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Abstract
The electronic and geometrical local structures of A2FeMoO6 (A = Ca, Sr,
Ba, Ba1/2Sr1/2) and Sr2Fe1−x Crx MoO6 (x = 0, 1/4, 1/2, 3/4, 1) compounds
have been investigated by means of x-ray absorption spectroscopy at the iron,
chromium and molybdenum K edges. The Mo K-edge spectra show a similar
electronic state for Mo in all samples with similar Mo–O distances. At the Fe
K edge, instead, XANES and EXAFS spectra showed significant differences
along the A2FeMoO6 series, denoting an influence of the divalent A metal
in the electronic state of iron. Both the chemical shift at the iron K edge
and the interatomic Fe–O distances closely correspond to Fe3+ for Sr2FeMoO6

and Ca2FeMoO6 while a mixed valence state (between +2 and +3) is deduced
for the Ba samples. We have not observed differences in the spectra of the
Sr2Fe1−x Crx MoO6 series for any of the absorption edges. This demonstrates
that substitution of Fe with Cr is homovalent. Our work suggests that the de-
scription in terms of a band model is a better approximation than an ionic model.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The double-perovskite compounds A2BB′O6 (A = Ba, Sr, Ca) have recently attracted scientific
and technological interest due to the discovery of tunnelling magnetoresistance at room
temperature [1]. Different B and B′ cations occupy the perovskite B sites alternatively. The
double perovskites with BB′ = FeMo, FeRe, CrRe etc, are magnets with a Curie temperature
above room temperature. For instance, A2FeMoO6 samples have TC ranging [2] between 330
and 420 K. The lowest TC corresponds to the Ba2FeMoO6 compound that shows the largest
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crystallographic cell with cubic symmetry [3]. The replacing of Ba with smaller cations leads
to a diminution of the unit cell size together with a lowering of the crystal symmetry. In this
way, Sr2FeMoO6 has the highest TC and a tetragonal cell [3, 4], while Ca2FeMoO6 crystallizes
in a monoclinic cell [3, 5] and its TC is a bit lower showing a competition effect between cell
volume and structural distortion. The decrease of the former tends to increase the magnetic
interaction whereas the increase of the latter leads to a decrease of the Fe–O–Mo bond angle
diminishing the magnetic interaction (either superexchange or double exchange). Amazingly,
this competition effect does not exist in A2FeReO6 compounds [6] where the insulating and
monoclinic Ca2FeReO6 shows the highest TC in the series, i.e. the volume decrease overcomes
the distortion effect in this case.

The magnetic ordering and relevant magnetic interactions in the A2FeMoO6 double
perovskites is a matter of controversy. Band calculations [1] proposed a half-metallic
ground state due to antiferromagnetic coupling between localized Fe3+ and the single itinerant
downspin electron provided by the Mo5+. However, later studies suggest that the physical
properties strongly depend on the 2p(O)–4d(Mo) hybridization [7]. Neutron scattering
experiments showed a ferromagnetic ordering of the iron sublattice for these samples but
the existence of localized magnetic moment on the molybdenum atom is not well established.
It seems to depend on the compound and it is also very likely to depend on synthesis details. For
example, neutron diffraction determined 0.7 µB for Mo, antiferromagnetically coupled to Fe,
in Ca2FeMoO6, whereas a negligible value was observed for Ba2FeMoO6 [3]. Controversies
between experimental and theoretical magnetic moments have also been reported. Several
authors ascribed this discrepancy to a miss-site defect in the ordered B–B′ arrangement [1, 8]
whereas other works emphasized the role of cationic vacancies [3, 4]. In general, mixed oxides
are described in the frame of the ionic model, i.e. using integer ionic states. Therefore, the
first task is to deduce the best ionic model for this system. Two couples can be inferred, either
Fe3+–Mo5+ or Fe2+–Mo6+. Localized magnetic moment on the Mo site could only be detected
for the first couple (Mo5+, 4d1). Historically, the ferrimagnetism in these double perovskites
has been explained as due to antiferromagnetic superexchange interaction between Mo5+(5d1)

and the Fe3+(3d5) spins [9, 10]. In the second case, the presence of Mo6+(4d0) without local
magnetic moment implies the ferromagnetic ordering of the iron sublattice. The second task
is to verify whether an ionic model is valid for this system or whether its properties are better
explained in terms of an intermediate valence as suggested by several authors [11, 12].

