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a b s t r a c t

Oxidation state and coordination of transition metal cations seems to be hard to assess when considering
multiple cations, each one with different possible oxidation states. In fact, this is the case of the spinel-
type double oxides family. High resolution Kβ X-ray fluorescence spectra were measured in
Mn(2�x)V(1þx)O4 (x¼0 and 1

3 ) spinels-type double oxides in order to determine the oxidation state
and coordination of V and Mn cations. The relative intensity of radiative Auger effect KM2,3M4,5 to the
total intensity and the integral absolute difference value were used as reference parameters for the
characterization of Mn oxidation states. The coordination of Mn ions was inferred by the intensity of
the Kβ5 line. In the case of V compounds, it was used as the intensity of the line Kβ′ relative to the total
area of Kβ region. The obtained results were further compared with X-ray absorption spectra analysis,
showing good agreements regarding the oxidation state characterization. However, there were found
some discrepancies in coordination, due to customary oversimplifications in the Kβ5 line origin. The
obtained results might represent valuable and useful data for chemical scopes of characterizing spinel-
type oxides family.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The characterization of the oxidation state and occupation sites
is a challenge typically found when studying and developing new
materials since magnetic and electrical properties may be deter-
mined. Moreover, it is possible to take advantage from this
characterization method for appropriate description, control and
prediction of materials physical properties. Particularly, the spinel-
type oxides are interesting and promising materials due to
potential technological applications. Actually, they are widely
studied mainly motivated by diverse effects arising from different
electronic correlations related to chemical composition and crystal
structure. Spinel-type compounds [1–3] are considered as new
research topic in the field of materials science since the discovery
of the magnetoresistance effect [4]. Spinel-type oxides exhibit
AB2O4 stoichiometry, where A and B are cations of either 2þ and
3þ charge or of 4þ and 2þ charge. This kind of materials present
structures described as a densely packed oxygen array with A and
B cations in tetrahedral (T) and octahedral (O) coordination,
respectively. A precise knowledge about cation distribution is

useful and sometimes mandatory for attaining improved under-
standing of the physical and magnetic properties, it is necessary to
determine the oxidation states and distribution between T and O
sites of Mn and V.

There are many techniques that can be used to study the
cations oxidation state and distribution between T and O sites.
Customary X-ray absorption fine structure (XAFS) [5] is the
technique most commonly used to explore low concentrated
metals or poor crystalline systems, e.g., to study the Mn coordina-
tion in doped perovskite SrTiO3 [6]. X-ray diffraction anomalous
fine structure is also used to obtain element-specific and site-
specific information on site occupancy, local structure, and valency
in epitaxial manganese ferrite thin films [7]. Okita et al. [8]
employed the X-Ray Anomalous Scattering to determine the cation
distribution in Mn–Zn–Fe ferrite, and Eba and Sakurai [2] reported
successful determination for manganese spinels by analyzing Kβ
X-ray fluorescence spectra investigating in detail ratio of intensi-
ties between Kβ′ satellite and Kβ5 bands. Although it is known that
there are also other conventional techniques for studying the
chemical environment of this type of metals, it is remarkable that
the obtained results were highly satisfactory, due to the high
reliability of the determination of the oxidation states.

In this paper, a detailed study of high resolution Kβ X-ray
emission spectra of family members spinel Mn(2�x)V(1þx)O4 (x¼0
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and 1
3 ) was performed in order to determine the oxidation states

and the coordination. Synthetic standards were used with known
oxidation states of Mn and V for further comparisons with studied
samples. For analysis purposes different spectral parameters were
used as reference. The relative intensities between RAE KM2,3M4,5

to the total Kβ region, and the integral of the absolute values of the
difference between two spectra and the Kβ5 relative intensity were
used for Mn characterizations. In the case of V compounds, the
reference spectral parameter was the intensity of the line Kβ′
relative to the total area was used. The results were contrasted
with X-ray absorption spectra analysis, obtaining very good
agreements, which might suggest a validation of the X-ray emis-
sion spectroscopy as a powerful technique for studying chemical
environment.

