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a b s t r a c t

Oxidation states of transition metal cations in spinels-type oxides are sometimes extremely difficult to
determine by conventional spectroscopic methods. One of the most complex cases occurs when there are
different cations, each one with several possible oxidation states, as in the case of the magnetoresistant
Mn(2�x)V(1+x)O4 (x¼0, 1/3 and 1) spinel-type family. In this contribution we describe the determination
of the oxidation state of manganese and vanadium in Mn(2�x)V(1+x)O4 (x¼0, 1/3,1) spinel-type
compounds by analyzing XANES and high-resolution Kβ X-ray fluorescence spectra. The ionic models
found are Mn2+

2 V4+O4, Mn2+
5/3V

3.5+
4/3 O4 and Mn2+V3+

2 O4. Combination of the present results with previous
data provided a reliable cation distribution model. For these spinels, single magnetic electron
paramagnetic resonance (EPR) lines are observed at 480 K showing the interaction among the different
magnetic ions. The analysis of the EPR parameters show that g-values and relative intensities are highly
influenced by the concentration and the high-spin state of Mn2+. EPR broadening linewidth is explained
in terms of the bottleneck effect, which is due to the presence of the fast relaxing V3+ ion instead of the
weak Mn2+ (S state) coupled to the lattice. The EPR results, at high temperature, are well explained
assuming the oxidation states of the magnetic ions obtained by the other spectroscopic techniques.

& 2013 Elsevier Inc. All rights reserved.
1. Introduction

In the design of oxides with potential technological applica-
tions, a detailed knowledge of the electronic configurations of the
constituent elements plays an essential role. From the simple
presence of magnetic correlations, to the more exotic phenomena
related to them, all are controlled by the electronic structure of
the material. The spinel case is very interesting in this regard and
has been widely studied, as it shows a variety of effects due to
different electronic correlations related to chemical composition
(number of electrons) and crystal structure (where those electrons
are located, and how they can interact with each other).

Materials belonging to the spinel family have an AB2X4 stoi-
chiometry, where A and B are cations of either 2+ and 3+ charge
ll rights reserved.

o), eminer@fcq.unc.edu.ar,
or of 4+ and 2+ charge, and X represents O2� or chalcogenides
(like S2� and Te2�). The structure is based on the cubic close-
packing of anions with the cations filling 1/8 of the tetrahedral (Td)
and 1/2 of the octahedral (Oh) sites. The general formula for the
cationic distribution is (A1�γBγ)Τd [B2�γ Aγ]Oh O2�

4 , were γ is the
degree of inversion (0≤γ≤1) and Td and Oh indicate tetrahedral and
octahedral sites, respectively [1]. Besides, the octahedral sites are
interconnected in a geometrically frustrated pyrochlore-type
network.

Cation distribution between Oh and Td sites is crucial, since it
determines the magnetic and electrical properties of the spinels;
thus, the knowledge of this distribution, as well as the oxidation
state, is important to explain, control and predict the physical
properties of this family of compounds [2,3].

Since the magnetoresistance effect (MR) was discovered in
spinel-type oxides [4,5], these materials have been the subject of
renewed studies in the field of material sciences. A few years ago
we succeeded in synthesizing a family of spinel-type oxides,
Mn(2�x)V(1+x)O4 (x¼0, 1/3 and 1) [6,7]. The composition with
x¼1, which can be easily obtained, has been thoroughly studied
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[8–20]. Its properties can be satisfactorily explained assuming that
Mn is divalent and V is trivalent, based on the most stable
oxidation states for these metals and the coincidence with
experimental evidence reported in [8–19]. Our objective was to
substitute V3+ for V4+, while keeping Mn as Mn2+. This would
allow us to study the effect of two types of cations, one with
electrons located only in t2g orbitals (V3+ and V4+), and another
one with electrons in eg and t2g orbitals (Mn2+). However, the
presence of V4+ was only inferred, and had not been confirmed up
to now.

A MR effect was reported in a study of structural, magnetic and
electrical transport properties of Mn(2�x)V(1+x)O4 (x¼0, 1/3 and 1),
which belong to the spinel-type family [6,7]. Electrical conduction
in these samples occurs through small polarons [7]. This, coupled
with the magnetostriction studied for the end-member of the
series with x¼1 [16], suggests that magnetoresistance could be
the result of the interaction of these two effects. To elucidate this
important question it is necessary to determine the oxidation
states and distribution between Td and Oh sites of Mn and V.