One concludes the necessity of an accurate knowledge of the metal electronic states to gain
insight into both the conduction mechanism and the magnetic interactions. Previous attempts
to ascertain the atomic electronic state of Mo and Fe gave rise to serious controversies. In
this way, while some x-ray magnetic circular dichroism data did not show any observable spin
magnetic moment on Mo in the Sr2FeMoO6 [13], other authors reported instead a measurable
moment of −0.32 µB confirming the ferrimagnetic ordering [14]. The Fe valence was also
the subject of contradictory results. X-ray absorption spectroscopy data of Sr2FeMoO6 at
the Fe L edge either conclude that iron is in the +3 state [13] or in an intermediate valence
Fe2+/Fe3+ [14, 15]. Furthermore, Mössbauer experiments were also interpreted in terms of
Fe3+ [16] or in terms of Fe2+/Fe3+ [17]. Accordingly, the oxidation state for Fe and Mo in
these compounds is not well understood so far.

In order to shed light on the valence of Fe and Mo, we have used XANES (x-ray absorption
near edge structure) spectroscopy at the iron and molybdenum K edges in the A2FeMoO6 series
(A = Ba, Ba1/2Sr1/2, Sr and Ca). This study will allow us to determine the accuracy of an
ionic model for this system—i.e. the value of integer valence—and whether the valences are
alike for all compounds or there is any relationship between valence and localized magnetic
moment on Mo atoms.
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We have also performed EXAFS spectra in order to determine the interatomic Fe–O and
Mo–O distances along the series for the sake of comparison with the data obtained from
diffraction techniques. The correlation between the valence and the interatomic distance [18]
should support the XANES results. In addition, synthesis details are very important. We have
realized that the usual synthesis procedure leads to the formation of tiny impurities of α-Fe.
These impurities affect the analysis at the Fe K edge of these compounds. Therefore, we were
forced to test alternative synthesis routes in order to minimize this undesirable effect.

In order to gain insight into the factors that control the magnetic and conduction properties
in this kind of compounds, we have also studied the electronic and geometrical local structure
of Sr2Fe1−x CrxMoO6 samples. In this case, we keep the A atom fixed and dope the B site.
Sr2CrMoO6 is closely related to Sr2FeMoO6. Both have a ferrimagnetic ground state and
the same crystallographic structure. However, electronic conduction is quite different. The
Cr sample is semiconducting at low temperatures while the Fe compound becomes metallic
in the ferrimagnetic state [19, 20]. Moreover, defects such as oxygen vacancies or miss-site
disorder are higher for the Cr compound [20]. Therefore, it is also interesting to determine
how these defects affect the electronic state of the constituent atoms in order to account for
the different physical properties.

The paper follows this scheme: first, we study the effect of preparation method on the
EXAFS and XANES spectra of the series A2FeMoO6. Second, a complete XAS study of pure
A2FeMoO6 samples was done. Finally, we present the XAS study of the Sr2Fe1−x CrxMoO6

samples and a brief discussion with the main conclusions of this work.

