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Abstract
The effect of the localization of electrons as Mo is substituted by W in
the Sr2FeMo1−x Wx O6 (0 � x � 1) series has been studied by neutron
powder diffraction (NPD) and SQUID magnetometry. The samples for
x = 0.2, 0.5, 0.8 and 1 were prepared by soft-chemistry procedures and
annealed under suitable reducing conditions for each member of the series.
As the number of itinerant electrons drastically changes from Sr2FeMoO6 (one
electron per formula unit) to Sr2FeWO6 (no itinerant electrons), this series
constitutes an ideal system to explore band filling effects in the magnetic
structure and the Curie temperature of half-metallic ferromagnetic double
perovskites. The room-temperature crystal structure of the former members
of the series (x � 0.5) is tetragonal (I4/m) and it is characterized by a single
antiphase tilt of the FeO6 and (Mo, W)O6 octahedra along the c axis; this
structure evolves to the more distorted monoclinic (P21/n) for x = 0.8 and 1,
containing three kinds of non-equivalent oxygen atoms. The driving force of
the structural phase transition is the promotion of the voluminous Fe2+ cations
upon W substitution, as demonstrated by a bond valence study. The phase
transition is accompanied by a sudden decrease of the distortion of the FeO6

and (Mo, W)O6 octahedra. Our results show that the progressive localization
of carriers upon W substitution provides a good description of the magnetic and
structural properties along the series. The study of the low-temperature (10 K)
NPD pattern of the heavily W-doped Sr2FeMo0.2W0.8O6 suggests a lack of
long-range magnetic ordering, which is consistent with the presence of isolated
ferromagnetic clusters in the insulating, antiferromagnetic matrix created by
Fe–O–W–O–Fe superexchange interactions.

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

1 Author to whom any correspondence should be addressed.

0953-8984/05/233673+16$30.00 © 2005 IOP Publishing Ltd Printed in the UK 3673

http://dx.doi.org/10.1088/0953-8984/17/23/019
mailto:ja.alonso@icmm.csic.es
http://stacks.iop.org/JPhysCM/17/3673


3674 D Sánchez et al

1. Introduction

Among the family of double-perovskite oxides A2B′B′′O6, only a few compounds exhibit the
attractive half-metallic ferromagnetic state characterized by a high transition temperature,
such as Sr2FeMoO6. Indeed, such a state is somewhat unexpected in this oxide, since
the magnetic ions are placed far apart in the structure, suggesting a weak direct magnetic
interaction. Moreover, such interactions between d ions mediated via other non-magnetic ions
are expected to be antiferromagnetic due to a superexchange mechanism. This expectation is
supported by the observation of an antiferromagnetic, insulating ground state of the closely
related system Sr2FeWO6, with a Néel temperature of 37 K. However, in the case of Sr2FeMoO6

and other ferromagnetic double perovskites, a mechanism based on the indirect coupling of
the magnetic ions through itinerant electrons is thought to account for the encountered high-TC

ferromagnetism [1–3]. Photoemission spectroscopy experiments [1, 4–6], x-ray absorption
spectroscopy [7] and magnetic measurements in the paramagnetic phase [3] have supported
this idea.

From the theoretical point of view, the scheme of interactions proposed by Sarma et al
[1] seems to be broadly accepted. Within this scenario, ferromagnetism and half metallicity
are determined by the competition between electron hopping processes and localization of
electrons at the bare levels of the transition metal cations. Also, the ferromagnetic ordering
can be understood as resulting from the interaction of the localized spins at the Fe sites with the
spin-polarized electrons in the conduction band. Thus, ferromagnetism in this material does
not arise from the direct interaction of the localized magnetic moments between each other,
but from the indirect interaction through the itinerant carriers.