Albeit neutron diffraction techniques are probably the most
widely used method to determine cation distribution between Oh

and Td sites, the oxidation state determination is not trivial. Even
after considering some other indirect evidences and the redox
potentials of V and Mn, the results did not allow an unambiguous
assignment of site occupancies and oxidation states [6,7].

In general, electron paramagnetic resonance (EPR) is a good
technique for determining the oxidation state of diluted magnetic
ions. On the contrary, in the spinel system described in this
contribution, the interpretation of the paramagnetic resonance is
not trivial because the magnetic ions (vanadium and manganese)
are concentrated and their orbitals are overlapped, which improve
the exchange interaction and it dominates over the Zeeman
interaction. However, a careful analysis of the experimental para-
meters obtained from the resonance lines, as the magnetic field
resonance, linewidth and EPR intensity, can give information to
infer the oxidation state of the magnetic ions, the magnetic
interactions involved in the system and the relative importance
to determine the magnetic order observed.

In this contribution we present a detailed study of electron
paramagnetic resonance spectra complemented with high-
resolution X-ray emission spectroscopy (XES) and X-ray absorp-
tion spectroscopy (XAS), measured in members of the spinel
family Mn(2�x)V(1+x)O4 (x¼0, 1/3 and 1), using synthetic standards
with known oxidation states of Mn and V for comparison. Our
objective is to determine oxidation states and discuss their
implications on electrical and magnetic properties.
2. Experimental

2.1. Mn(2�x)V(1+x)O4 (x¼0, 1/3 and 1) spinels

These samples have been synthesized by solid state reaction in
sealed evacuated quartz ampoules [6]. Symmetry and unit cell
dimensions have been determined using high-resolution synchro-
tron X-ray powder diffraction (HRS-XRPD) patterns measured at
room temperature (RT). Crystal structure, cation site occupancies
and magnetic structure have been refined using neutron powder
diffraction (NPD) patterns obtained at RT. The details of these
studies are discussed in Ref. [6]. The electrical transport and
magnetic properties of Mn(2�x)V(1+x)O4 (x¼0, 1/3 and 1) samples
were reported previously in Ref. [7].

In the present work, XES, XAS and EPR data were collected
exactly on the same samples studied in previous works [6,7].
2.2. Synthesis of XES and XAS standards samples

TheMn standard samples selected for XES and XASmeasurements
were the following spinel-type double oxides: Mn(1+z)Cr(2�z)O4

and Zn(1�z)Mn(2+z)O4 (z¼0, 0.25, 0.5, 0.75 and 1). MnCr2O4 is a
normal spinel and Mn2+ occupies the A site [21]; when the Mn/Cr
ratio exceeds ½, the surplus of Mn ions replace Cr ions in the B site
as Mn3+ [22,23]. ZnMn2O4 is also a normal spinel and Mn3+ occupies
the B site [24,25]; when the Mn/Zn ratio is more than 2, excess Mn
ions replace Zn ions in the A site as Mn2+ [26].

These standard for Mn were prepared by the traditional ceramic
method, mixing stoichiometric amounts of the corresponding
reagents and following the sequence described in Ref. [27].

Vanadium was standardized against V2O3 (99.9%, Anhedra),
VO2 (99.9%, Strem Chemicals) and V2O5 (99.9%, Strem Chemicals),
because V-bearing spinels are rather difficult to synthesize and the
products require an independent confirmation of the oxidation
state of V.

Each product was checked by XRPD. Patterns were taken at RT
between 101 and 1001 (2θ) with an angular step of 0.021 (2θ) and a
counting time of 7 s per step, using CuKα radiation in a PANalytical
X'Pert Pro diffractometer. The identity and purity of all the
standards were checked by the Rietveld method using the FULL-
PROF software [28].

2.3. XES measurements

High-resolution Kβ spectra were obtained with a non-
conventional spectrometer, based on quasi-back diffraction geo-
metry, installed at the D12A-XRD1 beamline of the National
Synchrotron Light Laboratory—LNLS (Campinas, Brazil) [29]. Other
measurements were made using the same spectrometer at the
Facultad de Matemática, Astronomía y Física (FAMAF), Universidad
Nacional de Córdoba, Argentina [30]. It is based on a spherically
focusing Si crystal analyser operated at nearly back-diffraction
geometry, in 1:1 Rowland geometry, in order to achieve high
energy resolution. This non-conventional spectrometer was pre-
viously used to measure high-resolution Kβ spectra of several Cr
and Mn compounds [30–32].