2. Experimental and data analysis

Two sets of A2FeMoO6 samples were prepared following two synthesis routes. The synthesis
of the first set (hereafter denoted as set A) is reported elsewhere [3]. It is noteworthy that this
route is widely used by the scientific community [21–23]. Briefly, stoichiometric amounts
of ACO3, Fe2O3 and MoO3 were mixed, ground and calcined at 900 ◦C for 2 h and then
sintered at 1200 ◦C for 24 h in a current flow of H2/Ar (2/98) with intermediate grindings.
Tiny amounts of α-Fe are observed in some of the x-ray patterns. Structural characterization
and physical properties were also reported in [3]. The second set (set B) was also prepared by
solid state reaction, but in this case stoichiometric amounts of BaCO3, SrCO3, CaCO3, Fe2O3,
2/3 MoO3 and 1/3 Mo were mixed, ground, pressed into pellets and heated at 1200 ◦C for 4 h
in a pure atmosphere of Ar. The Mo:MoO3 ratio is higher than the theoretical one (1/6:5/6) to
compensate further oxidation. This step is enough to form the Ca2FeMoO6 sample with minor
impurities of CaO. The other samples, instead, contained a significant amount of secondary
phases such as AMoO4 (A = Ba, Sr). In order to remove the secondary phases, the samples
were ground, pressed and sintered at 1200 ◦C in a stream of H2/Ar (2/98) for 1 h. We note that
this short sintering time in reducing conditions prevents the segregation of Fe. The samples
were characterized by x-ray powder diffraction using a D-max Rigaku system with a Cu rotating
anode. The B samples were single phases with no α-Fe detected in their patterns.

Finally, Sr2Fe1−x Crx MoO6 are prepared from stoichiometric amounts of SrCO3, Fe2O3,
Cr2O3 and MoO3. They were mixed, ground and calcined at 900 ◦C for 2 h and then sintered
at 1250 ◦C for 8 h in reducing conditions (as for set A of samples). The full characterization
of the samples is reported in [19]. Shorter sintering times did not give a pure final product,
while more time leads to the presence of α-Fe, so 8 h was a compromise between both factors.
Nevertheless, the very tiny amounts of α-Fe allow us to perform the spectroscopic analysis.

The x-ray absorption experiments were carried out in transmission mode at the beamline
BM29, ESRF, Grenoble (France). The storage ring operating conditions were 6 GeV electron
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Figure 1. EXAFS signal (continuous curve) and best fit (dotted curve) of the Fourier filtered first
shell using oxygen scatters for (bottom) set A of Ca2FeMoO6 and (top) set B of Ca2FeMoO6.
The Fourier transform (FT) of the kχ(k) spectra was extracted using a Gaussian window between
4.5 and 11 Å−1. The first-shell contribution was extracted by Fourier filtering of the FT spectra
between 0.8 and 2.3 Å.

energy and 150–190 mA electron current. A Si(311) double-crystal monochromator was used
for Fe K-edge and Mo K-edge measurements. The incident and transmitted beams were
detected by means of ionization chambers. The energy resolution δE/E was estimated to be
about 6×10−5. The spectra were collected at 30 K using a closed-cycle helium cryostat whose
accuracy was estimated to be ±1 K.

XANES spectra were normalized to the high-energy part of the spectrum (∼100 eV)
after background subtraction. The experimental EXAFS signal was extracted from the raw
spectra following standard methods [24]. Background removal was performed and the atomic
absorption coefficient was determined by a low-order polynomial fit of the spectra. The
structural analysis was mainly restricted to the first coordination shell except for the A2FeMoO6

samples where a two-shell analysis was performed up to 4.5 Å. In both cases, we have used
the theoretical phases and amplitudes provided by the FEFF 8.10 code [25]. Such phases and
amplitudes were verified by fitting some reference compounds (LaFeO3 or SrMoO3). The
agreement with crystallographic data turned out to be excellent.

3. Results

3.1. A2FeMoO6 series

First, we are going to point out the influence of α-Fe contamination in the EXAFS spectra of
these compounds. For the sake of comparison, we show the Fourier filtered first-shell EXAFS
spectra of the Fe K edge for both samples—sets A and B—of Ca2FeMoO6 in figure 1. It
is worth observing that the scattering amplitude at relatively high wavevector (k) is higher
for sample A. Such a large amplitude is not expected from the scattering of oxygen atoms,
indicating an additional contribution from heavier atoms to the first shell. Our attempts to fit
the A-sample spectrum considering only the oxygen coordination shell were unsuccessful as
displayed in the bottom of figure 1. This is also true for the rest of the A samples.