2. Theoretical background

2.1. Kβ X-ray emission spectroscopy

High resolution X-ray emission spectroscopy (XES) experi-
ments are based on measuring changes in some spectral features
in correspondence to specific chemical environment. Different
X-ray spectra properties may be modified like X-ray energy shifts,
satellite lines (if any) and variation of line shapes and relative
intensities. Electronic transitions from the molecular orbitals to a
core-level are suitable candidates for chemically sensitive fluores-
cence lines, since the character of the molecular orbitals depends
on the specific chemical species, thus the effect on the structure of
the emission spectrum may be clearly observed [9]. Electron
changes 3p-1s in transition metal compounds represent the
main contribution the Kβ X-ray emission spectra and thereby the
Kβ1,3 line is dominant; whereas satellite structures might provide
information about oxidation state, ligand type and metal–ligand
bonding length [9–15]. The main Kβ region splits into multiplets
spread over a region of about 15 eV, being mainly composed of the
strong Kβ1,3 line and a less intense Kβ′ and Kβx satellite lines at
lower energies. These structures may be explained by ligand field
multiplet model [16], where Kβ′ line is due to the 3p3d exchange
interaction and Kβx line due to spin flip of the 3d electron.

Besides the radiative events, the reorganization of an atom
might be due to radiative Auger transitions. The Radiative Auger
Effect (RAE) causes a satellite structure on the low energy side of
the main peak [17]. The RAE is a process competitive to emission
of the diagram line, in which the inner-shell hole is filled by a
transition of an electron from an outer shell electron. This process
results in photon emission simultaneously with an outer shell
electron transition to an unoccupied atomic bound state or the
continuum. Then, the emitted X-ray photon shares its energy with
the excited electron. The KMiMj represents a K-Mi transition
where the relaxation energy is sheared with a photon of energy hν
and an Auger electron ejected from the Mj shell with a kinetic
energy Eel [18,19]. In the particular case of i¼2,3 and j¼4,5
(KM2,3M4,5) the RAE transitions correspond to K-M2,3 transitions
that could be associated to the Kβ1,3 line with emission of an M4,5

electron with a bounding energy E(M4,5)¼3.370.5 eV for Mn
atoms [20]. Therefore, the emitted photon energy is hν¼E
(Kβ1,3)�E(M4,5)�Eel, according to energy conservation. This phe-
nomenon is observed as a peak located at the low-energy side
of peak Kβ1,3 main peak producing an asymmetric peak shape.
For first row transition atoms, variations in the KM2,3M4,5 RAE
intensity is related with the oxidation state, since this line is
related to 3d electrons. Actually, it was studied for different Ti [19]
and Fe compounds [21,22].

At energies higher than those corresponding to Kβ1,3 line,
two structures of lines Kβ″ and Kβ5 are observed that may be

interpreted by the MO theory [23]. The Kβ″ line is originated from
transitions of molecular orbital, 4t2-1a1 (4t1u-1a1) transition for
T (O) symmetry, with mainly contribution of ligand-2s, to the
atomic orbital 1s of the central atom [24]. On the other hand, the
Kβ5 band is formed by transitions filling the metal 1s vacancy from
molecular orbitals with mainly atomic orbital contributions of
ligand-2p and metal-3d (ligand-2p) for T (O) symmetry [24].Then,
the Kβ5 band involves a valence-to-core transitions which are
chemically sensitive and can be used to study the chemical
environment [10–13].

The sensitivity to chemical environment, along with the strong
correlation between experiment and theory, suggests that the
high-resolution Kβ emission spectra might be a useful predictive
tool for atom active site characterization. Kβ-XES techniques were
previously successfully used for the determination of the chemical
environment of several transition metals [10–15,21,24–33].

2.2. X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is the conventional tech-
nique for analyzing the chemical environment of an element in an
unknown material and was developed in the early 1970s [5].
The acronym XAS covers both X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS)
spectroscopy techniques. XANES can be used to determine the
valence state and coordination geometry, while EXAFS can be used
to determine the local molecular structure, distance and coordina-
tion number of the surrounding atoms, of a particular element
within a sample. A summary of this technique can be found in
Refs. [34,35]. The XANES region includes the pre-edge, the edge,
and the first oscillations, containing chemical and structural
information of the absorber atom [36]. The edge energy for an
element in a higher oxidation state is usually shifted by up to
several electronvolts to a higher X-ray energy [37]. The intensity of
the pre-edge peak is generally used qualitatively to obtain infor-
mation on symmetry site. In the case of Mn K-edge, pre-edge
properties are related to electronic transition from 1s core levels to
the empty 3d levels, more or less 4p hybridized by the ligand,
probing thus the density of the lowest unoccupied state. These
electronic transitions become dipolar allowed when the inversion
center is lost. In this case, the lost of symmetry permits partial
overlapping and mixing of the unfilled d state of the metal with
the 4p orbital of the metal. Pre-edge intensity will be virtually zero
(under dipole approximation) in the case of regular O symmetry
around the absorber, whereas it will have a higher intensity in the
case of the T symmetry. Actually, as the main transitions at the
K-edge are electric dipolar allowed, it is assumed that the pre-edge
peak area could be correlated to the percentage of metal 4p atomic
orbital hybridized with the metal 3d atomic orbitals [38].

