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Crystal Structure and Magnetism of the Double Perovskite Sr3Fe2MoO9:
A Neutron Diffraction Study
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The Sr3Fe2MoO9 double perovskite has been prepared in
polycrystalline form by heat treatment, in air, from previously
decomposed citrate precursors. This material has been
studied by X-ray (XRD), neutron powder diffraction (NPD)
and magnetic measurements. At room temperature, the crys-
tal structure is tetragonal, space group I4/m, with a = b =
5.5608(2) Å, c = 7.8471(4) Å. It is convenient to write the crys-
tallographic formula as Sr2Fe(Fe1/3Mo2/3)O6, according to the
usual nomenclature for double perovskites A2B�B��O6. The
structure contains alternating FeO6 and (Fe,Mo)O6 octahe-
dra, tilted by 3.9° in the basal ab plane. Magnetic measure-
ments indicate a weak ferromagnetic behavior below TC =
280 K. Ideally, the Sr3Fe2MoO9 double perovskite only con-

Introduction

In the search for new colossal magnetoresistant materi-
als, some members of the family of double perovskites of
composition A2B�B��O6 (A = alkaline earths; B�, B�� =
transition metals) have been proposed as half-metallic
ferromagnets (best described as ferrimagnets), with TC val-
ues well above room temperature, as an alternative to per-
ovskite manganites.[1–5] The revival of interest in this family
was triggered by a report on Sr2FeMoO6,[1] demonstrating
that in the electronic structure only minority spins are pres-
ent at the Fermi level: this material was shown to exhibit
intrinsic tunnelling-type magnetoresistance (TMR) at room
temperature.

TMR has also been described for double perovskites
containing transition metals other than Mo, such as
A2FeReO6 (A = Ca, Sr, Ba), which present a half-metallic
ground state concomitant with the ferrimagnetic coupling
of Fe3+ and Re5+ (5d2, S = 2/2) magnetic moments, and
show MR at room temperature. Also, Fe can be replaced
by Co, as we have recently shown in Sr2CoMoO6,[6] where

[a] Area de Química General e Inorgánica “Dr. Gabino F. Puelles”,
Departamento de Química, Facultad de Química, Bioquímica
y Farmacia, Universidad Nacional de San Luis,
Chacabuco y Pedernera, 5700 San Luis, Argentina

[b] Instituto de Ciencia de Materiales de Madrid, C.S.I.C.,
Cantoblanco, 28049 Madrid, Spain

[c] Instituto de Investigaciones en Físico Química de Córdoba (IN-
FIQC), Departamento de Fisicoquímica, Facultad de Ciencias
Químicas, Universidad Nacional de Córdoba,
Ciudad Universitaria, 5000 Córdoba, Argentina

Eur. J. Inorg. Chem. 2005, 1559–1564 DOI: 10.1002/ejic.200400746 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1559

tains Fe3+ and Mo6+ cations, in such a way that superex-
change interactions between neighboring Fe3+ spins are the
only nominal mechanism accounting for the magnetism of
this material. Our main finding is that this intrinsically “dis-
ordered” sample, containing a random distribution of Fe and
Mo at the B�� positions, exhibits a strong magnetic scattering
on the low-angle Bragg positions, originating from naturally
occurring groups of Fe3+ cations in which strong antiferro-
magnetic (AFM) Fe–O–Fe superexchange interactions are
promoted, similar to those existing in the LaFeO3 perovskite.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

CMR properties were induced upon chemical reduction, by
topotactical removal of oxygen atoms. Both examples illus-
trate the appealing possibility of searching for new CMR
materials within the large family of double perovskite ox-
ides.