In order to account for this result,we reanalysed the quality of our samples. Figure 2 shows
the x-ray pattern of the BaSrFeMoO6 (set A). As mentioned, we have detected tiny impurities
of α-Fe (better noticed in the inset of figure 2). We have performed Rietveld analysis of the
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Figure 2. X-ray pattern at room temperature for BaSrFeMoO6 (set-A) sample. Inset: detail of the
x-ray pattern for both set of samples. Note that set A has been shifted upwards (100 counts) for
the sake of clarity.

x-ray patterns considering two phases: double perovskite and α-Fe. The quantification gives
less than 1% of the latter for all samples. It is noteworthy that this determination was not
possible for Ba2FeMoO6 because the main peak of α-Fe coincides with the (4 0 0) structural
peak of the double perovskite and the rest of the α-Fe peaks are barely detected in the pattern.
Taking into account this result, we have performed a second analysis of A samples considering
Fe–Fe scattering paths. The fit of the first-shell contribution is markedly improved by including
the Fe–Fe contribution with an interatomic distance similar to that of α-Fe. We estimate 10%
of Fe–Fe contribution to the first shell. This result should be taken carefully because EXAFS
is not an accurate tool for quantitative analysis, but in this case the technique is very sensitive
to α-Fe contamination due to the higher scattering factor of the Fe atom. Bearing in mind
the atomic weights and coordination numbers of both phases, the weight ratio deduced from
EXAFS analysis ranges between 1 and 1.5% in good agreement with the x-ray diffraction
within the experimental error of both techniques. Nevertheless, the presence of amorphous Fe
cannot be discarded to account for this small difference. Moreover, this finding could explain
the Fe vacancies observed in the neutron refinements of these samples [3, 4].

An important result is that traces of α-Fe strongly affect the EXAFS analysis at the Fe
K edge. Therefore, new synthesis routes were tested in order to minimize this undesirable
effect. We were successful in preparing a set of samples free of α-Fe in their x-ray patterns
(set B) with a softer reducing treatment (only 1 h). The inset of figure 2 compares the
two samples of BaSrFeMoO6 samples for instance. Moreover, the first-filtered-shell EXAFS
spectra of B samples were perfectly fitted by considering only the oxygen coordination shell
as can be seen in figure 1.

Finally, we have also verified that the new synthesis route does not affect the physical
properties of these compounds. A comparison is summarized in table 1. As expected, there
are minor changes in agreement with the presence of at least 98% of double perovskite in
both kinds of samples. In some cases, the properties are improved as occurs with the saturated
magnetization of Ba and Ba1/2Sr1/2 samples, closer to the theoretical value for set B. Therefore,
hereafter we focus on the study of set B without significant impurities of α-Fe.

3.1.1. XANES spectra. Figure 3 shows the Fe K-edge XANES spectra at room temperature
of A2FeMoO6, LaFeO3 (as Fe3+ reference) and FeO (as Fe2+ reference). The spectra of
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Figure 3. Top: XANES spectra of A2FeMoO6 samples at the Fe K absorption edge, A being Ba
(open squares), Ba1/2Sr1/2 (solid squares), Sr (crosses) and Ca (triangles). The solid and dotted
curves correspond to the references LaFeO3 and FeO respectively. Bottom: the derivative near the
absorption edge of the XANES spectra. Arrows indicate the first inflection point.

Table 1. Comparisons of lattice parameters, Curie temperature and saturated magnetic moment
at 5 K for the samples indicated. A and B refer to the respective set of samples.

Sample a (Å) b (Å) c (Å) TC (K) MS (µB/fu)

A–Ba2FeMoO6 8.0717(1) — — 308 3.53
B–Ba2FeMoO6 8.0686(1) — — 305 3.98
A–BaSrFeMoO6 7.9799(1) — — 340 3.40
B–BaSrFeMoO6 7.9745(1) — — 360 3.83
A–Sr2FeMoO6 5.5725(1) — 7.8997(1) 385 2.95
B–Sr2FeMoO6 5.5704(1) — 7.8924(1) 385 3.1
A–Ca2FeMoO6 5.4151(1) 5.5235(1) 7.7095(2) 365 3.5
B–Ca2FeMoO6 5.4165(1) 5.5238(1) 7.7170(2) 355 3.5