In the framework of the proposed model [1], the stabilization of such a spin-polarized
conduction band, and thus of a ferromagnetically ordered state, mostly depends on the B′/B′′
(Fe/Mo) site energy difference [1, 8, 9] and the hopping interaction strengths between B′ and B′′
cations [10, 11]. In turn, the site energy difference is controlled by the exchange interactions,
crystal field splitting and degree of hybridization with the oxygen orbitals [1, 4] of the cations
occupying B′ and B′′ positions. Obviously, the hopping interaction strengths depend on the
structural parameters, like B′–O, B′′–O distances and B′–O–B′′ bond angles. Also, the number
of carriers in the conduction band seems to play a role in stabilizing the ferromagnetic state.

Several theoretical approaches based on different calculation methods can be found in the
literature [1, 8, 9, 12], all of them pointing out the fundamental relevance of itinerant carriers
in the stabilization of the long-range ferromagnetic ordering in double perovskites. In addition
to this, it is proposed that the contribution of a small number of antisite defects (y ∼ 0.05) is
necessary to reinforce ferromagnetism [12, 13].

Within Sarma’s scheme, there can also be configurations in which the matching of the B′
and B′′ site energies does not favour the stabilization of the conduction band, as in Sr2FeWO6.
Due to a larger hybridization with the oxygen orbitals, the W t2g↓ states appear above Fe eg↓
states, ruling out the possibility to stabilize the Fe t2g↓–O(2p)–W t2g↓ conduction band [14].
In contrast, the W 5d electron is totally transferred to Fe orbitals.

Among the various parameters controlling the appearance of a ferromagnetic state in
ordered double perovskites, band filling effects have attracted much attention [15–19]. The
hypothesized stabilization of the ferromagnetic ordering via electron hopping brings about the
possibility of tuning TC by changing the band filling in Sr2FeMoO6. This can be achieved
by chemical substitutions in the parent compound. As the ordering temperature determines
the highest operation temperature of devices based on these materials, this possibility is fairly
interesting from the practical point of view.
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However, the sole effect of the population of the conduction band in TC is still quite
controversial, given the spread in the experimentally reported values of TC in the electron
doped Sr2−x LaxFeMoO6 series [15, 19, 20], the disagreement with the predictions of theoretical
models [9] and, especially, the concomitant appearance of anti-site defects as electron doping
increases [15, 16, 19].

In the Sr2FeMo1−x Wx O6 (0 � x � 1) series, the localization of electrons as Mo is
substituted by W gives rise to an effective decrease in the number of itinerant carriers, in spite
of the fact that Sr2FeMoO6 and Sr2FeWO6 are isoelectronic. Also, antisite disorder effects
are thought to be minimized in this series, because the introduction of the highly charged W6+

cation favours the B′/B′′ ordering.
The two limiting cases for the solid solution Sr2FeMo1−x Wx O6 (0 � x � 1) have very

different magnetic and transport properties. Sr2FeWO6 is insulating in the whole temperature
range, and it exhibits antiferromagnetic ordering below TN ∼ 37 K [21–23]. This compound,
in contrast to Sr2FeMoO6, contains W6+ (5d0) and Fe2+ (3d6) species [21, 22, 24]. Here, in
the absence of d itinerant electrons, the Fe2+ ions are believed to couple to each other via
Fe–O–W–O–Fe super-superexchange interactions, which are antiferromagnetic. One of the
possible scenarios to explain the observed results in Sr2FeMo1−x Wx O6 (0 � x � 1) series is
the collective valence transition from Fe3+W5+ to Fe2+W6+ at a critical concentration xc [25].
Rather to the contrary, other works suggest that Mo and W always remain as Mo5+ and W6+

respectively [23], implying that there is no valence transition but a continuous decrease in the
number of itinerant electrons per formula unit. This has also been pointed out in [24], where
an almost linear decrease of the mixed valence component Fe2.5+ in the Mössbauer spectra is
observed when increasing the W content in Sr2FeMo1−x Wx O6. This series has been previously
studied from the magnetic and transport points of view, with special attention to the metal–
insulator transition at a certain x , and the magnetoresistive effects arising in the proximity of
such a critical concentration [23, 25]. Reference [23] reports on a x-ray diffraction study of
the unit-cell parameters for a large number of x values in this series; however, the structural
changes have not been investigated in detail by neutron diffraction, which can be enlightening
concerning the evolution of the electronic structure in the compounds. This is the main goal
of this study.