3. Experimental

Determination of oxidation state and site occupancy for
spinel-type oxides Mn(2�x)V(1þx)O4 (x¼0 and 1

3 ) by means of
high-resolution Kβ emission spectroscopy and X-ray absorption
spectroscopy was performed using different simple oxides and
oxyspinels of Mn and V.

3.1. Sample synthesis

The Mn(2�x)V(1þx)O4 (x¼0 and 1
3 ) compounds were synthe-

sized using MnO, V2O3 and VO2 mixing them in different concen-
trations according to the corresponding of the desired phases.
Further details of these characterizations can be found in Ref. [3].
XES and XAS manganese measurements were carried out using
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standard samples of spinel-type double oxides: Mn(1þz)Cr(2�z)O4

and Zn(1�z)Mn(2þz)O4 (z¼0, 0.25, 0.5, 0.75 and 1) elaborating
them by traditional ceramic methods, mixing specific stoichiometric
quantities of the corresponding simples oxides (see Ref. [2]).
Vanadium was standardized against V2O3, VO2 and V2O5,
because V-bearing spinels are rather difficult to synthesize and
the products require an independent confirmation of the oxida-
tion state of V. Samples quality was evaluated by laboratory
powder X-ray diffraction. Standard samples identity and purity
were controlled by the Rietveld method using the FULLPROF
software [39]; whereas formal oxidation states and site occu-
pancy of Mn in standard spinel-type double oxides are already
known [2].

3.2. XES measurements

High-resolution Kβ spectra were obtained at National Syn-
chrotron Light Laboratory – LNLS (Campinas, Brazil) [40] and at
Facultad de Matemática, Astronomía y Física (FAMAF), Universidad
Nacional de Córdoba, Argentina [24]. The non-conventional spec-
trometer used is based on a spherically focusing crystal analyzer
operated at nearly back-diffraction geometry capable to achieve
high energy-resolution spectrum characterization. Both of these
spectrometers were previously employed to study several Cr and
Mn compounds [24,27,32]. The large effective area of the analy-
zer allows it to collect scattered radiation in a solid angle up to
32 msr. Symmetrical reflection geometry was used, so that
excitation and further detection was measured at 451 geometry.
The whole spectrometer (sample holder, analyzer and detector) is
enclosed in an evacuated chamber (�0.05 mbar) avoiding X-ray
attenuation and scattering from air. The incident beam flux
is monitored by registering scattered radiation from a Mylar film
across the incident beam path. Both main and monitor measure-
ments were performed by a 7 mm2 active area of Si pin diode
detectors.

The spectrometer installed at FAMAF, mounted on an adapted
Philips horizontal goniometer PW1380, was employed for char-
acterization of Mn compounds. The whole spectrum from a cobalt-
target X-ray conventional tube, operated at 37.5 kV and 40 mA,
was used as irradiation source. High-resolution Kβ emission
spectra were measured by a recorded scanning procedure
consisting of 0.3 eV steps around the main line by moving the
analyzer and the detector synchronously. The analyzer curvature
radius is (41072) mm and the Bragg angle corresponding to the
Mn-Kβ1,3 line is 84.21 using the (440) reflection of the Si(110)
spherically analyzer. An indicator of counting rates was around
950 counts s�1 for a spot size of 1.2 mm2 in measurements of the
Kβ1,3 line of Mn(2�x)V(1þx)O4 (x¼0 and 1

3 ) whereas the signal-to-
background ratio was better than 40. The resolution of this
spectrometer was determined to be 0.8 eV for the Mn Kβ1,3 line.
For calculation details see Ref. [40]. The whole acquisition time for
each spectrum was 150 min, approximately.

