorption spectrum is usually employed,24

allowing to distinguish easily between the two types of
coordination.

Figure 3. Experimental Mo Lα1-detected L3-edge HERFD-XANES
spectra of the investigated compounds in the order of increasing
formal oxidation state of Mo atoms, from top to bottom. See the text
for further details.

Figure 4. Dependence of the relative position of the first inflection
point of the white lines on the formal oxidation state of Mo ions in
the investigated compounds. The red line shows a parabolic fit to the
experimental points. On the main plot, the full error bar is less than
the symbol size.
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Spectra of all of the compounds, investigated in this work,
except for Mo metal, MoO2, and 2H-MoS2, reveal well-split
white lines (Figure 3). The higher spectral resolution in our
data allows for studying details of the energy distribution of the
empty d density of states, including direct observation of the
split manifolds and the fine peculiarities of an absorption
spectrum following the white line. In this context, the group
comprising Li2MoO4, Na2MoO4, CaMoO4, and ZrMo2O8 is of
special interest: Mo atoms are four-coordinated in all of them,
and the shape of the MoO4 units varies from a regular to a
strongly distorted tetrahedron. Analysis of the white lines in
these compounds with known structure may reveal the
capabilities of a qualitative analysis of the L3-edge HERFD-
XANES and will help to illustrate several important points.
The white line region of the spectra is shown in Figure 5,

and the most important parameters of the peaks are

summarized in Table 2 alongside the relevant parameters of
the local environments. The peaks corresponding to the empty
states of e symmetry show little variations in both full widths at

half-maximum (denoted as Γ in Table 2) and the index of
asymmetry (IoA), defined as the ratio of the half widths at half
height on the low- and high-energy sides of the peak.69 In
contrast, the t2 peaks reveal significant changes upon reduction
of the symmetry of the oxygen tetrahedron in CaMoO4 and
ZrMo2O8 compounds. In terms of molecular symmetry
language, the asymmetry of the peaks can be understood as
splitting of a 3-degenerate manifold caused by the reduction of
the symmetry from cubic. Orbitals of both e and t2 manifolds
interact with p orbitals of ligands, but the overlap is stronger
for the t2 orbitals because orbitals of this symmetry point
toward the ligands in this type of local environment.
Consequently, the latter are more sensitive to the changes of
on-site symmetry. The regular tetrahedral environment of Mo
in Na2MoO4 reveals itself in a perfectly symmetric t2 peak; in
lithium molybdate, deviations of the Mo−O bond lengths and
O−Mo−O angles from the regular ones result in growing
asymmetry and width of this peak. Further distortions of the
oxygen tetrahedron in CaMoO4 and ZrMo2O8 cause drastic
growth in both Γ and IoA of the t2 peak in these compounds
(see Table 2).
Mo in MoO3 is in a distorted octahedral environment;

therefore, the low-energy peak of the white line corresponds to
the empty states of t2g symmetry and the second peak to the
empty states of eg symmetry. Now the eg orbitals point toward
the ligands, showing hence a larger width than the t2g peak.
Because of a larger overlap between the d orbitals of Mo and
the p orbitals of O, the splitting of the white line is larger than
that in 4-coordinated compounds. Significant spread in both
bond angles and lengths in MoO3 results in a very complex
shape of the second peak (Figure 3), which must be fitted with
at least three Gaussians (see Figure S1). We conclude that in
general the shape of the second peak of the white line in Td and
Oh environments is more sensitive to the interaction with the
ligands and can thus be used for qualitative estimations of the
regularity of a ligand polyhedron. Careful analysis of the
changes of the second peak, for example, in operando studies,
can shed light on the mechanism of chemical reactions or
functioning of devices based on Mo compounds.
If the manifolds are spectroscopically well-distinguishable,

the energy separation between them can be quantified using
the difference between the peak maxima ΔEp or their centroids
(ΔEc) (Table 2), as determined by means of peak fitting. The
first approach can be recommended for quick estimations of
the type of an environment,29 because the overlap between the
metal d orbitals and p orbitals of a ligand is stronger in the
octahedral coordination and the observed splitting of a white
line is considerably bigger as compared to that in 4-
coordinated compounds. The second procedure provides the

Figure 5. White line region of the Lα1-detected L3 HERFD
absorption spectra of the compounds with 4-coordinated Mo6+ ions.
The vertical lines mark centroid positions for each peak of a respective
color.