We have studied the series Sr2FeMo1−x Wx O6 with (0 � x � 1) by SQUID magnetometry
and neutron diffraction. One of our aims is to elucidate whether the valence transition model
or the progressive localization of carriers upon W substitution provides a better description
of the magnetic and structural properties along the series. As the number of itinerant
electrons drastically changes from Sr2FeMoO6 (1 electron per formula unit) to Sr2FeWO6

(no itinerant electrons), this series constitutes an ideal system to explore band filling effects
in the magnetic structure and the Curie temperature of half-metallic ferromagnetic double
perovskites. Furthermore, many authors have reported an enhanced ordering level upon W-
substitution in Sr2FeMoO6, due to the increase in the B′/B′′ charge difference for the Fe2+W6+

configuration compared to the nominal Fe3+Mo5+ one [23, 25–27]. Thus, in contrast to
the electron-doped series, anti-site disorder effects are thought to be minimized along the
Sr2FeMo1−x Wx O6 series.

2. Experimental details

The series Sr2FeMo1−x Wx O6 (x = 0.2, 0.5, 0.8, 1) was prepared by soft-chemistry
procedures. Stoichiometric amounts of analytical grade Sr(NO3)2, FeC2O4·2H2O,
(NH4)6Mo7O24·4H2O and H26N6O41W12·18H2O were dissolved in citric acid. The
citrate + nitrate solutions were slowly evaporated, leading to organic resins containing a
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Figure 1. Hysteresis loops of the Sr2FeMo1−x Wx O6 (0 � x � 1) series at 5 K. Inset, evolution
of the Curie temperature (left) and magnetization at 5 T and 5 K (right) in the Sr2FeMo1−x Wx O6
(0 � x � 1) series.

homogeneous distribution of the involved cations. These resins were first dried at 120 ◦C
and then slowly decomposed at temperatures up to 600 ◦C for 12 h. For the x = 0.2, 0.5
compounds, the precursors were annealed at 820 ◦C for 6 h in a H2/N2 (5%/95%) reducing
flow. The x = 0.8 sample was treated at 900 ◦C in a H2/Ar (1%/99%) flow for 6 h. The
end of the series, Sr2FeWO6, was heated in H2/N2 (5%/95%) at 1000 ◦C for 6 h. The x = 0
compound, Sr2FeMoO6, has been prepared as described in [28]. The degree of ordering
obtained from XRD was found to be greater than 90% in all the samples.

The DC magnetic characterization of the samples was done in a SQUID magnetometer
(Quantum Design), in the temperature range 5–400 K. The magnetization was measured in
field cooled (FC) samples at 1000 Oe. Neutron powder diffraction diagrams were collected
at the ILL in Grenoble. The nuclear structures were refined from the high resolution NPD
patterns, acquired at room temperature at the D2B diffractometer (λ = 1.594 Å). To study the
magnetic structure of the highly substituted sample Sr2FeMo0.2W0.8O6, additional data at 10 K
were also taken at D2B. For the study of the thermal evolution of the magnetic and nuclear
structure of the Sr2FeWO6 (x = 1) compound, a series of NPD patterns was obtained at the
D20 high-flux diffractometer (also at the ILL) with a wavelength of 2.42 Å, in the temperature
range from 20 to 70 K. The refinements of both crystal and magnetic structures were performed
by the Rietveld method, using the FullProf refinement program [29].