On the other hand, when considering V compounds it was
necessary to acquire high resolution spectra adapting and instal-
ling the spectrometer at the D12A-XRD1 beamline of the LNLS,
because conventional X-ray source do not offer good enough total
photon flux in this case. Samples were excited by a 5.57 keV
monochromatic beam and the energy analysis of fluorescence
photons was performed by a focusing Si(331) crystal scanning, in
steps of about 0.7 eV, around the V-Kβ1,3 emission line, whose
Bragg angle is 66.461. The calculated energy resolution was 10.5 eV
for the V-Kβ1,3 line [40]. Clearly, the obtained energy-resolution for
V spectra was poorer than in the case of Mn, due to the notable
difference in the analyzer Bragg angle. The curvature radius of this
analyzer is (41972) mm. In the case of Mn(2�x)V(1þx)O4 (x¼0 and 1

3 )
spinel-type oxides the whole acquisition time for each spectrum

was around 180 min. The Kβ1,3 line counting rate was of around
400 count s�1 for a spot size of 3.0 mm2 and the signal-to-
background ratio was better than 70.

The energy scale was calibrated using the value of the Kβ1,3 line
of Mn0 and V0 given by Bearden [41] (EKβ1,3¼6490.45 eV for Mn
and 5427.29 eV for V). The spectra were normalized to the incident
intensity accounting for beam fluctuations, and a linear back-
ground was subtracted so that accurate spectral parameters might
be attained. Besides, each measured spectrum were normalized to
a constant value for the maximum of Kβ1,3 line, in order to
compensate differences of concentration and other conditions
among different samples. Estimations of uncertainties associated
with experimental procedures were determined for all spectral
parameters of interest by means of fitting errors. Fig. 1 shows three
Voigt functions, representing the Kβ′, Kβx and Kβ1,3 peaks. Addi-
tionally, Exponentially Modified Gaussian (EMG) functions, neces-
sary to include RAE contribution, were fitted in order to reproduce
the peaks features in the main Kβ region. When considering
regions including the Kβ″ and Kβ5 lines, in the approach of major
contributions, three Voigt functions were used to fit the experi-
mental spectra, one for Kβ″ and two for Kβ5. The energy position of
the RAE peak was determined from the atomic energy of the M4,5

level [20]. Due to the low resolution in V compounds, only four
Voigt function were fitted representing all the Kβ spectral features,
as shown in Fig. 2.

Fig. 1. Mn-Kβ emission spectrum of ZnMn2O4. (○): Experimental data. (—): Fitting
curve and the corresponding contributions of individual Voigt and EMG functions
(—) in the Kβ main region (a) and three Voigt functions in the Kβ″–Kβ5 region (b).
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3.3. XAS measurements

To verify the obtained results of Mn and V from high-resolution
XES, Mn-K X-ray absorption spectra were performed. The experi-
mental Mn K-edge XAS spectra were acquired at the D04B-XAFS1
beamline of the LNLS. The XAS spectra were measured using a Si
(111) single channel-cut crystal as beam monochromator and a slit
aperture of 0.3 mm achieving energy resolution of about 1 eV [42].
The XAS spectra were collected in transmission mode using three
ion chambers, with air at atmospheric pressure, as detectors. The
energy calibration was accomplished by simultaneous absorption
measurements on the Mn metal sample positioned between the
second and the third ionization chamber. Suitable amounts of
powered compounds were deposited on a cellulose membrane to
attain an optimal sample thickness for transmission experiments
(edge jump close to 1). Normalized XANES spectra were obtained
by the Multiplatform Applications for XAFS code (MAX) [43].
As an example, Fig. 3 reports XANES spectra corresponding to
Mn(2�x)V(1þx)O4 (x¼0 and 1

3 ) spinels-type double oxides. There
can be appreciated typical spectrum characteristics: the pre-edge
peak, the edge energy position and the first oscillations. The
Mn2VO4 data have been move upwards 0.2 to avoid data over-
lapping. Due to the complexity of the spinels, achieved fittings of

the EXAFS spectra were not reliable enough, therefore this part of
the XAS spectra was not considered in this work.

4. Results and discussions

The chemical effects on XES are well known. Actually, they
were often used to characterize of chemical bonding. Thereafter,
the specific features of a high-resolution X-ray emission spectrum
are related to the local structure of the studied atoms (Mn or V).
Several parameters of the Kβ spectrum change with the chemical
environment [10,11,13,14,24,25,27] without dependence upon
relative intensity but being correlated to energy resolution.
Thereby it becomes necessary attain convenient spectral para-
meters selections to quantify the oxidation state (coordination),
looking for certain parameters varying linearly with the oxidation
state (coordination) of the standard samples. In the case of Mn
compounds, one of the oxidation state quantification parameter
used was the intensity of contributions of RAE KM2,3M4,5 line
relative to the total area of Kβ region (hereafter IRAE). The other
spectral parameter was the integral of the absolute values of the
difference between two spectra, one of which is considered as
reference spectrum (hereafter IAD) [44]. Particulary, the MnCr2O4