The family of materials of the type A3B�2B��O9 (A = Ca,
Sr, Ba; B� = transition metal and B�� = Mo, W, Te or U)
has recently attracted our attention. These compounds are
also double perovskites whose crystallographic formula
could be re-written as A2B�(B�1/3B��2/3)O6. They, thus, dis-
play an intrinsic partial disordering over half of the per-
ovskite (B�1/3B��2/3) positions. We have prepared different
materials with A = Ca, Sr; B� = Fe and B�� = Mo, W, Te
or U and with X-ray diffraction and Mössbauer spec-
troscopy we have shown that all the compounds are tetrago-
nal and can be refined in the space group I4/m.[7] This is
the same symmetry and space group found for Sr2FeMoO6

or Sr2CoMoO6. Additionally, an increase in the disorder of
B�� among the Wyckoff sites 2a and 2b in the sequence Mo
� U � Te � W was found. This degree of disorder is ob-
served as an increase in the width of the Mössbauer lines.[7]

The sextuplet displayed in the Mössbauer spectra implies a
room-temperature magnetic order for B�� = U, Te and W.
For B�� = Mo two iron sites are observed as two different
doublets, indicative of iron occupying the two different po-
sitions (2a and 2b).

These data have now been complemented with micro-
scopic neutron powder diffraction (NPD) data on
Sr3Fe2MoO9. In this paper we report on the results of a
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high-resolution NPD study, giving a detailed description of
the crystal structure as well as its thermal evolution down
to 2 K. This study also gives insight on the magnetic struc-
ture of this material, which shows an intrinsically high mag-
netic disordering over the B�� = Fe/Mo positions. Macro-
scopic magnetic measurements are also reported and dis-
cussed. We show that, in spite of small saturation magne-
tization exhibited by Sr3Fe2MoO9, the magnetic neutron
scattering is surprisingly strong for such a magnetically dis-
ordered sample. We ascribe the observed scattering to Fe-
rich regions, where strong Fe–O–Fe superexchange interac-
tions give rise to the antiferromagnetic (AFM) ordering of
the neighboring Fe spins.

Results

Sr3Fe2MoO9 was obtained as a black, well-crystallized
powder. The XRD pattern is characteristic of a perovskite
structure, showing the splitting of certain reflections, char-
acteristic of a tetragonal distortion [for instance, (004) and
(220) reflections]. Minor amounts of SrMoO4 were detected
from either XRD or NPD data.

Magnetic Data

The magnetic susceptibility vs. temperature curves are
displayed in Figure 1. Below 280 K the zero-field-cooled
(ZFC) and field-cooled (FC) curves exhibit a distinct evol-
ution. The FC curve shows a progressive increment of the
susceptibility as temperature decreases, reminiscent of the
spontaneous evolution characteristic of a ferromagnet, al-
though a very small saturation magnetization is reached at
low temperatures, of only 0.004 μB/f.u. with a measuring
field of H = 1000 Oe. The ZFC curve shows a less pro-
nounced susceptibility increment as temperature decreases,
and exhibits a broad maximum increment centered at 60 K,
suggesting the establishment of a long-range AFM ordering
below this temperature. The magnetization vs. magnetic
field curves at 2, 100, and 300 K are plotted in Figure 2.
Even at the lowest temperature, the magnetization is very
far from saturation for the maximum applied field of H =

Figure 1. Field-cooled (FC) and zero-field-cooled (ZFC) magnetic
susceptibility vs. temperature curves for Sr3Fe2MoO9.
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3 T, reaching a maximum value of 0.15 μB/f.u. The hyster-
etic behavior is characteristic of a weak ferromagnetic sys-
tem.

Figure 2. Magnetization vs. magnetic field isotherms (T = 2, 100,
and 300 K) for Sr3Fe2MoO9.

Structural Refinement

The structural refinement of Sr3Fe2MoO9 from room-
temperature high-resolution NPD data was performed in
the I4/m space group (No. 87), with unit-cell parameters
related to a0 (ideal cubic perovskite, a0 = 3.9 Å) as a = b �
21/2·a0 and c � 2a0. Sr atoms were located at 4d (0,1/2,1/4)
positions, Fe/Mo at 2a (0,0,0) and Fe at 2b(0,0,1/2) sites,
and oxygen atoms at 4e (0,0,z) and 8h (x,y,z) positions.
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SrMoO4 was included in the refinement as a second phase,
defined[8] in the space group I41/a (10.87% of this phase
from the scale factors). No anti-site disordering was de-
tected, by assuming that some Mo from the 2a positions
could randomly replace some Fe at the 2b positions. In the
final refinement, the Fe/Mo occupancy over the 2a posi-
tions was also allowed to change from the nominal Fe/Mo
= 2:1 stoichiometry; no departure from this nominal occu-
pancy was detected within the standard deviations
(Table 1). An excellent agreement between observed and
calculated NPD profiles was obtained for this model, as
illustrated in Figure 3. Table 1 includes the final atomic co-
ordinates and discrepancy factors after the refinement.
Table 2 lists the main interatomic distances and angles. A
drawing of the structure is shown in Figure 4. The structure
contains alternating FeO6 and (Fe,Mo)O6 octahedra, tilted
in anti-phase in the basal ab plane (along the [001] direction
of the pseudocubic cell). This corresponds to the a0a0c–