For measurements of Mn spectra, the whole spectrometer
(sample holder, analyser and detector), installed at FAMAF was
operated with a cobalt-target X-ray conventional tube, working at
37.5 kV and 40 mA, as irradiation source. The high-resolution Kβ
emission spectra were recorded using the (4 4 0) reflection of the
Si (1 1 0) spherical analyzer. The Bragg angle corresponding to the
Mn Kβ1,3 line is 84.21 for the Si(4 4 0) reflection. With a spot size of
2.4 mm2, the measured counting rate at the Kβ1,3 line was around
2200 counts s�1, and the signal-to-background ratio was better
than 100. The resolution of this spectrometer was determined to
be 0.8 eV for the Mn Kβ1,3 line [29].

For measurements of V spectra, due to the low count rate,
samples were excited by a 5.57 keV monochromatic X-ray beam at
the LNLS synchrotron beamline. The energy analysis was per-
formed by scanning the focusing Si(3 3 1) crystal analyzer around
the V-Kβ1,3 emission line. The analyzer Bragg angle corresponding
to the V Kβ1,3 line is 66.51 and the energy resolution was 10.5 eV
for the V Kβ1,3 line [29]. With a spot size of 3 mm2, the measured
counting rate at the Kβ1,3 line was around 450 counts s�1, and the
signal-to-back ground ratio was better than 60.

The energy scale was calibrated using the value of the Kβ1,3 line
for Mn0 and V0 given by Bearden [33] (Kβ1,3¼6490.45 eV for Mn
and 5427.29 eV for V). Each spectrum was normalized to the
incident beam intensity in order to take into account beam
fluctuations. For calculations, spectra were first normalized to a
constant value for the maximum of the Kβ1,3 line and a linear
background was subtracted.



Fig. 1. IAD value as a function of oxidation number in Zn(1�z)Mn(2+z)O4 (red circles)
and Mn(1+z)Cr(2�z)O4 (black triangle) for z¼0, 0.25, 0.75, 1 spinels. The oxidation
state of Mn in Mn(2�x)V(1+x)O4 samples is obtained from the linear regression (dot
line) of spinel series (see blue stars). The IAD errors are less than the dots
dimension. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 1
Oxidation states of cations in the Mn(2�x)V(1+x)O4 spinels determined using
different spectral parameter from XES and XAS spectroscopy.

Sample Manganese Vanadium

XES—IAD XAS—Edge energy XES—IKβ′

Mn2VO4 (2.170.2) (2.170.2) (3.970.3)
Mn5/3V4/3O4 (2.170.2) (1.970.2) (3.270.3)
MnV2O4 (2.070.2) (2.170.2) (2.870.3)

Fig. 2. Kβ′ intensity relative to the total intensity of the main Kβ region (Kβ′ and
Kβ1,3 line) as a function of oxidation number in vanadium oxides (black circles). The
oxidation state of V in Mn(2�x)V(1+x)O4 samples (see blue stars) is obtained from
linear regression (dot line). The inset shows the fitted data of V2O3 sample, as an
example, by two Voigt functions in order to describer spectrum features. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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2.4. XAS measurements

Mn K edge XAS spectra were acquired at the D04B-XAFS1
beamline of the LNLS. A Si(1 1 1) single channel-cut crystal
monochromator with a slit aperture of 0.3 mm was used to obtain
an energy resolution of about 1 eV [34]. The XAS spectra were
collected in transmission mode. Energy calibration was performed
by simultaneous absorption measurements on a Mn metal foil.
Appropriate amounts of powered compounds were deposited on a
cellulose membrane to reach an optimal sample thickness to for
transmission experiments (edge jump close to 1). The to could be
calculated as Δμ�1, where Δμ is the variation in the absorption
coefficient before and after K edge. The calculation of the amount
of sample was performed using the code MAX [35], which takes
into account not only the metal contribution but also the con-
tribution of the other elements present in the sample. Normalized
XANES spectra were obtained by the Multiplatform Applications
for XAFS code (MAX) [35].
2.5. EPR spectra measurements