spectrum was taken as the reference spectrum. The IAD parameter
accounts information from the entire spectrum and it can be
computed without requirements of preceding results obtained
from theoretical models. It is only necessary to perfom a simple
pre-analysis: area normalization and main line alignment using its
first moment, which was calculated considering nothing but
the spectrum region with intensities greater than 50% relative to
the maximum intensity. This alignment is necessary to enhance
the spectral differences in satellites lines due to changes in the
chemical environment of the element under study. This parameter
can be directly obtained, but requiring analog acquisition condi-
tions for the whole set of experimental data. When using IRAE and
IAD parameters, oxidation states of unknown samples were
determined by the parameters of equation of the best-fit line, as
shown in Figs. 4 and 5. The calculated spinels oxidation states values
and corresponding uncertainties, determined by error propagation,
are presented as an inset in the corresponding figures.

Fig. 4 shows relative intensities between 14% and 20% for RAE
KM2,3M4,5 transition obtained by the fitting procedure. According
to the theory [45], KMM line should be 1–6% of the intensity of the

Fig. 2. V-Kβ emission spectrum of V2O3. (○): Experimental data. (—): Fitting curve
and the corresponding contributions of individual Voigt functions (—). The Kβ″–Kβ5
region was expanded in order to make clear its structure.

Fig. 3. Mn K-edge XANES spectra of studied spinels. The Mn2VO4 data has been
move upwards 0.2 to avoid data overlapping.

Fig. 4. Intensity of RAE KM2,3M4,5 peak relative to the total area of Kβ region as
function of Mn oxidation state. (●): Mn(1þz)Cr(2�z)O4 and Zn(1�z)Mn(2þz)O4 (z¼0,
0.25, 0.5, 0.75 and 1) spinel-type double oxides. (—): Linear regression of
experimental data. Inset: calculated Mn oxidation state for Mn(2�x)V(1þx)O4 spinels
using the linear regression.
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Kβ1,3 lines [46,47]. However, they do not distinguish between
inner-shell M electrons (3s, 3p) and valence electrons. It is also
known that the intensity of the RAE line in certain X-compound
(where X¼transition metal) is greater than for the X pure element,
and also dependent on their chemical environment [19,46,48],
and most of the RAE emission studies were for pure elements.
In addition, this region of the spectrum also include some multiplets
structure predicted by crystal-field multiplet calculations [49–51]
which was not deconvolved in this work to facilitate spectral
analysis. The increase in the IRAE with oxidation state, as shown in
Fig. 4, can be qualitative explained, regardless the multiplet
contribution [50,51], by the change in the screening effect in the
3d shell. When the oxidation state increases, the number of
electrons in the 3d shell decreases then its screening effect is
reduced. Then, the 3d electrons became more localized. The
localized electrons are more subject to the sudden change in the
atomic potential than the delocalized electrons; hence the loca-
lized electrons are more easily shaken off from the atom [19] and
the probability of corresponding RAE process increases.

Regarding the IAD parameter, it resulted proportional to the
nominal spin S thus being useful to the study of the spin state in a
particular compound [44]. When considering Mn compounds in a
high spin state, S is related to the oxidation state of manganese
(OMn) by S¼7�OMn, and IAD parameterizations trend to follow
a linear relationship with a negative slope, as shown in Fig. 5.
IAD uncertainties were calculated based on the IAD definition by
considering statistical deviations corresponding to parameters'
values smaller than the spot size. It were found slight dispersions
of data suggesting that this parameter might be suitable for
oxidation state quantification even considering direct calculations
and minor experimental data treatment.

The Kβ5 band is affected by changes of oxidation state and it has
also some structures in both cases depending on the coordination
number [11,24,25]. The Kβ5 band is formed by transitions filling
the metal 1s vacancy from orbitals contributions arising mainly
from oxygen-2p and metal-3d for T symmetry, and also from
ligand-2p for O symmetry. Similarly, the spinel-type oxide Mn3O4

(Zn(1�z)Mn(2þz)O4, z¼1) takes as well distorted spinel structure,
therefore one-third of the Mn has a coordination number four (site
A) and two-thirds have six (site B). When considering the case of
spinel-type oxide Mn(1þz)Cr(2�z)O4 with z¼0, it has a Mn2þ ion,
occupying site A, with coordination number four; when the Mn/Cr
ratio is more than 1

2 excess Mn ions replace chromium ions in site

B as Mn3þ . Unlike, Zn(1�z)Mn(2þz)O4 with z¼0 is also a normal
spinel and Mn3þ occupies site B, then their coordination number
is six and when the Mn/Zn ratio is greater than 2, excess Mn ions
replace Zn ions in site A as Mn2þ . For the whole series of spinel-
type oxide Zn(1�z)Mn(2þz)O4 and Mn(1þz)Cr(2�z)O4 (z¼0, 0.25, 0.5,
0.75 and 1), the coordination number of Mn can be assessed by
relatively simple relationships [2].