A2FeMoO6 samples are very similar to each other, as expected for the same crystallographic
structure. A main resonance at the threshold (hereafter denoted as peak W), weak pre-peak
structures (denoted as P) at ∼15 eV below peak W and a shoulder at intermediate energies
between the previous features (denoted as S) can be seen. Features W and S correspond
to dipolar transitions 1s → εp whose shape is related to the local geometrical structure.
Differences among the spectra come from the different scattering powers of the divalent
metals and may also be due to small differences in the crystal symmetry. The intensity W
for A2FeMoO6 samples could be correlated with the change of symmetry in the series, from
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Figure 4. XANES spectra of the series A2FeMoO6 at the Mo K edge, where A is Ba (open squares),
Ba1/2Sr1/2 (solid squares), Sr (crosses) and Ca (triangles). References are also plotted shifted
upwards: the solid, dotted and broken curves correspond to MoO3, SrMoO3 and SrFe2/3Mo1/3O3,
respectively. The inset shows the derivative near the absorption edge of the XANES spectra.

cubic (Ba) to monoclinic (Ca) through tetragonal (Sr). P is ascribed to 1s → 3d transitions,
either quadrupole allowed or dipole forbidden for an octahedral environment. The latter
becomes allowed due to a strong mixing of O 2p and Fe 3d states. Some authors have
claimed that the mixing of d states between different neighbouring transition metal atoms,
through hybridization with the oxygen p band, gives rise to these pre-peaks [26]. Within this
interpretation, the intensity of these pre-peaks would show a large mixing between 3d Fe and
4d Mo states. Curiously, this mixing seems not to exist between 3d Fe in the reference LaFeO3.
It is noteworthy that the shape of P features does not change significantly along the A2FeMoO6

series.
The main difference among the XANES spectra concerns to the energy position of the

absorption edge. The edge position is mainly ascribed to the Fe oxidation state in this case.
Different contributions from geometrical effects to the absorption edge position should be
negligible due to the very similar crystallographic structure. The edges of A2FeMoO6 samples
are located close to the Fe3+ reference but an intermediate valence can be inferred for the
Ba sample. In order to be more reliable, the derivative spectra are also shown in figure 3. The
edge (taken as the first inflection) with the highest energy corresponds to LaFeO3, the reference
for octahedral Fe3+. Ca2FeMoO6 and Sr2FeMoO6 have their edges at almost the same energy
as the reference compound. Ba2FeMoO6 has the edge at the lowest energy whereas the value
for BaSrFeMoO6 is intermediate. Therefore, the maximum chemical shift is around 2 eV
between the spectra of Ba and Ca samples. It is noteworthy that the chemical shift between
Fe3+ and Fe2+ in our references is about 4 eV, a value in agreement with recent calculation [27].
Therefore, this finding may indicate an intermediate valence of the iron for Ba and Ba1/2Sr1/2

samples.
The Mo K-edge XANES spectra for A2FeMoO6 samples are plotted in figure 4 together

with selected reference samples: MoO3 (Mo6+), SrFe2/3Mo1/3O3 (Mo6+-perovskite structure)
and SrMoO3 (Mo4+ perovskite structure). The Mo K-edge XANES of MoO3 is characterized
by a clear pre-peak at ∼12 eV below the absorption edge. Such a pre-peak has been reported
in previous works as a shoulder of the main edge [28]. The better energy resolution of
our experimental set-up allows us to discern a peak that arises from the distorted octahedral
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coordination of α-MoO3. The pre-peak transforms into a weak shoulder for the rest of the
spectra in agreement with the nearly regular MoO6 octahedra presented in either the double
perovskites or the two other reference compounds.