EPR measurements were taken between 100 and 500 K with a
microwave frequency of 9.44 GHz, corresponding to the X band, in
a Bruker ESP-300 spectrometer. The powdered samples were
mixed with KCl (1:3 ratio) in order to obtain a homogeneous
microwave penetration and fill completely the cavity.
3. Results and discussion

3.1. Oxidation states of V and Mn determined using XES

Several spectral changes are related to the chemical environ-
ment surrounding the atoms of interest (Mn or V) [30,31]. In order
to quantify the oxidation states, it is necessary to select those
parameters that vary linearly, as evidenced from data collected on
standards.
In the case of Mn compounds we used the integral of the
absolute values of the difference spectra (hereafter IAD) value as
reference parameters. The IAD [36] value for a spectrum with
respect to a reference spectra Iref(E) is obtained with Eq. (1)

IAD¼
Z

jIðEÞ–Iref ðEÞj∂E ð1Þ

The spectrum measured on ZnMn2O4 was considered as Iref(E).
For IAD parameter, the oxidation states of the unknown samples
were determined using a best-fit line, as shown in Fig. 1. The IAD
data errors were calculated based on the IAD definition consider-
ing that statistical spectral errors were smaller than the spot size.
The IAD parameter uses the whole spectrum information. The
measured spectra only need simple pre-analysis steps: area
normalization and Kβ1,3 line alignment. The oxidation states for
the studied spinels are presented in Table 1. Observing the Eq. (1)
it can be clearly seen that this parameter is proportional to the
nominal spin Ns (see Ref. [36]). Taking into account that for Mn
compounds in a high spin state, Ns is related to the oxidation state
of manganese (OMn) by Ns¼7�OMn, the IAD tendency must have a
linear relationship with a negative slope, as shown in Fig. 1.

For V compounds it was not possible to use the same parameters
as for Mn due to resolution limitations. Instead, we used the
intensity of the Kβ′ line relative to the total area (hereafter IKβ′).
The IKβ′ value was obtained by fitting the spectrum using two
Voigt functions, in order to describe peaks features, as shown in
the inset of Fig. 2. From the fitting parameters obtained, IKβ′ was
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calculated as the Voigt area corresponding to the Kβ′ line, divided
by the sum of the Voigt areas corresponding to Kβ′ and Kβ1,3 lines.
The calculated IKβ′ values for both standard and unknown samples
are shown in Fig. 2, and display an inverse linear relationship with
the oxidation state. This dependence can be explained using the
simple model of Tsutsumi et al. [37], who pointed out that the Kβ′
intensity should be nearly proportional to the ratio between final
state multiplicities, leading to Ns/(Ns+1), where Ns is the nominal
spin in the incomplete 3d shell. For V compounds Ns¼5�OV and
this explains the decreasing behaviour. The oxidation state of V in
the unknown samples was determined using the calibration line
as shown in Fig. 2.

3.2. Oxidation state of Mn determined using XAS

The edge energy was determined from the X-ray absorption
spectrum in the usual way, i.e., half way up the normalized-edge
step (i.e., where the absorption is equal to 0.5). A linear regression
was made using standards with Mn of known oxidation states [38].
Two different linear tendencies were found corresponding to each
group of standard samples (Cr-bearing spinels and Zn-bearing
spinels). In order to determine the oxidation state of Mn in the
Mn(2�x)V(1+x)O4 spinels, we selected the linear fit obtained using Cr-
bearing spinels (see Fig. 3) because this group displays values of the
absorption edge energy closest to those of the studied samples, and
the crystallographic occupation of Mn is similar. The obtained
values of oxidation numbers for the Mn(2�x)V(1+x)O4 (x¼0, 1/3
and 1) spinels are in very good agreement with the corresponding
values found using XES techniques (see Table 1).

It is noteworthy that the oxidation states obtained for Mn using
equations derived from standards containing Mn+Zn deviate more
strongly from the results given by XES. This shows that Cr is a
better proxy for V in the spinel structure than Mn or Zn, and
highlights the need of standards as close to the unknowns as
possible to obtain the most accurate values when using XAS.