Fig. 6 shows the Kβ5 intensity relative to the total intensity of
Kβ region (IKβ5) as a function of Mn coordination number for the
studied spinel-type oxide series. It can be observed an increasing
linear tendency with a clear dispersion of calculated values, being
the IKβ5 uncertainties greater than previous cases (see Figs. 4 and 5).
An increase in coordination number enlarges valence-to-core
transition probabilities, involving the atomic orbital 2p of the
ligand representing the main contribution in the Kβ5 peak. Thereby,
global growing tendencies of the IKβ5 parameter with the Mn
coordination might be explained showing also good agreement with
Eba and Sakurai [2]. In order to characterize the Mn coordination in
the studied spinels, a linear regression to corresponding values of
spinel-type oxide were fitted to determine the Mn coordination
numbers of samples being studied. The obtained results for Mn
coordination numbers mean values and corresponding uncertainties
are presented in Fig. 6.

The poor energy resolution achieved for V spectra measure-
ments (about 11 eV) precluded separation of the RAE KM2,3M4,5

line and multiples structure contributions from that of the Kβ1,3
line, and that the spectral differences of V-compounds with
different oxidation state were very slight. So, poor energy resolu-
tion limited V compounds characterization avoiding the use of the
same parameters as for Mn compounds. Instead, the intensity of
the line Kβ′ relative to the total area of Kβ region (IKβ′) was used.
Fig. 7 shows the inverse linear relationship of IKβ′ with the
oxidation state for V simple oxides. The Kβ′ intensity, according
to Tsutsumi's model [52], should be quite proportional to the ratio
between final state multiplicities, leading to S/(Sþ1), S being the
nominal spin in the incomplete 3d shell. Moreover, it is related to
the oxidation state of vanadium (OV) as S¼7�OV. According to this
reasoning, and neglecting the contributions of RAE KM2,3M4,5 and
Kβx lines, simple models might satisfactory describe the decreas-
ing trend of IKβ′ with OV, but on the other hand it might fail to
accurately reproduce its functional dependence [27]. The oxidation
state of V in the unknown samples was determined using the
calibration line of V2O3, VO2 and V2O5 data, as shown in Fig. 7.
Simple V oxides were used to determine the oxidation state of V in

Fig. 5. IAD parameter as a function of Mn oxidation state. (●): Mn(1þz)Cr(2�z)O4

and Zn(1�z)Mn(2þz)O4 (z¼0, 0.25, 0.5, 0.75 and 1) spinel-type double oxides. (—):
Linear regression of experimental data. Error bars are smaller than the spot size.
Inset: calculated Mn oxidation state for Mn(2�x)V(1þx)O4 spinels using the linear
regression.

Fig. 6. Kβ5 intensity relative to the total area of Kβ region as function of Mn
coordination number. (●): Mn(1þz)Cr(2�z)O4 and Zn(1�z)Mn(2þz)O4 (z¼0, 0.25, 0.5,
0.75 and 1) spinel-type double oxides. (—): Linear regression of experimental data.
Inset: calculated Mn coordination number for Mn(2�x)V(1þx)O4 spinels using the
linear regression.
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the studied samples because V-bearing spinels are rather difficult
to synthesize and the products require an independent confirma-
tion of the oxidation state of V. The sum of cations charges, taking
into account the calculated V and Mn oxidation states, gives
consistent and appropriate results (c.a. 8, the absolute value of
anions charge).

In order to compare the Mn and V characterization results of
the spinel-type oxides Mn(2�x)V(1þx)O4 (x¼0 and 1

3 ) by high-
resolution Kβ XES, Mn-K XANES spectra were used to determine
the oxidation state and the coordination, using the edge energy
position and pre-edge area, respectively. From the X-ray absorp-
tion spectrum, energy position was measured determining the
edge energy half way up the normalized-edge step as usual for
absorption equal to 0.5. Clearly, two different linear tendencies are
observed in Fig. 8, corresponding to each standard sample group
(Cr-bearing spinels and Zn-bearing spinels). When considering
oxidation states 2þ and 3þ , significant dispersions were found for
Mn-K edge energy between spinel-type oxides and simple oxides,
reinforcing the fact that the edge energy not only depends on the
oxidation state but also on the chemical environment [36]. Then,
the Cr-bearing spinel linear fit was used for Mn oxidation state
determination in the Mn(2�x)V(1þx)O4 spinels, since their Mn-K
edge energies are similar. The obtained values of Mn oxidation

states in Mn(2�x)V(1þx)O4 (x¼0 and 1
3 ) spinels exhibit good agree-

ment with those corresponding to XES techniques, as shown as
insets show in the reported figures.