Glazer’s notation as derived by Woodward[9] for 1:1 order-
ing of double perovskites, consistent with space group I4/
m.

Table 1. Positional and thermal parameters for Sr2Fe(Fe1/3Mo2/3)
O6 after the Rietveld refinement[a] from NPD data taken at 298 K,
space group: I4/m, Z = 2. Unit-cell parameters: a = b =
5.5608(2) Å, c = 7.8471(4) Å, V = 242.65(2) Å3.

Atom Wyckoff x y z Biso Occ.
site [Å2]

Sr 4d 0.0000 0.5000 0.0000 0.97(2) 1.00
Fe 2a 0.0000 0.0000 0.0000 0.1(2) 0.33(3)
Mo 2a 0.0000 0.0000 0.0000 0.1(2) 0.66(3)
Fe 2b 0.0000 0.0000 0.5000 0.9(2) 1.00
O1 4e 0.0000 0.0000 0.247(5) 1.3(1) 1.00
O2 8h 0.269(3) 0.235(3) 0.0000 1.13(6) 1.00

[a] Discrepancy factors: RBragg = 3.48%, Rwp = 13.7%, Rexp =
4.78%, χ2 = 8.21.

Figure 3. Observed (open circles), calculated (full line) and differ-
ence (bottom) NPD Rietveld profiles for Sr3Fe2MoO9 at 295 K.
The second series of tick marks corresponds to the Bragg reflec-
tions of the SrMoO4 impurity phase.

Magnetic Structure

The sequential data collection at D20 from 2 to 262 K
showed a strong magnetic contribution to the scattering on
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Table 2. Some selected bond lengths [Å] and angles [°] for
Sr2Fe(Fe1/3Mo2/3)O6.

Distances

SrO12 icosahedron
(Sr)–(O1)(x4) 2.7805(4)
(Sr)–(O2)(x4) 2.87(1)
(Sr)–(O2)(x4) 2.69(1)
�Sr–O2� 2.780(5)
(Fe/Mo)2aO6 octahedron
(Fe/Mo)2a–(O1)(x2) 1.93(4)
(Fe/Mo)2a–(O2)(x4) 1.99(2)
�(Fe)2b–O� 1.97(3)
Fe2bO6 octahedron
(Fe)2b–(O1)(x2) 1.99(2)
(Fe)2b–(O2)(x4) 1.93(4)
�(Fe)2b–O� 1.97(3)
Angles
(Fe)2b–(O1)–(Fe/Mo)2a 180.00
(Fe)2b–(O2)–(Fe/Mo)2a 172.3(6)

Figure 4. View of the structure of tetragonal Sr2Fe(Fe1/3Mo2/3)O6

approximately along the c axis. Large spheres represent Sr; corner-
sharing FeO6 (dark) and (Fe,Mo)O6 octahedra are tilted in anti-
phase along the c axis, in order to optimize Sr–O bond lengths.