3. Results and discussion

3.1. Magnetic properties

The hysteresis loops for the Sr2FeMo1−x Wx O6 (0 � x � 1) series are shown in figure 1. The
x = 0 and 0.2 samples show almost full magnetization, 3.90 and 3.87 µB fu−1 respectively.
For x > 0.2, Ms is considerably reduced when increasing x . For the highly substituted
samples (x = 0.8 and 1) the magnetization is still not saturated at a field of 5 T, indicating the
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Figure 2. Magnetization versus temperature curves of the Sr2FeMo1−x Wx O6 (0 � x � 1) series
at 1000 Oe. The inset shows the antiferromagnetic behaviour of the Sr2FeWO6 sample (x = 1),
with TN = 38 K.

disappearance of the long-range ferromagnetic ordering. Previous reports [23, 25] describe a
systematic increase of Ms with x , reaching the highest moment for Sr2FeMo0.4W0.6O6 [23]
or Sr2FeMo0.3Mo0.3W0.7O6 [25]; this is due to serious anti-site Fe/Mo disordering effects
encountered for the reported x = 0 material, in such a way that the introduction of W6+

cations improves the B-site ordering and thus Ms regularly increases in the lower W-doping
region [23, 25]. This is in contrast with our more perfectly B-site ordered materials, reaching
exceptionally high saturation magnetizations up to 3.90 and 3.87 µB fu−1 for the x = 0 and 0.2
samples, respectively.

The evolution of the magnetic behaviour in the Sr2FeMo1−x Wx O6 (0 � x � 1) series
is also displayed in figure 2, showing the susceptibility curves of the samples at 1000 Oe.
The ferromagnetic ordering temperature in the samples with x � 0.5 clearly decreases when
increasing W substitution. For x = 0.5, the magnetization already shows a slight decrease
below 100 K, probably arising from the progressive appearance of AFM interactions. Further
increase in the W content leads to a long-range AFM ordering, which is first evidenced by
a small cusp at ∼34 K in the M(T ) curve from the x = 0.8 sample. A clear Néel peak is
observed in the extreme of the series (x = 1) (inset of figure 2) at TN = 38 K.

The results concerning the evolution of the Curie temperature and the saturation
magnetization with x are summarized as an inset in figure 1. Notice that only the TC for
samples up to x = 0.5, exhibiting a clear FM behaviour, are represented. In agreement with
reported results [23, 24], TC decreases with the W content. A reduction in the saturation
magnetization is also observed, as a consequence of the appearance of Fe–O–W–O–Fe pairs.

3.2. NPD structural characterization

The reported structural studies in Sr2FeMo1−x Wx O6 (0 � x � 1) are based on x-ray diffraction
analysis [23, 24, 26, 27]. Only the limiting compounds of the series, Sr2FeMoO6 and
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Figure 3. Room-temperature NPD patterns and Rietveld refinements for Sr2FeMo0.5W0.5O6
(upper) and Sr2FeMo0.2W0.8O6 (lower) samples. The second series of tick marks corresponds
to the magnetic structure.

Sr2FeWO6, have been accurately studied by neutron diffraction [30, 31]. Sr2FeWO6 was
first characterized as cubic [32], and a later study suggested a tetragonal structure [21] after
XRD measurements at room temperature. In the more recent results in [23, 24], the compound
is characterized as cubic and ‘almost cubic’ respectively, while a tetragonal symmetry is found
in all the Sr2FeMo1−x Wx O6 (0 � x � 1) series in [26]. A neutron diffraction study, more
sensitive to the positions of the oxygen atoms, shows that the Sr2FeWO6 compound adopts
a monoclinic symmetry (space group P21/n) from 10 K to room temperature [31]. It has
been shown that the x = 0 compound, Sr2FeMoO6, is perfectly described in the tetragonal
I4/m space group [19, 30]. The tetragonal distortion arises from the anti-phase rotation of the
oxygen octahedra with respect to the c-axis (a0a0c− in Glazer’s notation [33]). Then, in the
Sr2FeMo1−x Wx O6 (0 � x � 1) series, a structural transition from tetragonal to monoclinic
symmetry is expected at a certain x .