Table 2. Parameters of the Peaks for the Compounds with Well-Split White Lines

t2 (t2g) e (eg)

compound
O−Mo−O min and max anglesa

(deg) Mo−O bond lengths (Å) Γ IoA Γ IoA
ΔEp (eV)
(±0.01)

ΔEc (eV)
(±0.01)

ZrMo2O8 106.8, 112.3 1.676, 1.733, 1.808, 1.813 2.00 1.95 1.02 1.08 1.7 2.12
CaMoO4 106.8, 115 4 × 1.775 1.72 1.44 1.09 1.00 2.0 2.25
Li2MoO4 107.2, 111.7 1.76, 1.763, 1.765, 1.77 1.43 1.06 1.10 −1.04 2.0 2.11
Na2MoO4 4 × 109.47 4 × 1.771 1.36 1.00 1.08 −1.04 1.9 1.98
MoO3 76.3, 103.8 1.671, 1.734, 2 × 1.948, 2.251,

2.332
1.38 −1.24 3.25 −2.41 3.5 3.1

aSee the Supporting Information for the details.
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difference in the average energies of the manifolds. In the
classic crystal field theory, the interaction between the metal
center and the ligands is reduced to the simple electrostatic
interaction, and the magnitude of the crystal field splitting is
proportional to the Me−ligand bond lengths. Table 2
unambiguously shows that neither ΔEp nor ΔEc correlates
with Mo−O (average) distances in the 4-coordinated
compounds. This point is especially clear for calcium and
sodium molybdates, which have comparable nearest neighbor
bond lengths but distinctively different ΔEp and ΔEc. Asakura
et al. have shown theoretically that changes in bond angles may
shift centroids of the manifolds even if the bond lengths remain
constant.70 In the ligand field theory which focuses on the
construction of molecular orbitals from the orbitals of ligands
and the metal center, the energy of an electron is the sum of
five components of different signs.71 Thus, the energy of the
splitting of a white line in a crystal field cannot be used for the
bond length estimations.
It was suggested previously that the intensity of feature A,

which is common for the spectra of all of the compounds
investigated in this work (Figures 3 and 6a), correlates with the
spread in Mo−ligand bond lengths.72 This conclusion cannot
be confirmed in our investigation. Figures 3 and S2 and Table
1 show unambiguously that despite a bigger difference in the

Mo−O bond lengths peak A is more intense in MoO3 than in
MoO2. Our analysis of the post-white line region of CaMoO4
shows that all of the features in this region result from electron
scattering from many coordination shells (CSs), not only from
the nearest neighbors. Calculated absorption spectra for the
cluster radii RC at which the most important changes in the
spectra occur are presented in Figure 6b (the core hole lifetime
broadening is not considered). Feature A is already observed at
RC = 3 Å, and its shape changes gradually upon increasing the
radius of the cluster, converging at RC ≈ 10 Å. Peak C appears
at RC = 4.15 Å, and features B and D appear at even larger
cluster radii. Whereas intensities of features A, B, and C evolve
smoothly, the intensity of feature D jumps up as RC changes
from 6.8 to 7.2 Å. We conclude that the shape and intensities
of the post-white line spectral features reflect the radial
ordering of the atoms around the absorber, which explains the
difference in the shapes of peak A in the molybdenum oxides
under consideration. In MoO3, the atoms beyond the oxygen
ligands combine into pairs in which atoms are equally
distanced from the central Mo atom, whereas, in MoO2,
most of the atoms are distanced (sometimes insignificantly)
differently from Mo. (The atomic distributions of atoms
around Mo for the molybdenum oxides, CaMoO4 and
Na2MoO4, are represented graphically in Figure S2.) This
implies that the single- and multiple-scattering path lengths
contributing to peak A in MoO2 may be spread almost
continuously over some range. Besides that, the types of
backscatterers (O and Mo) alternate more randomly in MoO2
than in MoO3. These two effects result in a broadening of peak
A in MoO2. ZrMo2O8 represents a case very similar to MoO2,
and the shapes of peak A in these two compounds are alike.
The example of the molybdenum oxides proves that a larger

spread in the nearest neighbor bond lengths does not
necessarily result in a lower radial atomic order. Therefore,
there is no straightforward correlation between the Mo−ligand
bond lengths and the parameters of peak A. It turns out,
however, that, in the compounds with equal Mo−O bond
lengths investigated in this work, the atoms beyond the first CS
are perfectly ordered over the CSs, and the CSs are distinctly
radially separated. As a consequence, the A peaks for CaMoO4
and Na2MoO4 are much more intense and narrow as compared
to those in the simple oxides. As such, in a spectrum with an
asymmetric second white line, a qualitative analysis of the
shape of post-edge peak A may help to disentangle the
contributions to the distortion of a ligand polyhedron from
bond lengths and angles. This can be seen nicely in calcium
molybdate where the difference in Mo−O bond angles gives
rise to an asymmetric t2 peak while the equal Mo−O bond
lengths cause a sharp and intense peak A.
The position of peak A in different compounds does not