allowed Bragg positions (k = 0), mainly on the (011) reflec-
tion (Figure 5), suggesting a ferro- or ferrimagnetic long-
range ordering. This is surprising in this strongly disordered
sample, taking into account that the saturation magnetiza-
tion is very small, of hardly 0.15 μB/f.u. with an applied
field of 3 T. We would have expected that the structural dis-
ordering at the B positions of the perovskite had led to the
absence of long-range magnetic ordering between Fe and
Mo magnetic moments. As it will be discussed later, we be-
lieve that this magnetic scattering originates from Fe-rich
patches in which neighboring Fe3+ spins exhibit AFM
superexchange interactions via Fe–O–Fe paths. We have
thus modeled the magnetic structure as a perfect AFM ar-
rangement of Fe spins with alternating directions, occupy-
ing all the B positions of a perovskite structure with the
same unit-cell and positional parameters as the host
Sr3Fe2MoO9 perovskite. We have constrained the scale fac-
tors of both structural and magnetic models, and refined
the magnitude of the Fe magnetic moments. The goodness
of the fit is shown in Figure 6, where both structural and
magnetic contributions to the scattering have been in-
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cluded. The thermal variation of the magnitude of the or-
dered Fe magnetic moments is displayed in Figure 7.

Figure 5. Thermal evolution of the NPD patterns dynamically col-
lected with the high-flux D20 diffractometer, highlighting the ap-
pearance at low temperatures of a magnetic contribution to the
scattering on the low-angle reflections, especially on the (011)
Bragg position.

Figure 6. Observed (open circles) and calculated (full line) NPD
profiles at 2 K. The three series of allowed Bragg reflections corre-
spond to the crystallographic phase, the SrMoO4 impurity and the
magnetic structure for the AFM model described in the text. Unit-
cell parameters are a = b = 5.5346, c = 7.8553 Å; discrepancy fac-
tors: Rwp = 3.03%, Rbragg = 4.49%; Rmag = 11.4%.

Figure 7. Thermal dependence of the ordered Fe3+ magnetic mo-
ments sequentially refined from D20 NPD data.
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Discussion

Recently, Woodward[9] has described the possible tilting
systems for A2B�B��O6 ordered perovskites, predicting the
space groups for each system. When the A cation is large
enough, the well-known (NH4)3FeF6 structure is adopted
by the 1:1 B-site ordered perovskites, such as Ba2FeMoO6,
which can be described in the cubic space group Fm3̄m. For
slightly smaller A cations, only a small deformation of the
lattice takes place, implying the tilting of the octahedra only
along the c axis. This tilting means a reduction in symmetry
from cubic to tetragonal. The structure of Sr3Fe2MoO9,
which can ideally be rewritten as Sr2Fe(Fe1/3Mo2/3)O6, is
defined in the space group I4/m, and can be described as
the result of a single anti-phase octahedral tilting along the
c axis. Figure 4 illustrates this particular feature. A tilting
of 3.9° at room temperature can be derived from the B�–
O2–B�� angle.

The refinement of the occupancy factors of Fe and Mo
over the B�� sites from NPD data indicates a Fe/Mo = 2:1
ratio (within the standard deviations), and no anti-site dis-
ordering effect was detected, excluding the possibility that
some Mo cations could partially replace Fe cations at the
2b positions; the actual crystallographic formula is Sr2-
(Fe)2b(Fe0.33(3)Mo0.67(3))2aO6. In contrast with Sr2FeMoO6,
which must be prepared under reducing conditions in order
to provide a mixed valence Fe3+–Fe2+/Mo5+–Mo6+ state,
the present Sr3Fe2MoO9 perovskite has been synthesized in
air, in such a way that, from the chemical point of view, we
should assign a nominal hexavalent oxidation state to the
Mo cations, making all Fe cations nominally trivalent.
From this point of view, the electronic configuration for this
sample would be Fe3+(3d5)–Mo6+(4d0).

On reinvestigating the example of Sr2FeMoO6, electronic
band calculations show that the up-spin band, placed below
the Fermi level, is mainly occupied by five Fe 3d electrons
forming localized spins on the Fe sites. The down-spin
band, which has density of states at the Fermi level, is com-
posed mainly of hybridized Mo 4d t2g and Fe 3d t2g states.
Thus, the Mo electron which occupies the down-spin band
is itinerant and it is shared among Fe and Mo sites.[10–12]