To extract the pre-edge feature, the contribution of the edge
jump to the pre-edge was modeled near pre-edge with a Lorent-
zian function. The area of the extracted pre-edge, calculated by a
simple integral, as a function of Mn coordination number is shown
in Fig. 9 for the series of spinel-type oxide Zn(1�z)Mn(2þz)O4 and
Mn(1þz)Cr(2�z)O4 (z¼0, 0.25, 0.5, 0.75 and 1). It was found a
remarkable linear behavior with slight dispersions. It has to be
highlighted that the two spinel-type oxide series show the same
linear behavior, unlike what is observed in Fig. 8. The symmetry
around absorbing atom strongly affects pre-edge transition, find-
ing a very low intensity pre-edge peak for O symmetry and largest
for pure T symmetry [53,54]. Increasing z (from 0 up to 1) in
Zn(1�z)Mn(2þz)O4 diminishes the Mn occupancy of site B (related
to the O symmetry), and decreasing z (from 1 up to 0) in
Mn(1þz)Cr(2�z)O4 the Mn occupancy of site B decreases too. The
MnCr2O4 spinel has a pure T symmetry showing the greatest value
of pre-edge area, while ZnMn2O4, with an O distorted symmetry
by Jahn–Teller effect, exhibits the lowest value [54]. A linear
regression to corresponding values of spinel-type oxide series
was fitted to determine the unknown coordination of the studied
samples. The obtained results are shown in Fig. 9. The calculated
Mn coordination number of Mn5/3V4/3O4 agrees with those deter-
mined using IKβ5 parameter. Unlike, in the case of Mn2VO4 the Mn
coordination values are significantly different, thus suggesting that
more reliable the coordination number obtained by means of Mn-K
pre-edge area perhaps due to possible mixed effects (chemical and
atomic) in the Kβ5 band [11]. Besides, the Mn coordination
numbers obtained for Mn(2�x)V(1þx)O4 (x¼0 and 1

3 ) spinels, using
pre-edge area reported in Fig. 9 are in good agreement with the
Mn site occupancies obtained by Pannunzio-Miner et al. [3].

The oxidation state and coordination number of cations in the
Mn(2�x)V(1þx)O4 (x¼0 and 1

3 ) spinels, determined by high-
resolution XES and XANES spectra are presented in the insets of
Figs. 4–9. The Mn oxidation state values, calculated according to
the parameters described above and based on both emission and
absorption spectra, were indistinguishable and equal to 2þ . This
issue suggests to fortify the model regarding the oxidation states
of Mn and the site occupancies in Mn(2�x)V(1þx)O4 (x¼0 and 1

3 )
spinels assumed, without precise experimental descriptions by
Pannunzio-Miner et al. [3]. Then, if the oxidation state of V is fixed
by charge-balance constraints it implies 4þ for Mn2VO4 and 3.5þ
for Mn5/3V4/3O4, being in good agreement with the calculated values.

Fig. 7. Kβ′ intensity relative to the total area of Kβ region as function of V oxidation
state for simple oxides (●). (—): Linear regression of experimental data. Inset:
calculated V oxidation state for Mn(2�x)V(1þx)O4 spinels using the linear regression.

Fig. 8. Mn-K absorption edge energy as function of Mn oxidation state. (○): Mn
simple oxides. (●): Mn(1þz)Cr(2�z)O4 and Zn(1�z)Mn(2þz)O4 (z¼0, 0.25, 0.5, 0.75 and 1)
spinel-type double oxides. (—): Linear regression corresponding to Mn(1þz)Cr(2�z)O4

experimental data. Inset: calculated Mn oxidation state for Mn(2�x)V(1þx)O4 spinels
using the linear regression.