3.3. General discussion of X-ray spectroscopic results

The oxidation state of cations in the Mn(2�x)V(1+x)O4 spinels as
determined using X-ray spectroscopy appear in Table 1. Emission
Fig. 3. Edge step position at the energy half way up of the normalized-edge step in
the usual way for Mn(1+z)Cr(2�z)O4 (black triangle) with z¼0, 0.25, 0.5, 0.75,
1 spinels. A linear regression was made with known oxidation state. Oxidation state
of Mn in Mn(2�x)V(1+x)O4 samples is indicated by the blue stars. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)
and absorption data give almost the same oxidation state for Mn
(close to 2+). The oxidation state of V is then fixed by charge-
balance constraints to 3+ in the case of MnV2O4 and to 4+ for
Mn2VO4. For the sample of intermediate composition (x¼1/3)
vanadium has an average oxidation state of 3.5+, due to the
presence of equal amounts of V4+ and V3+. All of these values
are within the error of the values determined by XES. It should
be stressed that no oxygen vacancies were detected in these
spinels [6], so that a total negative charge of 8 can be safely
assumed. Recently, the oxidation state of vanadium and manga-
nese in x¼1 spinel was determined using electron energy-loss
spectroscopy [39]. The results presented in Ref. [39] are in
complete agreement with our determination.

These Mn(2�x)V(1+x)O4 spinels samples have been previously
studied by NPD [6]. Therefore, the manganese and vanadium
occupancies for each crystallographic site are well known. Con-
sidering these statements, the following ion distribution models
can be proposed:
Fig
The
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and
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x¼
rep
(Fo
refe
x¼0, Mn2VO4: [Mn2+
0.89V4+

0.11]Td[Mn2+
1.11V4+

0.89]OhO4

x¼1/3, Mn5/3V4/3O4: [Mn2+]Td[Mn2+
0.67V4+

0.67 V3+
0.67]OhO4

x¼1, MnV2O4: [Mn2+
0.75V3+

0.25]Td[Mn2+
0.25V3+

1.75]OhO4
where Td and Oh super-indices indicate tetrahedral and octahedral
sites, respectively.
3.4. Electron paramagnetic resonance results

The X-band EPR spectra of Mn(2�x)V(1+x)O4 (x¼0, 1/3 and 1)
compounds are shown in Fig. 4. The spectra were taken at
approximately 480 K, normalized by the mass of sample and by
receiver gain; only one line is observable in all of the samples, as
expected for concentrated magnetic systems [40–42] The spectrum
of the sample with x¼0 is well fitted with a Lorentzian resonance
shape, giving practically the same g-value and the resonance line-
width (magnetic field difference between two peaks, ΔHpp) para-
meters than those obtained from the experimental resonance
. 4. X-band EPR spectra of Mn(2�x)V(1+x)O4 (x¼0, 1/3 and 1) recorded at 480 K.
solid lines are the experimental spectra. Note that the height difference (y)

ween consecutive peaks in the resonance spectra decreases with increasing x,
also that the magnetic field distance (ΔHpp) between peaks is broadening.
a (black line in the on-line version) corresponds to x¼0, b (red line on-line) to

1/3 and c (green line on-line) to x¼1, respectively. Open circles (blue on-line)
resent the fit of the spectrum with x¼0 using a single a Lorentzian curve shape.
r interpretation of the references to color in this figure legend, the reader is
rred to the web version of this article.)



Fig. 5. Dependence of different parameters obtained from EPR spectra with x in
Mn(2�x)V(1+x)O4 samples. (a) g-value obtained from the resonance field of the
spectra. Symbols with error bar (red on-line) correspond to experimental values
and open circles (blue on-line) were calculated with Eq. (2) (see text). Dashed lines
indicate the g-value expected for the corresponding manganese and vanadium
ions. (b) On the left axis the EPR linewidth is represented (triangles). On the right
axis, the relative EPR intensity (Ix), with respect to x¼1, obtained comparing the
intensity of the resonance lines and the expected value assuming that resonance is
produced exclusively by Mn2+ ions (squares). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

Table 2
EPR parameters obtained from the spectra taken at T¼480 K.

x Hr (Oe) y (arb. units) ΔHpp (Oe) Ix (107) Ix/Ix¼1

0 3386(7) 1087(1) 226(14) 5.5(3) 2.2(2)
1/3 3371(7) 279(1) 351(14) 3.5(1) 1.5(2)
1 3386(7) 108(1) 485(14) 2.5(1) 1.0
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spectra. For other compositions, where the relative Mn2+ amount
decreases and consequently the proportion of the other magnetic
ions increases, it becomes more difficult to fit the spectra with a
single Lorentzian curve.