The crystal structure refinement was performed on the D2B high-resolution data at room
temperature. We have refined the structure of samples up to x = 0.5 in the tetragonal I4/m
group. The NPD data for the x = 0.8 and 1 samples could not be satisfactorily fitted within
a tetragonal symmetry, and the structures have been refined in the monoclinic P21/n space
group. For the samples exhibiting a clear ferromagnetic behaviour after SQUID measurements
(x = 0, 0.2 and 0.5), the refinements were improved when a magnetic phase was included in
the model. The goodness of the refinements along the series is shown in figure 3. The most
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Table 1. Main structural parameters and agreement factors from the Rietveld refinement of the
room-temperature structures of Sr2FeMo1−x Wx O6 (0 � x � 1) from NPD data.

Sample x = 0 x = 0.2 x = 0.5 x = 0.8 x = 1

I4/m P21/n

a (Å) 5.56846(5) 5.5753(1) 5.58700(9) a (Å) 5.6347(3) 5.6508(1)
b (Å) 5.56846(5) 5.5753(1) 5.58700(9) b (Å) 5.6082(3) 5.6136(1)
c (Å) 7.9004(1) 7.9122(3) 7.9328(2) c (Å) 7.9252(4) 7.9425(2)

β (deg) 90.05(1) 90.021(5)
V (Å3) 244.976(4) 245.94(1) 247.618(9) V (Å3) 250.44(2) 251.944(9)

Sr 4d(1/2 0 1/4) Sr 4e(x y z)

B (Å2) 0.93(2) 0.77(6) 0.86(2) x 1.000(1) 0.9990(7)
y 0.009(1) 0.0129(8)
z 0.247(2) 0.2491(9)
B (Å2) 1.10(3) 0.87(3)

Fe 2a(0 0 0) Fe 2d(1/2 0 1/2)

B (Å2) 0.81(9) 0.5(3) 1.5(1) B (Å2) 1.0(1) 0.36(8)
Mag. mom. (µB) 1.7(8) 2.6(3) 1.0(1) Mag. mom. (µB) — —

Mo 2b(0 0 1/2) Mo 2b(1/2 0 0)

B (Å2) 0.0(1) 0.4(4) −0.8(8) B (Å2) 0.2(2) 0.6(2)
Mag. mom. (µB) −0.8(3) −0.2(2) — Mag. mom. (µB) — —

O1 4e(0 0 z) O1 4e(x y z)

z 0.254(1) 0.255(3) 0.2622(6) x 0.0441(8) 0.0473(5)
B (Å2) 1.00(5) 0.9(1) 0.72(7) y 0.511(1) 0.496(1)

z 0.257(2) 0.259(1)
B (Å2) 0.8(1) 0.97(9)

O2 8h(x y 0) O2 4e(x y z)

x 0.2719(8) 0.272(2) 0.2751(8) x 0.719(1) 0.719(1)
y 0.2332(6) 0.233(2) 0.2281(8) y 0.261(2) 0.261(1)
B (Å2) 1.05(2) 0.89(8) 1.14(4) z 0.0286(8) 0.025(1)

B (Å2) 1.2(2) 1.0(2)

O3 4e(x y z)

x 0.248(1) 0.242(1)
y 0.235(2) 0.224(1)
z 0.984(1) 0.976(1)
B (Å2) 1.2(1) 1.1(2)

Reliability factors

χ2 2.96 11.9 1.84 χ2 1.74 1.56
Rp (%) 3.98 7.25 4.10 Rp (%) 3.16 3.51
Rwp (%) 5.05 17.3 5.17 Rwp (%) 3.98 4.67
RI (%) 3.04 6.32 3.51 RI (%) 4.52 5.38
Rmag. (%) 10.5 20.0 16.9 Rmag. (%) — —

relevant structural parameters, the ordered magnetic moments and the agreement factors are
given in table 1.