Fig. 9. Mn-K absorption pre-peak area as function of Mn coordination number. (●):
Mn(1þz)Cr(2�z)O4 and Zn(1�z)Mn(2þz)O4 (z¼0, 0.25, 0.5, 0.75 and 1) spinel-type
double oxides. (—): Linear regression of experimental data. Inset: calculated Mn
coordination number for Mn(2�x)V(1þx)O4 spinels using the linear regression.
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It should be stressed that no oxygen vacancies were detected in
these spinels [3], so that a total negative charge of 8 can be safely
assumed. It can be also observed that the calculated oxidation
state through IRAE parameter have relative confidence deviations
of 5% being lower than relative uncertainties for other para-
meters. It might be associated to small dispersion of the experi-
mental data. On the other hand, the obtained results for the IAD
parameter exhibit relative deviations of 9%. But when considering
oxidation states between 2þ and 3þ , the IAD parameter presents
larger variations than the other parameters, which might be inter-
preted as high sensitivity to distinguish oxidation states. Although
oxidation state determination of V in the studied samples was
performed using V simple oxides, the obtained results showed a
good behavior with relative deviations of 9%.

Regarding the characterization of coordination by XANES
spectra, it is to point out that results obtained using the Mn-K
pre-edge area show good performance presenting relative devia-
tions of 2%. Hence, it constitutes evidence for supporting that this
seems to be suitable in order to assess the coordination number of
an atom. Despite presenting relative deviations of about 8%, results
for coordination number achieved with the IKβ5 parameter do not
appear in correspondence with the expected appropriate behavior,
getting an indistinguishable (distinguishable) results for the sam-
ple Mn5/3V4/3O4 (Mn2VO4) calculating the corresponding coordi-
nation number by Mn-K pre-edge area and neutrons diffraction:
4.8 and 5.1 for Mn5/3V4/3O4 and Mn2VO4, respectively [3]. Some
reasons to discrepancies might be due to oversimplifications for
the origin of the Kβ5, which was assumed as a cross-over transi-
tion. It is known by molecular orbitals calculations that this line is
not a pure cross-over transition but also has quadrupolar con-
tributions which reduced its dependence with coordination [52].

5. Conclusions

X-ray emission spectroscopy is a useful technique to determine
oxidation states of transition elements in complex compounds like
spinels. This technique is based on the analysis of satellite lines in
emission spectra arising from transitions between valence orbitals
and the metal ion 1s level. High-resolution Kβ spectra provide
information that is complementary to other spectroscopic techni-
ques, like XANES and EXAFS. Although absorption techniques, like
XANES, are well established, the possibility of using XES with
conventional X-ray sources (as opposed to synchrotron-generated
radiation) makes it a versatile and low-cost technique. The
obtained data were useful for obtaining first chemical environ-
mental characterization of spinel-type oxides family, and confirm
the model regarding the oxidation states of V and Mn and their
site occupancies in Mn(2�x)V(1þx)O4 spinels proposed by
Pannunzio-Miner et al. [3]. Hence, the developed method demon-
strated to be capable of assess magnetic and transport properties
in this spinel-type oxides, constituting a valuable tool for technical
applications.

A detailed study of high resolution Kβ X-ray emission spectra of
family members spinel Mn(2�x)V(1þx)O4 (x¼0 and 1

3 ) was per-
formed to get the oxidation states and coordination of Mn and V.
The obtained results were verified with X-ray absorption spectra,
showing a very good concordance in the oxidation state determi-
nation. The intensity of RAE KM2,3M4,5 relative to the total area
intensity along with IAD values were used as reference parameters
to Mn oxidation state characterizations. Furthermore, it proved to
be a useful parameter when considering spectrum measurements
with high energy resolution. While IRAE proved a good parameter
to oxidation state characterization, it is necessary to note that
the spectral region containing this contribution is also affected
by a broad multiplet structure. In addition, there may be also

contributions of X-ray Raman scattering [49–51]. Therefore, it is
clear that a detailed and thorough study, both theoretical and
experimental, is needed to determine separately the contributions
of mutiplets and RAE in this region of the spectrum, and its
dependence on the oxidation state. In the cases of V compounds,
it was used the intensity of the line Kβ′ relative to the total area.
Parameters' uncertainties calculated by XES characterizations
were similar to that obtained by XAS.

In addition, the coordination number of Mn was found using
the Kβ spectra but some discrepancies with XAS determination
were found. As mentioned, this feature might be due because this
band is not a pure cross-over transition actually having quad-
rupolar contributions weakening its dependence with coordina-
tion number [52]. A deeply study of Kβ5 band behavior may be
necessary, especially for complex compounds, to elucidate its
dependence with coordination, allowing to be considered to
coordination characterization.
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