The spectra of the double perovskites show a relatively weak white line and strong
resonances above the edge related to multiple-scattering contributions (see figure 4). The Mo K
edge of A2FeMoO6 samples lie very close to the Mo6+ references. However, the ascertainment
of the Mo valence is more difficult here. First, the Mo K edge is broader than the Fe K edge.
Second, this edge seems to be less susceptible to the chemical shift and small differences in
the local structure have an important role. For instance the energy shift is ∼3.2 eV between
α-MoO3 and SrMoO3 but only 1.7 eV between SrFe2/3Mo1/3O3 and SrMoO3. The difference
between both Mo6+ references should be ascribed to the different geometrical environment
and it is similar to the chemical shift between Mo4+ and Mo6+ in a perovskite structure. The
inset of figure 4 displays the derivative of the absorption edges. It is clear that the double-
perovskite curves peak at energies around the Mo6+ references. A mixed valence +5δ cannot
be discounted for the Sr and Ca samples but, certainly, this is not the case for the Ba compound
whose edge is located at the highest energy. In fact, a shift ∼2.5 eV is also observed along the
series between the Ba sample and the Sr or Ca samples. This shift follows an opposite trend
to that observed in the Fe K edge but this is only a qualitative comparison.

3.1.2. EXAFS spectra. Fe K-edge EXAFS spectra and the corresponding Fourier transform
(FT) for A2FeMoO6 samples are shown in figure 5. The first oxygen coordination shells (first
peaks of the FT) are alike for all samples but marked differences corresponding to the second-
shell contribution (second peak of the FT) are detected. A small shift of the first peak position
that indicates an increase of the interatomic Fe–O distances with increasing size of the alkaline-
earth atom is noteworthy. Further peaks of the FT arise from different contributions: Fe–A,
Fe–Mo distances and multiple-scattering paths such as Fe–O–O or Fe–O–Mo. The shape of
these peaks strongly depends on each sample due to either the crystallographic symmetry or the
different scattering power of the divalent cations. Intuitively, one would expect that the highest
second peak corresponded to the most symmetrical environment, the cubic Ba2FeMoO6, that
also shows the heaviest A atom (Ba) with a large scattering power. However, the strongest
peak is found for the tetragonal Sr2FeMoO6 and it should be ascribed to phase shift effects
from Fe–Ba paths. In this way, BaSrFeMoO6 shows an intermediate behaviour. Finally,
the monoclinic Ca2FeMoO6 shows weak broad peaks as expected for a broad distribution of
interatomic distances. In order to confirm our interpretation, multiple-shell analysis, including
both first and second shells, was used to analyse the EXAFS spectra up to k ∼ 14 Å−1. Figure 6
compares the imaginary part of the experimental FT spectra of Sr2FeMoO6 and Ca2FeMoO6

to the best-fit results using the FEFF 8.10 code. The accuracy of the fits confirms that spectral
differences arise from the different scattering atoms presented in the second shell.

Taking into account that electronic properties mainly depend on the nearest neighbours,
hereafter we are focusing on a first-shell analysis. The relevant parameters obtained from
the FEFF analysis of the first shell between 1 and 2 Å are in good agreement with the
crystallographic data [3]. Table 2 summarizes both Fe–O distances and Debye–Waller factors.
The main result is that the Fe–O distance increases with increasing the size of atom A in
agreement with the shift observed in the first peak of figure 5. Regular FeO6 octahedral
coordination is found for all samples with similar Debye–Waller factors.

EXAFS spectra at the Mo K edge and their FT are shown in figure 7. The first peak
position of the FT is almost identical for all samples, showing that Mo–O interatomic distance
does not depend on the divalent metal. As occurred at the Fe K edge, the main difference
among the spectra corresponds to second-shell interatomic distances and also depends either
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on the crystallographic symmetry or on the different scattering powers of the divalent cations.
In this case, the most symmetrical structure, the cubic Ba2FeMoO6, presents a strong second
peak at the Mo K edge corresponding to a narrow distribution of Mo–Ba distances.
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Table 2. Distances r[Fe(Mo)–O] and Debye–Waller factors σ obtained with the FEFF 8.0 code
for the A2FeMoO6 samples at 30 K. Coordination number and �E0 have been fixed to six and
zero, respectively, for all fits considered. Numbers in parenthesis refer to standard deviations of
the last significant digit.