The high degree of itinerancy of the Mo electron is respon-
sible for the high conductivity; the superexchange interac-
tion between the localized Fe moment and the partially lo-
calized Mo moment accounts for the ferrimagnetic behavior
of Sr2FeMoO6. Ideally, a perfectly ordered Sr2FeMoO6 per-
ovskite should exhibit a saturation magnetization of 4 μB/
f.u.; in reality, 3.6–3.8 μB/f.u. values are obtained due to
anti-site disordering effects.[13]

In the present Sr3Fe2MoO9 material, nominally contain-
ing only Fe3+ and Mo6+, the lack of an itinerant Mo elec-
tron would prevent the magnetic coupling across Fe–O–Mo
paths, in such a way that the only possible magnetic super-
exchange mechanism would take place via Fe–O–Fe paths,
in Fe-rich areas of the crystal containing neighboring Fe3+

spins. Figure 8 shows a simplified image of the magnetic
ordering in this disordered sample; only one layer of B cat-
ions is shown for the sake of simplicity. A perfect ferrimag-
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netic coupling between up Fe3+ spins at 2b sites (black in
Figure 8) and down Fe3+ spins at 2a positions (grey in Fig-
ure 8) would ideally give 5·(1 – 1/3) = 2.66 μB/f.u., but this
would require perfect coherence between Fe-rich patches,
as illustrated in Figure 8. Notice that the total absence of
coherence between isolated Fe-rich patches would lead, on
average, to a null saturation magnetization. In fact, in con-
trast with Sr2FeMoO6, in the double perovskite
Sr3Fe2MoO9 we observe a strong suppression of the global
FM properties although there is a remanent weak FM ef-
fect which corresponds to the statistical coherence: for a
cubic lattice where B� = Fe and B�� is statistically occupied
by 1/3 Fe, the long-range magnetic connections through B�–
B��(Fe)–B� exceed the 31% percolation limit of a simple cu-
bic lattice. The tetragonal distortion observed here does not
change these considerations. Only (2/3)6 = 9% of the B� site
Fe atoms are not connected to at least one B�� site Fe3+;
these nonconnected atoms are labeled as “?” in Figure 8.

Figure 8. Ideal schematic view of the magnetic coupling in
Sr2Fe(Fe1/3Mo2/3)O6. This double perovskite contains Fe at 2b po-
sitions (black atoms and spins) and randomly distributed Fe (grey
atoms and spins) and Mo (white atoms) at 2a positions. AFM mag-
netic coupling is via Fe–O–Fe paths (along the lines). Naturally
occurring Fe-rich patches are antiferromagnetically coupled, and
there is magnetic coherence between some adjacent patches.

One of the main issues to be addressed in this paper is
the origin of the magnetic scattering on the sample showing
an important component of intrinsic Fe/Mo disordering.
We have been able to accurately fit the magnetic contri-
butions to the neutron scattering by modeling an AFM
structure consisting of a perfect arrangement of Fe cations
occupying all of the B positions of a perovskite structure
with the same unit-cell parameters as the crystallographic
Sr3Fe2MoO9 phase. The refinement of the magnitude of the
magnetic moments on the Fe positions, at 2 K, gives an
ordered magnetic moment of 1.4 μB, with constrained scale
factors for the crystal and magnetic structure. Notice that
this is only the average ordered component of the magnetic
moment over all the B positions of the perovskite. Our pic-
ture thus shows a disordered Fe/Mo pattern in which the
Fe–O–Fe superexchange AFM interactions are comparable
to those existing in RFeO3 ferrites (R = rare earths). As
illustrated in Figure 8, the coupling between near-neighbor
Fe–O–Fe cations is always AFM; the important fact is that
the coherence between the magnetic ordering of isolated
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Fe–O–Fe patches is statistically maintained across the solid;
the long-range coherence is naturally weaker than that cor-
responding to a completely ordered compound. Only below
temperatures around 30–60 K would the super-superex-
change mechanism across Fe–O–Mo–O–Fe paths trigger a
complete long-range AFM ordering, as it happens in the
antiferromagnet Sr2FeWO6 below TN = 37 K.[14] Moreover,
we could assign the maximum observed in the ZFC suscep-
tibility curve at 60 K to the onset of these super-superex-
change interactions, in addition to the interactions coming
from the statistical connections between Fe-rich patches.
The thermal variation of the magnetic moment on Fe posi-
tions (Figure 7) exhibits an abrupt decay at 250 K, which
corresponds to the vanishing of the long-range antiferro-
magnetic ordering of Fe3+ spins, in agreement with the
magnetic susceptibility curve.