As happens in the La-doped series, and in many other 1:1 ordered double
perovskites [34–36], a monoclinic angle β close to 90◦ reveals a strong pseudo-orthorhombic
character. The evolution of the lattice parameters a, b and c and the cell volume with the W
content x is shown in figure 4. A continuous cell expansion upon W substitution is observed, in
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Figure 4. Evolution of the lattice parameters and volume in the Sr2FeMo1−x Wx O6 (0 � x � 1)
series at room temperature.

agreement with previous observations [23, 24, 26]. If we assume that Fe2+W6+ configurations
replace the nominal Fe3+Mo5+ state, such a cell expansion should be expected since the ionic
radius of Fe2+ (0.78 Å in VI-fold coordination) is remarkably larger than that of the high-spin
Fe3+ cation (0.645 Å) [37]. In other words, as pointed out in [26], the progressive localization
of the carriers induces an increase in the cell volume. However, these authors attribute the
cell expansion to the localization of carriers only for samples with x > 0.3, as indicated by
a minimum in the reported c axis versus x curve. Our results suggest that the cell expansion
holds in the whole x range, given the smooth evolution of the volume and the lattice parameters
with the W content.

It is worth noting that the minimum in c at x = 0.8 observed in figure 4 does not have a
physical meaning, but is just a consequence of the cell choice in the monoclinic P21/n group
(unique axis c, cell choice 2): the monoclinic c axis within this setting is not equivalent to the
tetragonal c axis in the I4/m group, since the rotation of the BO6 octahedra is in antiphase for
the tetragonal phase, and in phase for the monoclinic phase.

Then, the lattice constants in the monoclinic P21/n setting have been recalculated
to describe the structural transition in a continuous way. The appropriate choice of the
pseudocubic axes is depicted in figure 5. This choice accounts for the in-phase octahedra tilting
along the (100) direction of the pseudocubic cell, and in antiphase along the (010) and (001)
directions, which corresponds to the a+b−b− Glazer notation as derived by Woodward [34] for
1:1 ordering in double perovskites, consistent with space group P21/n. After the appropriate
calculation of the pseudocubic a, b and c parameters in the tetragonal and the monoclinic
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Figure 5. Pseudocubic axis in the monoclinic setting P21/n (unique axis c, cell choice 2).

phase, the evolution of the lattice constants with x is continuous and smooth, as shown in
figure 6.

The parameters given in figure 7 reveal that the driving force of the structural phase
transition is the promotion of the voluminous Fe2+ cations upon W substitution, as will be
discussed in the following. It should be noticed that the ionic radii of Mo5+ (0.61 Å) and W6+

(0.60 Å) are very similar [37].
If the tolerance factor is approximately estimated as

t = rA + rO√
2
(

rB′ +rB′′
2 + rO

) ,

with

rB′ = (1 − x)rFe3+ + xrFe2+

rB′′ = (1 − x)rMo5+ + xrW6+,
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Figure 6. Evolution of the pseudocubic lattice parameters a, b and c with x .

it changes from t = 0.998 in Sr2FeMoO6 to t = 0.973 in the Sr2FeMo0.2W0.8O6 sample,
accounting for the change of symmetry. A microscopic approach based on the calculated
bond distances can be extracted from figure 7: after an Fe atom has received the 5d1 electron
transferred from a substituting W atom, the FeO6 octahedra expands along the out-of-plane
direction while the (Mo, W)O6 octahedra contracts (figure 7(a)). The Coulomb energy gain
is compensated in the basal plane by increasing the antiphase rotation of the octahedra along
the c axis (figure 7(d)), keeping the in-plane bond distances almost unchanged (figure 7(a)).
This provokes a strong distortion of the BO6 octahedra (figure 7(b)), and a strong increase
in the metal–oxygen bond tensile stress with increasing x . The distortion � in figure 7(b) is
calculated as

� = 1

N

∑
n=1,N

[
dn − 〈d〉

〈d〉
]2

where n runs over the number of ligands N (oxygen atoms, N = 6 for Fe and Mo and N = 12
for Sr); dn denotes a particular metal–oxygen distance and 〈d〉 is the average metal–oxygen
distance.

At a high substitution level, x ∼ 0.6, the BO6 octahedra tilt to relax the bond stress, and
the compound undergoes a change of symmetry. As seen in figures 7(a) and (b), the BO6

distortion is minimized after the structural phase transition. This translates into a distortion of
the Sr environment (figure 7(c)), accommodating the changes in the metal–oxygen octahedra
within the 12 Sr–O bonds. The calculated bond distances and bond angles are summarized in
table 2.