Fe K edge Mo K edge

Sample (A) 〈r〉 〈σ 2〉 〈r〉 〈σ 2〉
Ba2FeMoO6 2.080(5) 0.005(1) 1.960(6) 0.002(1)
BaSrFeMoO6 2.030(6) 0.004(1) 1.950(7) 0.002(1)
Sr2FeMoO6 2.000(5) 0.004(1) 1.960(6) 0.002(1)
Ca2FeMoO6 2.020(5) 0.004(1) 1.950(5) 0.002(1)

The first-shell contribution at the Mo K edge was extracted by Fourier filtering of the FT
spectra between 0.9 and 1.9 Å. The Mo–O distances and Debye–Waller factors were the only
fitting parameters. The best-fit results are also summarized in table 2. The data seem to be
quite reasonable with minor changes in the Mo–O values that also agree with those reported
from crystallographic studies [3, 4]. The Debye–Waller factors also point to the presence of
regular MoO6 octahedra.
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and 0, respectively. The data were
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3.2. Sr2Fe1−xCrx MoO6 series

We have observed the strong influence of A atoms in the electronic properties of the B sublattice.
Now, the A atom (Sr) is fixed and we replace Fe by Cr in the lattice in order to check the effects
on Fe and Mo atoms. It is well known that Cr3+ is the most stable oxidation state in related per-
ovskite oxides so the present study allows us to gain insight into the electronic state of Mo atoms.

The XANES spectra of selected Sr2Fe1−x CrxMoO6 samples at the Cr, Fe and Mo K edges
are shown in figure 8. No significant differences among the XANES spectra of each particular
edge were observed. The differences in the edge position are less than 0.5 eV among all
the samples for each K edge, suggesting no changes in the oxidation state of the three atoms
along the series. The comparison of the edge position with the respective references LaCrO3 (or
LaFeO3) certifies that the Cr (or Fe) oxidation state is closely to +3. Therefore, the substitution
of Fe with Cr is homovalent. This replacement also seems not to affect the Mo valence.
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The EXAFS spectra of the Sr2Fe1−x Crx MoO6 samples (1/4 � x � 3/4) were also
analysed using the FEFF 8.10 code. The FT of the kχ(k) spectra was extracted using a
Gaussian window between 3 and 18 Å−1 for the Mo K edge and between 4.5 and 11 Å−1 for
the Fe and Cr K edges. The short k-range for the latter edges is conditioned by the energy range
of the EXAFS signal that can be analysed in terms of signal/noise ratio (due to either dilution
or low energy of Cr K edge). The comparison of our results with the crystallographic data
ensures the accuracy of our analysis. The FT spectra for all edges are plotted in figure 9. The
FT spectra show two well defined peaks corresponding to the two nearest coordination shells
around the central atom. The position of the first peak in the Mo spectra (Mo–O distance) is
the same for all the studied samples, indicating a similar MoO6 octahedron when Cr replaces
Fe in the lattice. The second peak shows a shoulder at high R that increases as the content of
Cr does. The FT spectra of both Fe and Cr K edges also show minor changes with x . The
first-shell contribution was extracted by Fourier filtering of the FT spectra between 0.8 and
2.3 Å at the Fe(Cr) K edge and between 0.9 and 1.9 Å at the Mo K edge. The best-fit results
are summarized in the table 3. The data reasonably agree with the crystallographic data [19]
and with the tabulated ionic radii [18]. We did not observe noticeable changes in any of the
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Table 3. Distances r [Mo(Cr, Fe)–O] and Debye–Waller factors σ for the Sr2Fe1−x Crx MoO6
series at 30 K. The coordination number and �E0 have been fixed to six and zero, respectively, for
all fits considered. Numbers in parenthesis refer to standard deviations of the last significant digit.