Conclusions

Sr3Fe2MoO9 perovskite is a weak ferromagnet by virtue
of the partial long-range coherence established between
antiferromagnetically ordered patches of Fe3+ spins, com-
posed by some tenths of atoms, naturally arising from the
statistical disordering exhibited by this material. The crystal
structure, refined from NPD data in the I4/m space group,
contains two kinds of B positions; one of them is fully occu-
pied by Fe3+ cations whereas the second one contains a ran-
dom distribution of Fe3+ and Mo6+ cations. Below 280 K,
the superexchange Fe–O–Fe interactions within naturally
occurring Fe-rich patches account for the observed mag-
netic behavior and the appearance of a significant contri-
bution to the magnetic scattering on the low-angle Bragg
reflections. The coherence between isolated Fe-rich patches
is statistically provided; only 9% of Fe atoms are magneti-
cally isolated. At lower temperatures, around 60 K, super-
superexchange Fe–O–Mo–O–Fe interactions contribute to
the long-range AFM ordering of the majority of Fe3+ spins.
The thermal variation of the ordered Fe3+ magnetic mo-
ments shows an abrupt decay above 250 K, in agreement
with the macroscopic magnetic properties.

Experimental Section
The Sr3Fe2MoO9 perovskite was prepared as a black polycrystal-
line powder from citrate precursors obtained by soft chemistry pro-
cedures. Stoichiometric amounts of analytical grade Sr(NO3)2,
Fe(C2O4)·2H2O, and (NH4)6Mo7O24·4H2O were dissolved in citric
acid. The citrate, nitrate and oxalate solutions were slowly concen-
trated, leading to organic resins containing a random distribution
of the cations involved at an atomic level. These resins were first
dried at 120 °C and then slowly decomposed at temperatures up to
600 °C. All the organic materials and nitrates were eliminated in a
subsequent treatment at 800 °C in air, for 2 h. This treatment gave
rise to highly reactive precursor materials. The resulting black pow-
der was then treated in air at 1000 °C for 24 h and 1150 °C for
48 h.

The initial characterization of the product was carried out by labo-
ratory X-ray diffraction (XRD) measurements (Cu-Kα, λ =



M. C. Viola, J. A. Alonso, J. C. Pedregosa, R. E. CarbonioFULL PAPER
1.5418 Å). For the structural refinements, a room-temperature
NPD pattern was collected with the high-resolution D2B neutron
diffractometer (ILL-Grenoble, France). The high-flux mode was
used. About 4 g of sample was contained in a vanadium can; the
counting time was 3 h. A wavelength of 1.594 Å was selected from
a Ge monochromator. The variable-temperature NPD patterns in
the range 2–262 K were collected at the D20 high-flux neutron dif-
fractometer (ILL, Grenoble, France), using a wavelength of 2.42 Å,
in order to obtain information about the low-temperature magnetic
structure and its thermal variation. A standard cryostat was used
for the sequential collections. A collimation of 27" was selected.
Once cooled to 2 K, the sample was heated at 2 Kmin–1 and the
NPD patterns were sequentially collected with counting times of
2 min.

All the patterns were refined by the Rietveld method by using the
FULLPROF refinement program.[15] A pseudo-Voigt function was
chosen to generate the line shape of the diffraction peaks. The
minor SrMoO4 impurity (with scheelite structure) was included as
a second crystallographic phase in the refinements. In the final
runs, the following parameters were refined: scale factors for the
main and impurity phases, background coefficients, zero-point er-
ror, unit-cell parameters, pseudo-Voigt corrected for asymmetry
parameters, positional coordinates, isotropic thermal factors, anti-
site disorder for Fe/Mo and occupancy factors for oxygen atoms.
The coherent scattering lengths for Sr, Fe, Mo, and O were 7.02,
9.45, 6.72, and 5.803 fm, respectively.
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