The oxidation states in Fe and (Mo, W) sites have been calculated through Brown’s bond
valence model [38, 39]. The results in figure 8 support the progressive conversion of the
nominal configuration Fe3+Mo5+ into Fe2+W6+ with increasing x , ruling out the existence of a
valence transition at a certain x .

3.3. Magnetic structures in highly substituted samples

3.3.1. Sr2FeMo0.2W0.8O6. A first exploration of the high-resolution NDP pattern of
Sr2FeMo0.2W0.8O6 at 10 K suggests the lack of long-range magnetic ordering, since all the
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Figure 7. (a) Calculated metal–oxygen bond distances; (b) BO6 octahedron distortion, calculated
as defined in the text; (c) distortion of the Sr–O environment; (d) average tilting of the BO6 octahedra
along the Sr2FeMo1−x Wx O6 (0 � x � 1) series.

observed reflections can be indexed within the crystallographic phase. After the Rietveld
refinement, the agreement factors were χ2 = 2.43, Rp = 3.52, Rwp = 4.46 and RI = 5.56
(in %). No significant decrease was found after including a magnetic phase. Then, the small
magnetization observed in the SQUID measurements of this sample arises from magnetically
ordered clusters which are not big enough to support a long-range FM ordering suitable to be
observed by neutron diffraction. This result is in agreement with the findings in [23, 25, 26]
where the percolation threshold for itinerant electrons is proposed to occur in the interval 0.75 <

x < 0.85. That is, at a certain W substitution, the metallic, ferromagnetic patches arising from
the Fe–O–Mo–O–Fe interactions become too small, and they are isolated from each other in the
insulating, antiferromagnetic matrix created by Fe–O–W–O–Fe superexchange interactions.
Then, compositions in the range 0.8 < x < 0.95 would show the spin-glass behaviour typical
of ferromagnetic clusters coupled through an antiferromagnetic matrix [26].
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Figure 8. Evolution of the nominal valence states at B′ (Fe) and B′′ (Mo,W) sites with the W
content x , as calculated from Brown’s bond valence model.

Table 2. Main bond distances (Å) and bond angles (deg) for the Sr2FeMo1−x Wx O6 (0 � x � 1)
series at RT.

Sample x = 0 x = 0.2 x = 0.5 x = 0.8 x = 1

I4/m P21/n
FeO6 octahedra
Fe-O1 2.005(8) 2.02(2) 2.080(4) 2.05(1) 2.077(8)
Fe-O2 1.994(4) 2.00(1) 1.996(5) 2.089(9) 2.086(7)
Fe-O3 1.99(1) 2.074(7)

(Mo, W)O6 octahedra

(Mo,W)-O1 1.945(8) 1.94(2) 1.886(4) 1.94(1) 1.930(8)
(Mo,W)-O2 1.955(4) 1.96(1) 1.972(5) 1.93(1) 1.930(7)
(Mo,W)-O3 1.98(1) 1.936(7)

Fe-O1-(Mo,W) 180.0(3) 180.0(9) 180.0(2) 165.2(5) 164.6(3)
Fe-O2-(Mo,W) 171.2(2) 171.0(4) 169.2(2) 163.9(4) 165.1(3)
Fe-O3-(Mo,W) 171.6(4) 166.6(3)

The crystal structure of Sr2FeMo0.2W0.8O6 at low temperature is monoclinic, and does
not show essential changes with respect to the room-temperature one. The lattice parameters
are reduced to a = 5.6236(3) Å, b = 5.5895(3) Å and c = 7.9115(4) Å. The monoclinic
angle β slightly decreases to β = 90.039(1)◦.

3.3.2. Sr2FeWO6. For the determination of the magnetic structure of Sr2FeWO6, and the
study of its thermal variation, a series of NPD patterns was obtained at the high-flux D20
diffractometer (ILL-Grenoble) with a wavelength of 2.42 Å, in the temperature range from 20
to 70 K in 2 K steps.