correlate with the (average) Mo−O bond lengths (cf. CaMoO4
and Na2MoO4, Figure 3 and Table 1). It thus cannot be
considered as an analogue to the first continuum resonance in
the K-edge XANES. Upon substitution of ligands with atoms
of a different sort in a given compound, the position of this
spectral feature may depend on the average Mo−ligand bond
length.72 This process may be accompanied by changes in the
intensity and width of the peak due to the respective changes
in the radial ordering of atoms. Consequently, the changes in
the position, intensity, and shape of peak A with respect to a
reference compound can serve as a marker of ligand
substitution, for example, in chemical reactions.

Figure 6. (a) Experimental Lα1-detected L3 HERFD and calculated
using FDMNES (multiple scattering approach) absorption spectra of
CaMoO4. (b) Calculated unconvoluted absorption spectra of
CaMoO4 for different cluster radii, whose values (in Å) are indicated
above each curve. The dashed vertical lines are the guides to an eye.
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We summarize the semiquantitative analysis of the Mo L3-
edge:

1. The position of the first inflection point follows a
parabolic dependence on the oxidation state. For the
group of 6+ compounds with oxygen ligands, within the
experimental error, it does not depend on the
coordination number and distortions of the O
tetrahedron.

2. The white line often shows two distinct groups of
excitations that are separated by the crystal field
splitting.

3. The magnitude of the peak splitting is indicative of the
type of coordination, i.e., 4- or 6-fold coordination.29

4. The width and asymmetry of the second white line
relates to the regularity of the ligand polyhedron in
terms of bond distances and angles.

5. The white line splitting quantified using either peak
maxima or centroids does not correlate with the nearest
neighbor average bond length.

6. The post-edge peaks become broad with a large spread
in nearest neighbor bond distances due to the lowering
of radial atomic order. The peaks are rather insensitive
to Mo−O bond angles.

7. Peak A may be used to detect changes in bond distances
upon ligand substitution in a particular compound.

We note that the presence of several crystallographically
and/or chemically inequivalent species may significantly
complicate the analysis and even make the conclusions
incorrect. The contribution from several inequivalent species,
however, is expected to be readily seen in the HERFD spectra.
Wien2k Calculations. Interpretation of the spectral

features can be performed based on theoretical calculations.
Ideally, the crystal structure of a compound under investigation
is known. Codes working in reciprocal space are often the
preferred choice in the case of periodic solids, surfaces, and
monolayers. 2H-MoS2 L3-edge XANES spectra calculated
using Wien2k code in the ground state and in the potential
of half of an electron and of one electron removed from L3
core level are presented in the Figure 7. The spectrum
calculated for the ground state already reproduces the main
features of the experimental spectrum, i.e., the complex
structure of the white line peak and a shoulder on its high-
energy side. The width of the calculated white line, however,
seems to be slightly underestimated. Removal of one core
electron results in a collapse of the shoulder and peak splitting.
The best agreement with the experimental spectrum in terms
of line shape was achieved when taking out half an electron
from the L3 level; i.e., the core hole potential is taken for half a
positive charge. Applying half a core hole potential also
improves the energy spacing between the white line and the
spectral features after it. The features following the white line
do not change their relative positions or shapes with the core
hole potential owing to the delocalized character of these final
states.
To interpret the observed changes in the white line shape

upon core hole creation, orbital momentum projected partial
densities of states were calculated (Figure 8). The y and z axes
of the local coordinate system were chosen to point along the
crystallographic axes b and c of 2H-MoS2, respectively, in both
single and supercell calculations. The matrix elements for 2p→
5s transitions are 25 times smaller than those for 2p → 4d, and
the s-DOS is much smaller than the d-DOS in the white line

region. We focus therefore in the discussion on the d-DOS
only. In the ground state, the dz2 orbital and the double
degenerate dx2−y2 + dxy one are separated from the double-
degenerate dxz + dyz orbital by the magnitude of crystal field
splitting of 1.2 eV (measured between the centroids of the
bands, Figure 8a). As the S2− ion is a weak ligand, the splitting
is less than that in 4-coordinated Mo oxides. The splitting does
not reveal itself as two peaks in the spectrum because of the
significant width of the dxz + dyz band. The unscreened
potential of the core hole causes a strong redistribution of the
unoccupied states toward the lower energies, resulting in
changes of the shape of the white line. Another consequence of
the core hole is strong depletion of the dxz + dyz states in the
range 3−4.5 eV above the Fermi level (Figure 8b and c), which
form the high-energy shoulder in the calculated spectrum.
MoO2 is a metallic compound in which Mo cations have