Mo K edge Fe K edge Cr K edge

Sample 〈r〉 〈σ 2〉 〈r〉 〈σ 2〉 〈r〉 〈σ 2〉
Sr2Fe3/4Cr1/4MoO6 1.960(7) 0.002(1) 1.990(7) 0.005(1) 1.980(12) 0.002(1)
Sr2Fe1/2Cr1/2MoO6 1.950(4) 0.002(1) 1.990(7) 0.005(1) 1.950(6) 0.002(1)
Sr2Fe1/4Cr3/4MoO6 1.960(5) 0.002(1) 1.990(9) 0.004(1) 1.980(3) 0.002(1)
Sr2CrMoO6 1.950(5) 0.002(1) — — 1.970(3) 0.002(1)

interatomic distances along the Sr2Fe1−x Crx MoO6 series. This agrees with the absence of
changes in the XANES spectra.

4. Discussion and conclusions

The description of the oxidation state of molybdenum and iron in A2FeMoO6 double
perovskites is nowadays a matter of controversy. This work adds a new factor to gain insight into
the understanding of these compounds. The electronic structure of the B sublattice depends
on the alkaline-earth partner. First of all, there is no unique ionic approximation suitable
to describe the properties of the whole series. XANES spectra suggest a valence state for Fe
ranging between 3+ (Sr and Ca) and 2.5+ (Ba) whereas the valence for Mo cannot be determined
unambiguously between Mo5·δ+ and Mo6+. For Ca and Sr compounds, the EXAFS spectra
gave interatomic distances (see table 2) that correlate quite well [18] to the theoretical values of
Fe3+(HS)–O (∼2.01 Å) and Mo5+–O (1.97 Å). However the ionic model fails to describe the
Ba compound whose Fe K-edge XANES suggests a mixed valence,and the Mo K-edge XANES
evidences the highest oxidation state for Mo. In this way, the interatomic Fe–O distance is
intermediate between Fe3+(HS)–O and Fe2+(HS)–O (∼2.14 Å) in agreement with the XANES
result. Finally, the Ba1/2Sr1/2 compound shows an intermediate behaviour between the former
samples. This sequence is also observed in other measurements. Neutron diffraction refined
a localized magnetic moment on the Mo site in Ca and Sr samples (Mo5+ or 4d1 as a rough
approximation) whereas no significant moment was detected for Ba or Ba1/2Sr1/2 compounds
(Mo6+, 5d0). Nevertheless, there is no Fe2+ in the latter compounds so an ionic picture seems
to be meaningless to describe this series as occurs in related systems [29]. According to Szotek
et al [11], valence is defined as the integer number of electrons available for band formation.
Therefore, the nominal valence band in the ground state would be Fe3+ and Mo6+, regarding
the SIC-LSD calculation [11]. The electron in the conduction band is antiferromagnetically
coupled to the localized Fe3+ moments. This scenario is similar to that given by Sarma et al
[12], who considered a localized Fe 3d band (Fe3+: 3d5) and an electron delocalized on the Mo
4d band (Mo5+: 4d1). Anyway, the electronic and spin density projection on either Fe3+ (Ba
and Ba1/2Sr1/2) or Mo6+ (Sr, Ca) sites will highly depend on the type of A atom as demonstrated
by our work. It may also depend on the synthesis details explaining the differences reported
in the spectroscopic measurements of Sr2FeMoO6 [12–16].

The study of the Sr2Fe1−x Crx MoO6 series brings forward new keys in the understanding
of this system. The oxidation state for Fe and Cr is +3 for all samples so the substitution is
homovalent. We have not detected any noticeable change in the electronic state of Mo ions
along the series. This is true even though Sr2CrMoO6 presents a large number of oxygen
vacancies. Therefore, the existence of Mo6+ or Mo5+ could be meaningless because the
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covalence between these ions and oxygen is very strong and the hole may be mainly located on
the oxygen atoms. Then, it is hard to differentiate between Mo5+ and Mo6+ in the Mo K-edge
XANES. Therefore, the metal–insulator transition observed in the Sr2Fe1−x CrxMoO6 series
with increasing x cannot be attributed to a change in the transition-metal electronic state but
to further effects such as oxygen vacancies or miss-site disorder.
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