With the increase of x, two effects can be clearly appreciated
in Fig. 4: (i) the decrease of the height difference (y) between
consecutive peaks, and (ii) the increase of ΔHpp. For all of the
samples, we observe a single line with a magnetic field resonance
close to Hr≈3380 Oe. This experimental value corresponds
approximately to a g-value (g¼hν/mBHr) of 1.996.

The g-values (gi) reported in the bibliography [43,44] are 1.965,
1.935 and 2.001 for the magnetic ions present in the samples,
where i¼V4+, V3+ and Mn2+, their respective spin numbers being
Si¼½, 1 and 5/2. In magnetic materials with two or more different
magnetic species, such as these spinels, the exchange dominates
over the Zeeman interaction and consequently only one line
should be observed with an average g-value weighted by the
individual factors of each species present. It is given by the Huber's
equation [45]:

g ¼ ∑igiWi

∑iWi
ð2Þ

where Wi¼MiSi(Si+1) and Mi is the relative concentration of a
given ion. Note that the high spin number of the Mn2+, and
consequently of its weight (Wi), are very important to determine
the g-value average, which should be have a slightly shift from the
free Mn2+ g-value. Experimental and calculated g-values using
Eq. (2) are shown in Fig. 5a. The calculated values fall within the
error bar of the experimental data. Similar magnetic coupling
among magnetic species has been reported recently by Winkler
et al. in the MnCr2O4 spinel [46].

The EPR intensity, normally called EPR susceptibility, can be
estimated by Ix¼y (ΔHpp)

2, and similar values have been obtained
with the double integral of the spectra. We normalized Ix with the
intensity corresponding to the x¼1 value, symbolized as Ix/Ix¼1.
The relative EPR intensity decreases with the diminution of
manganese concentration in the samples (see values in Table 2
and Fig. 5b—right axis). The tendency of these values is in
accordance with the stoichiometric amount of Mn2+ ion in each
chemical formula: 2, 1.67 and 1 for x¼0, 1/3 and 1, respectively.
This also confirms that the principal contribution to the Mn–V
resonance line comes from the Mn2+ ion (S¼5/2).

The ΔHpp values increase with the x values and it is shown in
Fig. 5b (left axis). In concentrated magnetic systems, the EPR
linewidth is related to the effective magnetic field, such that it
increases with increased anisotropic contributions (dipole–dipole,
inhomogeneities, exchange of magnetic impurities, HA) and it is
inversely proportional to the isotropic contributions (such as
exchange interactions between neighbour magnetic ions, HE);
the effective magnetic field can be expressed as ΔHpp∼HA

2/HE [47].
In general, two different exchange interactions (JAB and JBB) are

important to define the magnetic order in the AB2O4 spinels. The
third exchange interaction, JAA, is almost negligible compared with
the magnitude of the other two, essentially because of the large
A–A distance. JAB is the exchange interaction between neighbour
magnetic cations that occupy the tetrahedral (A, here labelled Td)
and the octahedral (B, here labelled Oh) sites, while JBB is the
corresponding exchange interaction between the transition metal
ions located at the octahedral (Oh–Oh) sites. In cubic spinels, the
A–O–B angle is approximately 1261 and the B–O–B angle is 901.
Based upon the Goodenough–Kanamori rules, for the particular
case where 3d5 ions occupy the A sites and the B sites are
populated by 3dn (with n≤3) ions, it can be expected that JBB4 JAB,
and the spin configuration will be non-collinear [48].

Structural refinements of these compounds using neutron
diffraction show that the tetrahedral (A) site is virtually fully
occupied by Mn2+ (3d5) for all the studied compositions and 3dn

(with n≤3) ions are in the B site [6]. Also, in our previous study [7]
we show that the magnetic order temperature (TN) increases with
x. As JBB is the principal exchange interaction and TN� JBB, it should
increase with x, with a concomitant linewidth narrowing [47].
However, our EPR results show the contrary effect: the broadening
of the EPR linewidth with x, which strongly suggests another
relaxation mechanism as the responsible for producing the ΔHpp

broadening.
One possible mechanism is the bottleneck effect [49], which

occurs for example when a localized magnetic m-ion is weakly
coupled to the lattice (L), as a Mn2+ or S-state ion, and a second n-
ion is introduced in the host (sometimes as impurity) and it is
strongly coupled to the lattice, providing an additional relaxation
path. Therefore, the m-ion presents a slow relaxation rate to the
lattice (δmL), but the n-ion is fast relaxing (δnL) to the lattice and it
defines the linewidth broadening of the system (δmL≈δnL). The
extra parameters, δmn≈δnm, are the spin–spin relaxation rate,
resulting from the exchange interaction between the magnetic
subsystems and δnmoδnL.