In Sr2FeWO6, upon decreasing the temperature below the Néel temperature defined by
SQUID measurements (TN = 38 K), new reflections appear on positions forbidden for the
Bragg crystallographic reflections in the space group P21/n, as shown in figure 9(a). These
new peaks correspond to magnetic reflections accounting for the long range antiferromagnetic
ordering of the sample. A fitting of the D20 low-temperature NPD profiles in the pattern
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Figure 9. (a) Thermal evolution of the NPD patterns of Sr2FeWO6 from 20 to 70 K recorded at
2 K steps at the D20 diffractometer (λ = 2.42 Å); (b) Rietveld refinement of the Sr2FeWO6 crystal
and magnetic structure at 20 K.

matching mode of the FullProf program restricts the possible propagation vectors to k =
(1/2, 0, 1/2) and k = (0, 1/2, 1/2). The antiferromagnetic structure was modelled with
magnetic moments at the Fe positions. Sr2FeWO6 contains two equivalent Fe atoms at
positions 2d ((1/2, 0, 1/2) and (0, 1/2, 0)) in the monoclinic unit cell (P21/n, Z = 2).
Independently of the propagation vector, the magnetic moments at these positions can be
either parallel or antiparallel. After trying different configurations, the best fit was achieved
with k = (0, 1/2, 1/2) and magnetic moments antiferromagnetically aligned in Fe equivalent
crystallographic sites. Figure 9(b) shows the goodness of the fit, including the crystal



3686 D Sánchez et al

Figure 10. Temperature variation of the ordered magnetic moments on Fe positions in Sr2FeWO6
refined from sequential NPD data (upper panel). The TN defined by NPD is ∼38 K, as also obtained
in SQUID measurements (lower panel).

structure (upper series of tick markers) and the magnetic structure (lower series). The
components of the Fe magnetic moments at the lower measuring temperature (20 K) were
mx = −1.93(5)µB/atom, m y = −2.4(4)µB/atom and mz = 1.8(5)µB/atom. This magnetic
structure only differs from the one reported in [31] in the orientation of the magnetic moments,
which were found to be roughly aligned with the propagation vector ((011) direction).

The magnetic structure is stable to TN, as demonstrated in the sequential refinement in
the available temperature range. The thermal evolution of the ordered magnetic moment of
the Fe positions is shown in the upper panel of figure 10. A sharp increase is observed below
38 K, in coincidence with the maximum in susceptibility (lower panel of figure 10). A value of
3.59(4) µB/atom is reached at 20 K. This magnitude represents the ordered magnetic moment
on Fe positions, and it is slightly smaller than the spin-only contribution of 4 µB/atom for the
high-spin Fe2+ (4t2g2eg) cation. As is apparent in figure 10, the ordered magnetic moment is
still not saturated at the lowest measuring temperature, probably reaching the expected value
at a lower T .

4. Conclusions

The structural evolution of the Sr2FeMo1−x Wx O6 (0 � x � 1) double perovskites has been
investigated by neutron diffraction in complement with magnetic measurements. Only the
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samples with x up to 0.5 exhibit a clear FM behaviour, with decreasing TC values as the
W content increases. A reduction in the saturation magnetization is also observed, as a
consequence of the appearance of Fe–O–W–O–Fe pairs. At a high substitution level, x ∼ 0.6,
the BO6 octahedra tilt to relax the bond stress, and the compound undergoes a change of
symmetry, from tetragonal (I4/m) for lower x values to monoclinic (P21/n) for high W
contents. The driving force of the structural phase transition is the promotion of the voluminous
Fe2+ cations upon W substitution: the increasing structural stress in the former part of the
series is suddenly relieved upon the phase transition, giving rise to a dramatic reduction of
the distortion of the BO6 octahedra. This translates into a distortion of the Sr environment,
accommodating the changes in the metal–oxygen octahedra within the 12 Sr–O bonds. The
progressive localization of the carriers induces an smooth evolution of the volume and the
lattice parameters with the W content.
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