formal charge 4+. For the calculations of the projected DOS,
the local coordinate system proposed by Eyert et al.73 was
adopted. Namely, the x-axis was chosen to point along the
tetragonal c-axis, whereas the z-axis is pointing to a corner of
the oxygen octahedron. In this local coordinate system, the dz2
and dxy orbitals contribute to the eg manifold, whereas the
dx2−y2, dxz, and dyz orbitals have t2g symmetry. The calculated
partial d-DOS for the ground state is shown in Figure 9a. The
admixture of the eg to t2g states and vice versa, clearly seen in
the DOS, can be ascribed to the deviation of the oxygen
octahedron from the regular shape. The (dxz, dyz) t2g and (dz2,
dxy) eg orbitals are split in the crystal field of the surrounding

Figure 7. Experimental Lα1-detected L3 HERFD and calculated
XANES spectra of 2H-MoS2.
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oxygen atoms by ∼3.5 eV. The dx2−y2 orbital, which mediates
direct Mo−Mo bonding, experiences a strong splitting into
bonding and anti-bonding components. The example of MoO2
demonstrates evidently that a discussion of the shape of a
white line in terms of crystal-field-split manifolds is not always
possible even for relatively regular environments and that
interactions with atoms beyond the first coordination shell may
be important.
The XANES for MoO2 calculated using the ground state

DOS does not reveal the double-peak structure observed
experimentally (Figure 10). The peaks emerge when half of an
electron is removed from the L3 level. The core hole potential
induces changes in the DOS of MoO2 similar to those in MoS2.
The peaks marked A′, B′, and C′ both in the calculated DOS
and XANES in Figures 9b and 10 result from substantial
redistribution of the DOS of all of the d orbitals. However, the
experimental splitting between A and B is smaller than the
distance between A′ and B′. A careful analysis of peak B
employing the second derivative shows that its shape is
nonuniform and there is a shoulder on its low-energy side (see
the inset in Figure 10) which may have an origin similar to C′
in the calculated spectrum. Thus, peak B is likely composed of
dx2−y2, dz2, and dxy orbitals.

Inclusion of the core hole potential was found to be a
prerequisite for getting calculated spectra of a required shape.
Another example demonstrating this point in Figure 11 shows
calculations with and without the core hole for calcium
molybdate. The presence of the core hole improves notably
both the shape of the second peak and the t2/e intensity ratio
but reduces the widths of the peaks as compared to the
experiment.
The intensities of the ligand-field-split peaks are not simply

given by the statistical weight of the unoccupied d orbitals but
are influenced by multiplet effects as a result of spin−orbit and
intra-atomic electron−electron interactions as well as mixing
between Mo and ligand orbitals which may be modified by a
core hole potential. Multiplet effects are not fully included in a
one-electron density functional theory approach. The calcu-
lated t2/e intensity ratio is smaller than that found
experimentally keeping in mind that the experimental ratio is
also likely to be reduced somewhat by the effect of self-
absorption. Similarly, the calculated B′/A′ peak ratio is smaller
than the experimental B/A ratio in MoO2, and the high-energy
side of the calculated spectrum seems to be suppressed. The
origin of these discrepancies may be the 2p4d multiplet effects,
as they cause spectral weight transfer from the t2g (e) to eg (t2)
manifolds.50 It should be noted, however, that the multiplet
effects affect the line shapes less significantly than the
unscreened core hole potential. As has been shown above,
the calculations with the core hole switched on already allow
correct discussion of the main spectral features. Thus, we
believe that the presented level of agreement between the
single-electron theory and experiment is sufficient to discuss

Figure 8. Total and partial Mo DOS in the ground state (a), in the
field of 0.5 L3 core hole potential (b), and full core hole potential (c)
for 2H-MoS2.