Now, taking as reference Mn2VO4 (x¼0) with the S-state Mn2+

ions, which are partially (or totally, in the case of V4+) replaced by
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V3+ (S¼1) when x is increased. The experimental ΔHpp broadening
is due to this fast-relaxing magnetic ion (V3+ or V4+), whose
exchange rate determines the linewidth of the resonance. This
argument is also supported by the observation of bottleneck effect
in the Zn[Cr2�xVx]Se4 spinel [50].

3.5. Comparison with previous magnetic, transport and structural
data

The magnetic properties of these three oxides were studied by
Pannunzio Miner et al. [6,7]. Data on oxidation states of Mn and V
were not available by the time of that contribution, so two possible
models of ionic distribution were examined using crystal-chemical
arguments and compared against observed values for magnetic
parameters.

The model favoured by those authors has been confirmed by
the data presented here for two compositions (those with x¼1/3
and 1), whereas the spinel with x¼0 shows a better agreement
with a different ionic distribution (proposed as Mn2+Mn3+V3+O4

[7]). For this compound, the observed C value calculated using a
ferrimagnetic model of magnetization data is 8.56(3) emu/(K mol)
[7]. This C value is lower than that obtained from theoretical
calculations (10.4 emu/(K mol)) assuming a Mn2+

2 V4+O4 composi-
tion. In other words, the experimental μeff (obtained from the C
value) is 8.27 μB mol�1, i.e., lower than 9.12 μB mol�1 correspond-
ing to the theoretical value for Mn2+

2 V4+O4. Since this latter ionic
distribution model has been confirmed using spectroscopic meth-
ods, we can infer that some of the electrons are delocalized, with
no contribution to the effective magnetic moment, as shown by
the fact that is μeff theoretical higher than μeff observed. This is also
supported by the study of electric transport carriers, which were
shown to be different from that of the other two oxides. Seebeck
experiments demonstrated, for the sample with x¼0, that charge
carriers are electrons, whereas for the other samples the charge
carriers are holes [7].

From a structural point of view, the fact that all of Mn is present
as Mn2+ (a d5 spherical ion) suggests that the small tetragonal
distortion shown by all of the samples at low temperature [6] is a
consequence of the weak Jahn–Teller effect due to the presence of
V3+ and V4+ ions.
4. Conclusions

The model regarding the oxidation states of V and Mn and the
site occupancies in Mn(2�x)V(1+x)O4 spinels proposed by Pannun-
zio Miner et al. [6,7] was refined using a combination of data taken
from XAS, XES and EPR measurements. The combination of these
techniques with powder neutron diffraction data is a powerful tool
to determine univocally oxidation states in mixed oxides with
variable oxidation states transition metal cations and thus, explain
or predict magnetic and transport properties in these important
family of compounds where important properties of technical
applications can be found.

In this contribution we have confirmed the presence of V4+ in
the x¼1/3 and x¼0 compositions and, consequently, the success
of the synthesis design. Regarding the three empirical model
previously reported, we have corroborated experimentally two of
them [for Mn5/3V4/3O4 (x¼1/3) and MnV2O4 (x¼1)], whereas a
different model is more appropriate for Mn2VO4 (x¼0).

In this spinel system, where the magnetic ions are concentrated
and coupled, the EPR results at high temperatures show single
paramagnetic resonances where their g-values are well described
with an average of the free ion g-values weighted by the individual
spin and relative ion concentrations. The EPR intensity parameter
values show a high contribution of the Mn2+ ions present in the
system. The EPR linewidth, which broadens with the increase of
the amount of V3+ ions, shows how this ion introduces an
additional fast relaxing way (bottleneck effect) to the weakly
Mn2+ S-state coupled to the lattice.
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