Figure 9. Orbital-resolved DOS of MoO2 in the ground (a) and in the
field of 0.5 core hole (b).
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experimentally observed differences among compounds, if only
line shapes but not intensities are considered.
Calculations Using FDMNES Code. Reciprocal-space

codes can be recommended for the calculations of bulks,
surfaces, and monolayered systems. The calculations of
molecules and systems with atomic substitutions on the
order of a few atomic percent may preferentially be carried out
using codes working in the real space. Here, we present the
results of calculation of Mo metal, 2H-MoS2, and CaMoO4
absorption spectra employing FDMNES code to show its
abilities in simulation of the Mo L3-edge XANES and to get a
potential user familiar with the most important parameters of
the calculations.
The calculated spectra along with the experimental ones are

plotted in Figure 12, and the key parameters, or “keywords”
using the FDMNES language, which we found to influence the
final results most notably are presented in Table S3.
The calculated spectra are in good agreement with the

experiment and can be used for an efficient interpretation of
experimental data. The spectrum of metallic Mo is predictably
well simulated without a core hole due to significant screening
of the core hole potential by the delocalized electrons. The
spectrum of CaMoO4 (taken from Figure 6a) represents the
best compromise among the white line splitting, the shape of
the post-white line features, and the energy spacing between
them and the white line. We were not able to further improve
the correspondence with the experiment for this compound.
The white line shape is quite similar to that calculated in

Wien2k for the ground state except for the peak splitting,
which is larger for FDMNES. One may suspect this difference
to originate from different population of the 4d orbitals
calculated by the codes. The electrostatic part of the energy of
a given orbital on a metal site will obviously decrease upon
removal of a part of an electron away from it. Indeed, the
population of the d-electrons calculated with Wien2k in the
potential of one-half of a core electron hole is 2.76 electrons,
whereas that calculated with FDMNES for the spectrum in
Figure 12c is 4.26 electrons. Figure 13 unambiguously shows a
positive correlation between ΔEp and the population of 4d
orbitals for CaMoO4. We, therefore, conclude that the
difference in crystal field splitting calculated using FDMNES
and Wien2k code most probably comes from the different
numbers of electrons on the 4d orbitals of molybdenum.

■ SUMMARY AND CONCLUSIONS
High-energy-resolution L3-edge spectra of molybdenum
compounds allow direct experimental observation of the
crystal-field-split unoccupied 4d states. The shape of the
second peak of a split white line in 4- and 6-fold-coordinated
compounds is sensitive to bond angles and distances and thus
reflects a distortion of the ligand polyhedron. The intensities
and shapes of the spectral features following the white line
provide the information on the radial ordering of the atoms
around the absorber. Combined analysis of the white line and
post-white line features can, in some cases, disentangle

Figure 10. Experimental Lα1-detected L3 HERFD and calculated
XANES spectra of MoO2.

Figure 11. Experimental Lα1-detected L3 HERFD and calculated
white lines of CaMoO4. The dashed vertical lines are the guides to an
eye.
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contributions of Mo−O bond angles and bond lengths to the
distortion of the oxygen tetrahedron. Changes in the shape and
position of peak A with respect to a reference can indicate a
ligand substitution around the absorbing atom.
The Wien2k code was shown to be able to reproduce the

shape of the experimental spectra well, though the line widths
and crystal field splittings are underestimated. We tentatively
explain the discrepancy between the experimental and
calculated spectra of MoO2 by 2p4d multiplet effects, which
cause transfer of spectral weight from the t2g to eg orbitals. The
same effects are likely responsible for the reduced t2/e ratio
calculated for calcium molybdate. These effects are less
important than the core hole potential, which has to be
taken into account in calculations to get a good agreement with
experiment. The reduced splitting of the white line in this
compound is most probably related to the underestimated
number of electrons on the 4d orbitals of the Mo atom.
Adequate calculated spectra can be obtained using FDMNES
code as well; however, an appropriate set of input parameters
has to be found for each compound.

The high spectral resolution in HERFD-XANES provides
important details on the local electronic structure in Mo
compounds that can be used for a stringent assessment of
calculations. This is relevant for many applications in materials
science where small spectral differences should be detected and
explained by modifications of the local structure. Instruments
for HERFD-XANES become increasingly available also in the
tender X-ray range, making the technique accessible to many
researchers.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c02600.

Structural parameters of the Mo references; the results
of peak fitting for the 4- and 6-coordinated compounds;
details of theoretical calculations; details of alignment of
theoretical and experimental spectra in each figure;
graphical representation of the radial atomic distribution
around the Mo atom in MoO2, MoO3, CaMoO4, and
Na2MoO4; additional information on the calculations
presented in Figure 13 (PDF)

Figure 12. Comparison of the experimental Lα1-detected L3 HERFD
absorption spectra with calculations using the FDMNES code. The
legend from part b is applicable to parts a and c.

Figure 13. Experimental spectrum and calculated white lines of
CaMoO4, corresponding to different populations of the 4d orbitals.
The spectrum represented with a red line was taken from Figure 12c.
The resulting populations are shown in parentheses above each
spectrum. Further details of the calculations can be found in the
Supporting Information.
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